CHAPTER 2

Modulation of Nucleic Acid Information

Processing by PNAs:
Potential Use in Anti-Viral Therapeutics

Lionel Bastide, Bernard Lebleu and Ian Robbins

Introduction

Nucleic Acid Information Processing

he transfer of genetic information from one nucleic acid molecule (DNA or RNA) to

another (replication, transcription) or to proteins (translation) is a fundamental life

process. Although interference with this process is an important target for drug devel-
opment, to date, drugs capable of targeting specific stages within this scheme (e.g., anticancer
drugs and antiviral nucleoside analogs) have shown limited nucleic acid sequence specificity
and therefore present consequent side effects. In contrast, short nucleic acid molecules are
capable of binding to specific sequences of DNA or RNA and can, therefore, be tailor-designed
to target specific genes. To what extent this exquisite targeting can be exploited to modulate
information processing of these genes will be discussed in this review with special reference to
antiviral strategies. Indeed, viruses are an ideal target in this respect as their genetic information
is distinct from that of the host cell. In addition many mechanisms involved in the processing
of nucleic acid information are specific to the viruses (reverse transcription, integration, certain
stages of replication, transcription transactivation, nuclear transport, RNA dimerization).

PNAs as a Ligand for Nucleic Acids

PNAs are DNA analogs in which a 2-amino-ethyl-glycine linkage replaces the normal
phosphodiester backbone' (Fig. 1). Nucleoside bases are attached to this backbone via methyl
carbonyl linkers and stack in such a manner that they can hybridize to complementary DNA
or RNA via hydrogen bonding. Watson-Crick hydrogen bonding allows hybridization to single
stranded nucleic acid molecules in true antisense style? (Fig. 2A), whereas Hoogsteen hydrogen
bonding allows formation of triple helices between two PNAs, which may be linked together,
and a polypurine tract within a RNA (Fig. 2B) or DNA target (Fig. 2C).

The Pros and Cons of PNA as a Nucleic Acid Ligand

Short single stranded DNA oligomers have an extremely short half-life in biological sys-
tems, being rapidly degraded by nucleases. This major limitation to their use as therapeutic
agents has led to the design of a large number of DNA analogues. PNAs stand apart from most
analogues as their backbones have been cornpletely replaced; as Nielsen has pointed out, it is
more appropriate to refer to them as “mimics,” as only the nucleobases are conserved. This
structure endows them with a phenomenal stability with respect to nucleases.? In addition, the
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Figure 1. Chemical structure of PNA (left) and DNA (right).

uncharged nature of the pseudopeptide backbone confers a very high affinity for their target
sequence. A tri-stranded (triplex) structure, involving both Watson-Crick and Hoogsteen hy-
drogen bonding (Fig. 2D), can form between two PNA molecules and a polypurine single
stranded DNA or RNA target™* (Fig. 2B). The formation of this complex can also occur on
double stranded rtarget molecules via an initial phase of strand invasion and Watson-Crick
binding to the complementary strand, the other strand being displaced as a D-loop’ (Fig. 2C).

Despite these obvious advantages of PNA, namely stability and versatility, two major limi-
tations exist for some applications. First, PNA structure does not allow it to direct the activa-
tion of RNaseH.® This ubiquitous, cellular enzyme cleaves the RNA strand of DNA/RNA
heteroduplexes and has been linked to the removal of the RNA primers of Okazaki fragments
during DNA replication. This activity can be exploited to give catalytic activity to antisense
DNA oligonucleotides, and RNaseH activity has been widely proposed as a major contributor
to the efficacity of antisense oligonucleotides, although the exact contribution has never been
clearly demonstrated. Secondly, the intracellular delivery of oligonucleotides in cell culture
experiments has very often involved their complexation with vectors (e.g., cationic lipids) via
the negatively charged backbone of DNA. Obviously, these techniques cannot be used (with-
out modification) with the neutral backboned PNAs. Alternative vector strategies involving
cell poration (electroporation, streptolysin-O), pinocytosis or physical membrane damage (scrape
loading, syringe loading) are available, but have not been fully explored for PNA. Some success
in cellular internalization has been achieved by chemically coupling the PNAs to receptor-binding
ligands”* ® or to the cell-penetrating, Antennapedia peptide.”!!
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The Use of PNA to Modulate Nucleic-Acid Information Processing

In contrast to the classical scenario of RNase H-mediated cleavage of target RNA Mol-
ecules,'? that lead to their destabilization and rapid elimination, PNAs induce no irreversible
modification of their targets. Their high affinity, however, can possibly be exploited to interfere
with different aspects of nucleic acid informartion processing. For this to occur, the hybridiza-
tion of the PNA on its target must sterically block the processing mechanism. Many aspects of
nucleic acid information processing can be targeted: replication, transcription, and translation.
In this review we have taken a mechanistic approach to antisense or antigene PNA targeting
and will analyze the following phases:

A. Initiation. The binding of specific nucleic acid sequences, in the midst of the vast excess of
non specific sequences, by multiprotein complexes and the melting of the DNA duplex in
the case of replication or transcription.

B. Elongation. The translocation along the template and chain extension.

C. Termination. The release of the template and of the elongated chain.

D. Coupling. Reactions which occur in parallel.

PNAs as Gene-Modulator Agents

Initiation

The first step of initiation for replication or transcription involves the recognition of a
specific sequence (i.e., formation of a preinitiation complex), unwinding of the initiation site,
and assembly of a primed holoenzyme complex. These holoenzyme complexes are large and
involve many proteins and RNA in the case of translation. They are formed at specific sites on
the nucleic acid via localizer proteins.

Replication initiation-point mapping in yeast and human cells has revealed well-defined
start points at which DNA replication initiates; a scenario very reminiscent of transcription
initiation. In higher eukaryotes, the origins of replication are recognized by a six-protein com-
plex termed ORC (origin of replication recognition complex).'?

In transcription the promoter/enhancer is recognized by DNA-binding transcription fac-
tors. Eukaryotic RNA polymerase IT (pol II) is a large enzyme complex comprising at least 12
distinct subunits and possessing a molecular mass in excess of 500 kilodaltons. Transcription
initiation by pol II is an elaborate, multistep process that requires, at a minimum, the five
general inidation factors TFIIB, TFIID, TFIIE, TFIIF and TFIIH which together with the
polymerase represent an aggregate molecular mass of nearly 2 megadaltons (2,000kD)."*

In translation, the 5'-cap-modified extremity of all cellular and most viral mRNAs is recog-
nized via a cap-binding complex. The 40S ribosomal subunit, carrying Met-tRNA, eIF2, GTR,
and other factors (the 43S complex) then migrates through the 5" UTR until it encounters the
first AUG codon, which is recognized by base pairing with the anticodon in Met-tRNA. When
a 60S ribosomal subunit joins the paused 40S subunit, selection of the start codon is fixed.'

Replication

In all three processes (i.e., replication, transcription, translation) competition for binding
sites by PNAs potentially inhibits the formation of initiation complexes. In this respect, repli-
cation of DNA is perhaps the most difficult process to inhibit. Indeed, no consensus ORC
recognition sequence has yet been identified in higher eukaryotes, and indeed the sites bound
may be broad. In contrast, many viruses of eukaryotic cells have retained a simpler initiation
mechanism. For example, bovine papillomavirus type I (BPV-1)replication depends upon two
virus-encoded proteins, El and E2. E2 is the sequence-specific localizer protein that binds the
12 bp palindromic sequence ACC(N)¢GGT and assists the loading of the El helicase activity.'®
An 18-mer PNA complementary to this sequence was found to inhibit E2 binding and block
replication of a plasmid containing it when the plasmid is transfected with the PNA precomplexed
to it. However, this same PNA had no effect when transfected after plasmid transfection.'” In
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this study the nature of the complex formed with the double-stranded DNA is unclear, though
strand invasion is probably involved. Simian virus-40 origin of replication localization is ac-
complished by the T-antigen (helicase) that binds to an AT-rich region. This origin has never
been targeted by PNA, but an 8-mer T phosphodiester oligonucleotide, covalently linked to an
intercalating agent (acridine), inhibits the cytopathic effect of SV-40 on CV-1 cells in cul-
ture.'® It is unclear, however, whether the oligonucleotide has inhibited replication and/or
bound to the mRNA transcribed from this sequence.

Transcription

Few studies have addressed the inhibition of transcription initiation with PNA. In one
study, although a PNA targeting the NF-kB recognition site was capable of inhibiting NF-xB
binding to double stranded DNA probes in gel retardation experiments,'>* inhibition of
transcription initiation in vivo from a promoter containing multiple copies of this site was
observed onlgr when the promoter/PNA complex was preformed prior to transfection of the
cell culture.?’ However, Praseuth et al'® found no sequence-specific inhibition of transcription
initiation in vivo using a preformed promoter/PNA complex.

Direct inhibition of TATA-binding protein by PNAs has not been tested yet. However,
Helene et al*! demonstrated a transcription block, in vitro, using a triple-helix forming DNA
oligonucleotide in a prokaryotic system. The target site in this case was just outside of the
footprint of the E. coli RNA polymerase and therefore it is unclear whether it was inidation or
elongation of transcription that was inhibited.

Translation

Translation initiation in eukaryotes occuts in three phases. First, the 43S ribosome binds to
the cap structure at the capped end of the mRNA. The 43S ribosome then scans to the first
AUG start codon within a consensus Kozak sequence, where assembly of the complete 80S
ribosome occurs.'® Both duplex and triplex forming PNA are capable of inhibiting translation
when targeted to the AUG initiator codon. Although the inhibition of 80S assembly has never
been formally demonstrated, Mologni et al?*** have demonstrated an inhibition of translation
by a mixture of three PNAs directed respectively against the 5' UTR, the first AUG codon, and
a site within the coding region that includes the second AUG codon in cell-free extracts® and
in cell culture.?? In this case it is impossible to ascertain whether the effect involves only initia-
tion. In another study conducted in intact cells, Doyle et al?t targeted 27 PNAs to 18 different
sites throughout the 5" UTR, the start site, and coding regions of luciferase mRNA. In contrast
to PNAs targeted to other regions, even to the AUG site, only PNAs rargeted to the 5’ terminus
were potent inhibitors. As emphasized by the authors, this suggests that PNAs can block bind-
ing of the translation machinery bur are less able to block the progression of a ribosome.

PNAs have not been used to block translation initiation in viruses. This is surprising, as
many viruses use an alternative initiation process that is cap-independent and involves the
direct binding of the 40S ribosome to a highly structured 5'-untranslated region. This struc-
ture, named an internal ribosome entry site (IRES) is well characterized in the picornaviruses,
but is also found in certain other viruses. It is found only rarely in normal cellular mRNA,
making it a good target for an antisense PNA. In this regard, we have demonstrated the efficacy
of PNAs directed to the IRES of hepatitis C virus (HCV) to block the assembly of the 43S
ribosome and to specifically inhibit IRES-mediated translation (unpublished results).

Elongation

Once an initiation complex has formed, polymerization can start using a single stranded
nucleic acid as a template. For this to occur, the double stranded DNA (in replication and
transcription) or the structured RNA (in translation) must be melted by the action of helicases.
Elongation is processive, involving the movement of large protein or ribonucleoprotein com-
plexes with respect to the nucleic acid complex. Steric blocking of elongation, unlike initiation,
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does not involve stopping a protein from docking, but rather the arrest of a large, dynamic,
multi-subunit machine which has been engineered to be highly processive.

Replication

In vitro, PNA targeted to homopurine DNA sites is able to block both Tag DNA poly-
merase and the large fragment of E. coli DNA polymerase (Klenow).” The only published
example of true replication-elongation arrest in cell-free extracts concerns mitochondrial DNA
replication.” However, despite the accessibility of mitochondrial DNA to hybridization (as it
is single-stranded during much of the replication process) and a clear demonstration of effi-
cient uptake of oligonucleotide into mitochondria, no inhibition of replication has been ob-
served in vivo.?” Data from our laboratory indicate that the elongation activity of purified
DNA polymerase or unfractionated replication-competent human cell extracts is significantly
inhibited when a bis-PNA is bound to the template strand.

Transcription

Arresting transcription elongation by PNAs using purified RNA polymerase has been clearly
demonstrated.?>?8 In all cases, triple helix formation was involved. Boffa et al*® demonstrated
an efficient inhibition of transcription elongation when targeting a tandem CAG repeat found
in a number of binding sites of transcription factors with a 18-mer PNA in a permeabilized cell
assay. The mechanism of hybridization was not proven, but probably involves strand invasion.
In a recent study, a 17-mer c-myc anti-gene PNA has been shown to be effective in intact cells.”
This PNA, when covalently linked to a basic nuclear localization signal (NLS) peptide, was
able to specifically block the transcription of c-myc and inhibit some of its biological functions.
Another indication that covalent linkage of PNAs to appropriate vectors is necessary for sig-
nificant activity in intact cells is shown by a study of Boffa et al.” In that study, an andi-myc
PNA linked to dihydrotestosterone was specifically internalized by a cell line bearing the recep-
tor of this hormone and inhibited c-myc expression.

Translation

The capacity of duplex-forming PNAs to arrest ribosome progression is still unclear. In
vitro, PNAs targeting the coding region of mRNA are, in most cases, incapable of inhibiting
translation.®*® However, in other cases duplex-forming PNAs targeted to G+C-rich sequences
can arrest polypeptide chain elongation.’! In addition, a 10-mer pyrimidine-rich PNA comple-
mentary to a sequence in the coding region of SV40 T antigen mRNA could block translation
in vitro and 15 and 20-mer pyrimidine-rich PNAs targeted to sequences in the same region
inhibited T antigen expression when microinjected into Tsa 8 cells.* In contrast to duplex
PNA, triplex-forming PNAs are clearly capable of arresting a ribosome.® Along these lines, a
10-mer pyrimidine-rich PNA complementary to a sequence in the coding region of SV40 T
antigen mRNA could block translation in vitro and 15 and 20-mer pyrimidine-rich PNAs
targeted to sequences in the same region inhibited T antigen expression when microinjected
into Tsa 8 cells.? It should be noted, however, that PNA,/RNA triplex use is somewhat re-
stricted because it requires a homopurine target sequence.

Helicase Activity

An extrapolation of data obtained from cell-free assays to intact cells is difficult because
cellular metabolic processes such as transcription, replication or translation are mediated by
large ‘protein machines’ comprising many interacting polypeptides.*? These complexes deal
more efficienty with secondary structures and other obstacles than isolated polymerases. As an
example, all transcription and replication complexes include helicases, which utilize the energy
of nucleoside triphosphate hydrolysis to unwind the DNA double helix.>* Helicases are thought
to precede polymerases and their accessory proteins. It is therefore anticipated that helicases
will most likely be the first proteins in these enzymatic complexes to encounter a triple-helical
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structure. Several studies have shown that triple helices made with phosphodiester oligonucle-
otides are efficiently unwound by DNA helicases.** %

We have investigated the inhibitory effect of a tri?le helix forming bis-PNA on the helicase
activity of herpes simplex virus type I, UL9 protein.?® UL9 has been shown to be essential for
DNA replication and its activity has been well characterized, thus representing a particularly
suitable model for our investigations. A bis-PNA triple helix formed on a synthetic DNA
substrate significantly inhibits UL9 unwinding activity. The inhibitory effect of a bis-PNA on
the template strand can be explained by a model in which translocation of the UL9 protein in
the 3'—5' direction is impaired by bis-PNA. Another report indicates that hepatitis C virus
helicase (nonstructural protein 3) activity was at least 25-fold slower for PNA/DNA than for
the equivalent DNA/DNA substrate.?® Interestingly, the same team has demonstrated that
helicase from bacteriophage T4 was capable of unwinding DNA-PNA substrates at similar
rates as DNA-DNA substrates.*

Termination

Transcription

Transcription termination is an important process as it enhances gene expression by facili-
tating polymerase recycling and thus maintains a pool of available polymerase. Mechanisms of
termination have been described for genes transcribed by E. coli RNA polymerase and RNA
polymerase I and III, but are poorly understood for RNA pol II which transcribes premRNA.
The terminator element of eukaryotic class IIT genes is constituted by a run of thymidine
residues on the coding strand and is expected to form highly stable triple-helix complexes with
oligothymine peptide nucleic acids. Dieci et al** have analyzed the effect of a tjg PNA on in
vitro transcription of three yeast class III genes. At nanomolar concentrations, the PNA almost
completely inhibited transcription of supercoiled, but not linearized templates. This can reflect
the fact that BNA supercoiling enhances PNA binding by influencing the dynamics of base-pair

“breathing”.
Transcriptionally-Coupled RNA Processing

Polyadenylation

Eukaryotic genes often have long 3'-UTRs that contain more than one polyadenylation
site. Choice of polyadenylation site can be critical to mRNA stability if destabilization signals
are present in the longer, but not the shorter, form of the message. The site used may also
influence translation efficiency or localization of a mRNA in a tissue- or disease-specific man-
ner. Two sequence elements determine the precise site of 3'-end cleavage and polyadenylation
of premRNAs: a highly conserved AAUAAA signal located 10-30 bases 5' of the cleavage site,
and a variable GU-rich element 20-40 bases 3' of the site.%2

Recently, 2'-O-methoxy-ethyl phosphorothioate oligonucleotides complementary to
E-selectin polyadenylation sites and signals were tested for the ability to redirect polyadenylation
from a site that results in an mRNA with many destabilization elements to sites resulting in a
shorter message with fewer destabilizing elements.*? These alternative transcripts had increased
mRNA stability and altered protein expression. This was the first demonstration of the use of
antisense oligonucleotides to increase stability of a targeted mRNA. Interestingly, such a mode
of action requires RNase H incompetent oligonucleotides, thus making PNAs very attractive
candidates to redirect polyadenylation.

Splicing
The precise removal of premessenger RNA introns from the premRNA in eukaryotic nuclei
is a major step in the regulation of gene expression. RNA splicing provides a mechanism whereby
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protein isoform diversity can be generated and whereby the expression of particular proteins
with specialized functions can be restricted to certain cell or tissue types during development.
For efficient splicing, most introns require a conserved 5’ splice site, and a branch point se-
quence followed by a polypyrimidine tract and a conserved 3' splice site. Interestingly, it is now
known that a significant fraction (15%) of mutations in mammalian genes that are implicated
in disease states are thought to affect RNA-splicing signals.*

Antisense oligonucleotides that bind rarget premRNA with high affinity have been pro-
posed to alter splicing patterns in human diseases.®> The feasibility of such approaches has been
demonstrated by a report of successful treatment of erythroid progenitor cells from thalassemic
patients carrying mutations in the HBB (B-globin) gene.*® The responsible mutations activate
cryptic splice sites in B-globin premRNA, resulting in a deficiency of adult hemoglobin A.
Steric blocking (RNase H incompetent) morpholino oligonucleotides were shown to block
splicing at the targeted site and restore correct splicing, resulting in an increase in hemoglobin
production.

Recently, Karras et al?’ also have demonstrated that PNAs can redirect constitutive and
alternative splicing of the murine interleukin-5 receptor-alpha (IL-5Rat) chain premRNA in
vitro as well as in intact cells.

Virus Specific Nucleic Acid Processing

Reverse Transcription

As is typical for all retroviruses, the first step of replication of human immunodeficiency
virus (HIV) occurs through reverse transcription of the viral genomic RNA, upon entry of the
viral core into the host cell. Synthesis of the first cDNA strand, the minus strand, is initiated at
a tRNA primer, which binds to the primer-binding site located close to the 5'-end of the
genomic RNA. Lee et al*® demonstrated that PNAs as well as PNA-DNA chimeras comple-
mentary to the primer-binding site of the HIV-1 genome can completely block priming by
tRNA Lys and consequently the in vitro initiation of reverse transcription by HIV-1 RT. An
antisense PNA rtargeted against the TAR region, which is located at the 5'-end of HIV-1 RNA,
is also a strong inhibitor of reverse transcription in cell-free assays.*’

Integration

The integration of retroviral genomes into the host genome is mediated by the viral integrase
protein, which binds to specific sequences located on both extremities of the DNA long termi-
nal repeats (LTRs). The HIV U3 LTR end contains a short purine-pyrimidine sequence which
has been selectively targeted by a 7-mer purine, triple helix-forming oligonucleotide coupled to
the intercalating chromophore oxazolopyridocarbazole (OPC).*® In another study, an 11-mer
oligonucleotide-OPC was designed to form an alternate strand DNA triplex near the
integrase-binding site of the U5 LTR HIV-1 end.”! Both oligonucleotides were capable of
inhibiting HIV integration in vitro. However, the 7-mer oligonucleotide and the noncanonical
triplex forming 11-mer, lacked selectivity and affinity, thus preventing their use in vivo. It
should be interesting to take advantage of the very high affinity of PNAs for targeting these
short sequences.

Transactivation

Tat is an essential HIV-1 protein that interacts with the transactivation response element
(TAR) and stimulates transcription from the viral long-terminal repeat (LTR). Blockade of
Tat-TAR interaction halts viral transcription and hence replication. An anti-TAR PNA com-
petes for TAR and prevents Tat-mediated stimulation of HIV-1 TR transcription in vitro as
well as in cell culture.’?
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HIV Gag-pol Ribosomal Frameshifting

The HIV gag and pol genes overlap by 241 nucleotides, with pol in the -1 phase with
respect to gag. The gag-pol fusion is produced via a -1 ribosomal frameshifting event that
brings the overlapping, out-of-phase gag and pol genes into translational phase. Frameshifting
occurs 8-10 nucleotides upstream of a hairpin loop which may play a role in the regulation of
frameshifting. Vickers et al have used 2'-O-methyl oligonucleotides designed to specifically
bind sequences flanking the gag-pol hairpin stem loop. Ribosomal frameshifting is enhanced
up to 6 fold by an oligonucleotide binding the region immediately 3' to the stem.>

Dimerization

Dimerization of two homologous strands of genomic RNA is an essential feature of the
retroviral replication cycle. In HIV-1, genomic RNA dimerization is facilitated by a conserved
stem-loop structure located near the 5" end of the viral RNA called the dimerization initiation
site (DIS). The DIS loop is comprised of nine nucleotides, six of which define a
self-complementary sequence flanked by three conserved purine residues. Base pairing between
the loop sequences of two copies of genomic RNA is necessary for efficient dimerization.>
Knowledge of the sequences involved in dimerization could provide the basis for development
of PNAs targeted against this step during retroviral replication.

Polypurine Tract and Nuclear Import

During HIV-1 reverse transcription, initiation of the plus-strand DNA at the central
polypurine tract (cPPT) and termination at the central termination sequence (CTS) leads to
the formation of a three-stranded DNA structure: the HIV-1 central DNA flap. The DNA flap
is a cis-acting determinant of HIV-1 genome nuclear import.>”> The PPT is highly conserved
among the known HIV-1 retroviral isolates. Two PPTs occur within the genome, one within
the coding region of integrase (cPPT) and the other adjacent to the 3' LTR. The PPT has been
targeted by triplex forming oligonucleotides but no study has so far looked at their effects on
nuclear import. Hiratou et al®® have shown that triple-helix formation, using a foldback
triplex-forming phosphorothioate oligonucleotide, inhibits primer extension in vitro. In
HIV-1-infected MOLT-4 cells, the same oligonucleotide limits the replication of HIV-1. Faria
etal®” have demonstrated that oligonucleotide analogues containing N3'-P5' phosphoramidate
linkages can form triplexes on their PPT target sequence integrated into cellular chromosomes
and inhibit transcriptional elongation.

PNA-Tuning

The inability of PNA to cleave DNA targets or to form a substrate for RNase H when
hybridized to RNA rargets has often been seen as a drawback for its use as an antisense or
antigene agent. This has led to a number of studies attempting to set up a lytic capacity to an
otherwise nonlytic oligonucleotide.

RNase Competent PNAs

RNase H competence has been restored to PNA by creating either PNA-DNA chimeras or
by creating a DNA window within the PNA (a gapmer). In the latter strategy, we have shown
that 2 minimum window size of 8 DNA residues was required,”® although this may be reduced
to six by retargeting the oligonucleotide (unpublished data). PNA also has been used as a guide
sequence to target specific RNAs to degradation by RNase L, a ubiquitous, but latent,
endo-ribonuclease. This has been achieved by coupling the PNA to 2'-5 oligoadenylate, the
unique activator of RNase L.>%60:61:62

Use as a Guide Sequence for Chemical Lysis of DNA

A cationic manganese porphyrin-peptide nucleic acid conjugate has been synthesized by
Bigey et al®® and used to cleave a double-stranded DNA target. Oxidative activation by this Mn
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porphyrin-PNA conjugate leads to sequence-specific, 3'-staggered cleavage of both DNA strands
near the strand displacement juncrion. Furthermore, the Mn porphyrin-PNA conjugates bind
over 100-fold better to double-stranded DNA compared to the native PNA. When a Gly-Gly-His
tripeptide is placed on either the Watson-Crick or Hoogsteen bis-PNA strand, nickel-mediated
cleavage is detected at specific sites on the displaced and hybridized DNA strands as reported
by Footer et al.% Armitage et al®® have reported the synthesis of a bis-PNA that is covalently
linked to an anthraquinone imide. This conjugate forms strand invasion complexes with du-
plex DNA and irradiation with near-UV light leads to selective patterned cleavage of the dis-
placed DNA strand at the PNA binding site.

Conclusion

The capacity of short PNAs to selectively bind specifically-targeted nucleic acid sequences,
either by Watson-Crick base pairing or by triple-helix formation involving Hoogstein bond-
ing, confers on them an enormous potental to interfere with nucleic acid information process-
ing. Their incapacity of forming a suitable substrate for RNase H has often been considered a
major limiting factor to their capacity to regulate gene expression. It is now clear, however, that
judicious targeting can lead to the disruption of specific and crucial steps of nucleic acid infor-
mation processing. This is particularly true of many of the mechanisms that are specific to
viruses.

Acknowledgements
Work in the authors laboratory has been supported by CNRS, ANRS, LNFCC and
GEFLUC.

References

1 Nielsen PE, Egholm M, Berg RH et al. Sequence-selective recognition of DNA by strand displace-
ment with a thymine-substituted polyamide. Science 1991; 254(5037):1497-1500.

2. Egholm M, Buchardt O, Christensen L et al. PNA hybridizes to complementary oligonucleotides
obeying the Watson-Crick hydrogen-bonding rules. Nature 1993; 365(6446):566-568.

3. Demidov VV, Potaman VN, Frank-Kamenetskii MD et al. Stability of peptide nucleic acids in
human serum and cellular extracts. Biochem Pharmacol 1994; 48(6):1310-1313.

4. Hanvey JC, Peffer NJ, Bisi JE et al. Antisense and antigene properties of peptide nucleic acids.
Science 1992; 258(5087):1481-1485.

5. Peffer NJ, Hanvey JC, Bisi JE et al. Strand-invasion of duplex DNA by peptide nucleic acid oligo-
mers. Proc Natl Acad Sci USA 1993; 90(22):10648-10652.

6. Knudsen H, Nielsen PE. Antisense properties of duplex- and triplex-forming PNAs. Nucleic Acids
Res 1996; 24(3):494-500.

7. Boffa LC, Scarfi S, Mariani MR et al. Dihydrotestosterone as a selective cellular/nuclear localiza-
tion vector for anti-gene peptide nucleic acid in prostatic carcinoma cells. Cancer Res 2000;
60(8):2258-2262.

8. Zhang X, Simmons CG, Corey DR. Liver cell specific targeting of peptide nucleic acid oligomers.
Bioorg Med Chem Lett 2001; 11(10):1269-1272, (eng).

9. Cutrona G, Carpaneto EM, Ulivi M et al. Effects in live cells of a c-myc anti-gene PNA linked to
a nuclear localization signal. Nat Biotechnol 2000; 18(3):300-303.

10. Pooga M, Soomets U, Hallbrink M et al. Cell penetrating PNA constructs regulate galanin recep-
tor levels and modify pain transmission in vivo. Nat Biotechnol 1998; 16(9):857-861.

11. Villa R, Folini M, Lualdi S et al. Inhibition of tclomerase activity by a cell-penetrating peptide
nucleic acid construct in human melanoma cells. FEES Lett 2000; 473(2):241-248.

12. Zamaratski E, Pradeepkumar PI, Chattopadhyaya J. A critical survey of the structurefunction of
the antisense oligo/RNA heteroduplex as substrate for RNase H. J Biochem Biophys Methods 2001;
48(3):189-208.

13. Bielinsky AK, Gerbi SA. Where it all starts: Eukaryotic origins of DNA replication. J Cell Sci
2001; 114(Pr 4):643-651.

14. Dvir A, Conaway JW, Conaway RC. Mechanism of transcription initiation and promoter escape
by RNA polymerase II. Curr Opin Genet Dev 2001; 11(2):209-214.

15. Kozak M. Initiation of translation in prokaryotes and eukaryotes. Gene 1999; 234(2):187-208.



28

Peptide Nucleic Acids, Morpholinos and Related Antisense Biomolecules

16.

17.

18.

19.
20.
21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

3

—

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

Edwards AM, Bochkarev A, Frappier L. Origin DNA-binding proteins. Curr Opin Struct Biol
1998; 8(1):49-53.

Kurg R, Langel U, Ustav M. Inhibition of the bovine papillomavirus E2 protein activity by pep-
tide nucleic acid. Virus Res 2000; 66(1):39-50.

Birg F, Praseuth D, Zerial A ct al. Inhibition of simian virus 40 DNA replication in CV-1 cells by
an oligodeoxynucleotide covalently linked to an intercalating agent. Nucleic Acids Res 1990;
18(10):2901-2908.

Prascuth D, Grigotiev M, Guieysse A L et al. Peptide nucleic acids directed to the promoter of the
alpha-chain of the interleukin-2 receptor. Biochim Biophys Acta 1996; 1309(3):226-238.

Vickers TA, Griffith MC, Ramasamy K et al. Inhibition of NF-kappa B specific transcriptional
activation by PNA strand invasion. Nucleic Acids Res 1995; 23(15):3003-3008.

Duval-Valentin G, Thuong NT, Helene C. Specific inhibition of transcription by triple helix-forming
oligonucleotides. Proc Natl Acad Sci USA 1992; 89(2):504-508, (eng).

Mologni L, Marchesi E, Nielsen PE et al. Inhibition of promyelocytic leukemia (PML)/retinoic
acid receptor-alpha and PML expression in acute promyelocytic leukemia cells by anti-PML pep-
tide nucleic acid. Cancer Res 2001; 61(14):5468-5473.

Mologni L, leCoutre P, Nielsen PE et al. Additive antisense effects of different PNAs on the in
vitro translation of the PML/RARalpha gene. Nucleic Acids Res 1998; 26(8):1934-1938.

Doyle DF, Braasch DA, Simmons CG et al. Inhibition of gene expression inside cells by peptide
nucleic acids: Effect of mRINA target sequence, mismatched bases, and PNA length. Biochemistry
2001; 40(1):53-64.

Nielsen PE, Egholm M, Berg RH et al. Peptide nucleic acids (PNAs): Potential antisense and
anti-gene agents. Anticancer Drug Des 1993; 8(1):53-63.

Taylor RW, Chinnery PF, Turnbull DM et al. Selective inhibition of mutant human mitochon-
drial DNA replication in vitro by peptide nucleic acids. Nat Genet 1997; 15(2):212-215.
Muratovska A, Lightowlers RN, Taylor RW et al. Targeting peptide nucleic acid (PNA) to diagramers
mitochondtia within cells by conjugation to lipophilic cations: Implications for mitochondrial DNA
replication, expression and disease. Nucleic Acids Res 2001; 29(9):1852-1863.

Nielsen PE, Egholm M, Buchardt O. Sequence-specific transcription arrest by peptide nucleic acid
bound to the DNA template strand. Gene 1994; 149(1):139-145, (eng).

Boffa LC, Morris PL, Carpancto EM et al. Invasion of the CAG triplet repeats by a complemen-
tary peptide nucleic acid inhibits transcription of the androgen receptor and TATA-binding pro-
tein genes and correlates with refolding of an active nucleosome containing a unique AR gene
sequence. ] Biol Chem 1996; 271(22):13228-13233.

Gee JE, Robbins I, van der Laan AC et al. Assessment of high-affinity hybridization, RNase H
cleavage, and covalent linkage in translation arrest by antisense oligonucleotides. Antisense Nucleic
Acid Drug Dev 1998; 8(2):103-111, (eng).

. Bias N, Dheur S, Nielsen PE et al. Antisense PNA tridecamers targeted to the coding region of

Ha-ras mRNA arrest polypeptide chain elongation. ] Mol Biol 1999; 294(2):403-416.

Alberts BM. The DNA enzymology of protein machines. Cold Spring Harb Symp Quant Biol
1984; 49:1-12.

Lohman TM, Bjornson KP. Mechanisms of helicase-catalyzed DNA unwinding. Annu Rev Biochem
1996; 65:169-214.

Kopel V, Pozner A, Baran N et al. Unwinding of the third strand of a DNA triple helix, a novel
activity of the SV40 large T-antigen helicase. Nucleic Acids Res 1996; 24(2):330-335.

Maine IP, Kodadek T. Efficient unwinding of triplex DNA by a DNA helicase. Biochem Biophys
Res Commun 1994; 204(3):1119-1124.

Bastide L, Boechmer PE, Villani G et al. Inhibition of a DNA-helicase by peptide nucleic acids.
Nucleic Acids Res 1999; 27(2):551-554.

Boehmer PE, Lehman IR. Herpes simplex virus DNA replication. Annu Rev Biochem 1997;
66:347-384.

Tackett AJ, Wei L. Cameron C E et al. Unwinding of nucleic acids by HCV NS3 helicase is
sensitive to the structure of the duplex. Nucleic Acids Res 2001; 29(2):565-572.

Tackett AJ, Motris PD, Dennis R et al. Unwinding of unnatural substrates by a DNA helicase.
Biochemistry 2001; 40(2):543-548.

Died G, Corradini R, Sforza S et al. Inhibition of RNA polymerase III elongation by a T10
peptide nucleic acid. J Biol Chem 2001; 276(8):5720-5725.

Bentin T, Nielsen PE. Enhanced peptide nucleic acid binding to supercoiled DNA: Possible impli-
cations for DNA breathing dynamics. Biochemistry 1996; 35(27):8863-8869.

Wahle E, Ruegsegger U. 3'-End processing of premRNA in eukaryotes. FEMS Microbiol Rev 1999;
23(3):277-295.



Potential Use of PNAs in Anti-Viral Therapeutics 29

43.
44.
45.
46.

47.

48.

49.

50.

51.

52.

53.
54,
55.
56.
57.

58.

59.

60.
61.
62.
63.
64.

65.

Vickers TA, Wyatt JR, Burckin T et al. Fully modified 2’ MOE oligonucleotides redirect
polyadenylation. Nucleic Acids Res 2001; 29(6):1293-1299.

Horowitz DS, Krainer AR. Mechanisms for selecting 5' splice sites in mammalian premRNA splic-
ing. Trends Genet 1994; 10(3):100-106.

Sierakowska H, Sambade M]J, Schumperli D et al. Sensitivity of splice sites to antisense oligonucle-
otides in vivo. RNA 1999; 5(3):369-377.

Lacerra G, Sierakowska H, Carestia C et al. Restoration of hemoglobin A synthesis in erythroid
cells from peripheral blood of thalassemic patients. Proc Natl Acad Sci USA 2000; 97(17):9591-9596.
Karras JG, Maier MA, Lu T et al. Peptide nucleic acids are potent modulators of endogenous
premrna splicing of the murine interleukin-5 receptor-alpha chain. Biochemistry 2001;
40(26):7853-7859.

Lee R, Kaushik N, Modak M]J et al. Polyamide nucleic acid targeted to the primer binding site of
the HIV-1 RNA genome blocks in vitro HIV-1 reverse transcription. Biochemistry 1998;
37(3):900-910.

Boulme F, Freund F, Moreau S et al. Modified (PNA, 2'-O-methyl and phosphoramidate) anti-TAR
antisense oligonucleotides as strong and specific inhibitors of in vitro HIV-1 reverse transcription.
Noucleic Acids Res 1998; 26(23):5492-5500.

Mouscadet JF, Carteau S, Goulaouic H et al. Triplex-mediated inhibition of HIV DNA integra-
tion in vitro. ] Biol Chem 1994; 269(34):21635-21638.

Bouziane M, Cherny DI, Mouscadet JF et al. Alternate strand DNA triple helix-mediated
inhibition of HIV-1 U5 long terminal repeat integration in vitro. J Biol Chem 1996;
271(17):10359-10364.

Mayhood T, Kaushik N, Pandey PK et al. Inhibition of Tat-mediated transactivation of HIV-1
LTR transcription by polyamide nucleic acid targeted to TAR hairpin element. Biochemistry 2000;
39(38):11532-11539.

Vickers TA, Ecker DJ. Enhancement of ribosomal frameshifting by oligonucleotides targeted to the
HIV gag-pol region. Nucleic Acids Res 1992; 20(15):3945-3953.

Lodmell JS, Ehresmann C, Ehresmann B et al. Structure and dimerization of hiv-1 kissing loop
aptamers. ] Mol Biol 2001; 311(3):475-490.

Zennou V, Petit C, Guetard D et al. HIV-1 genome nuclear import is mediated by a central DNA
flap. Cell 2000; 101(2):173-185.

Hiratou T, Tsukahara S, Miyano-Kurosaki N et al. Inhibition of HIV-1 replication by a two-strand
system (FTFOs) targeted to the polypurine tract. FEES Lett 1999; 456(1):186-190.

Faria M, Wood CD, Perrouault L et al. Targeted inhibition of transcription elongation in cells
mediated by triplex-forming oligonucleotides. Proc Natl Acad Sci USA 2000; 97(8):3862-3867.
Malchere C, Verheijen J, van der Laan S et al. A short phosphodiester window is sufficient to
direct RNase H-dependent RNA cleavage by antisense peptide nucleic acid. Antisense Nucleic Acid
Drug Dev 2000; 10(6):463-468.

Verheijen JC, Chen L, Bayly SF et al. Synthesis and RNAse L binding and activation of a
2-5A-(5")-DNA-(3')-PNA chimera, a novel potential antisense molecule. Nucleosides Nucleotides
Nucleic Acids 2000; 19(10-12):1821-1830.

Verheijen JC, van der Marel GA, van Boom JH et al. 2,5-oligoadenylate-peptide nucleic acids
(2-5A-PNAs) activate RNase L. Bioorg Med Chem 1999; 7(3):449-455.

Verheijen JC, Bayly SF, Player MR et al. 2-5A-PNA complexes: A novel class of antisense com-
pounds. Nucleosides Nucleotides 1999; 18(6-7):1485-1486.

Wang Z, Chen L, Bayly SF et al. Convergent synthesis of ribonuclease L-active 2',5'-
oligoadenylate-peptide nucleic acids. Bioorg Med Chem Lett 2000; 10(12):1357-1360.

Bigey P, Sonnichsen SH, Meunier B et al. DNA binding and cleavage by a cationic manganese
porphyrin-peptide nucleic acid conjugate. Bioconjug Chem 1997; 8(3):267-270.

Footer M, Egholm M, Kron § et al. Biochemical evidence that a D-loop is part of a four-stranded
PNA-DNA bundle. Nickel-mediated cleavage of duplex DNA by a Gly-Gly-His bis-PNA. Bio-
chemistry 1996; 35(33):10673-10679.

Armitage B, Koch T, Frydenlund H et al. Peptide nucleic acid-anthraquinone conjugates: Strand
invasion and photoinduced cleavage of duplex DNA. Nucleic Acids Res 1997; 25(22):4674-4678.



2 Springer
http://www.springer.com/978-0-306-48230-4

Peptide Mucleic Acids, Morpholinos and Related
Antisense Biomolecules

lanson, C.; During, M.

20086, XX, 274 p., Hardcowver

ISBEN: 278-0-306-48230-4





