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PNA (peptide nucleic acid) anti-gene/antisense can
access intact viable cells and downregulate tar get
genes

Review Article

Lidia C Boffa*, Elisabetta M .Car paneto, Benedetta Granelli, Maria R. Mariani
National Cancer Institute, IST, L.go R. Benzi 10, 16132 Genoa, Italy

* Correspondence: LidiaBoffa, National Cancer Institute, IST, L.go R. Benzi 10, 16132 Genoa, Italy, Tel: -39-010-5600214; Fax:
-39-010-5600217; E-mail: boffa@hp380.ist.unige.it

Key words: Peptide Nucleic Acid (PNA), anti-gene, antisense, cell /nuclear localization vectors, gene downregulation

Received: 27 June 2000; accepted: July 2000

Summary

In this paper we summarize our recent data on the anti-gene properties of PNA constructs both with a
classical Nuclear Localization Signal peptide, that appears to be effectivein all the cell lines tested,
and with other vectors designed to be specific for cells carrying their receptors on the nuclear
membrane. We discuss the cellular localization pattern of PNA constructs, the consequent regulatory
effects on the target gene and their influence in the cellular metabolism. The data are discussed from
the perspective of the very recent literature on the access of PNAs antisense/anti-gene in intact viable
cells and their consequent regulatory effect in the form of: (i) PNA linked to cellular/nuclear peptidic

localization vectors; (ii) PNA linked to non peptidic vectors; (iii) unmodified PNA.

|. Introduction

Peptide Nucleic Acids (PNA) ae a recent
development in the field of oligonucleotides analogues.
PNAs were originally conceved as oligonuclectide
homol ogues that could be used in the sequence-specific
targeting of double-stranded DNA (Nielsen et al, 1991;
Egholm et al, 1992). They are constructed in such away
to have aneutral charge, achiral, pseudo peptide backbone
of N-(2-aminoethyl) glycine polymer. Each unit islinked
to a purine or pyrimidine base to create the specific
sequence required for hybridization to the targeted
polynucleotide. Therefore PNA is chemically more closely
related to peptides and proteins than to nucleic acids.

In vitro PNA/DNA and PNA/RNA duplexes are, in
general, thermally more stable than the corresponding
DNA/DNA or RNA/RNA duplexes and PNA2/DNA
triplexes formed between homopyrimidine PNAs and
sequence complementary homopurine DNA show even
higher stability (Egholm et al, 1993; Nielsen et al, 1994).
Although PNAs may bind complementary oligonucleotide
or PNA targets in both orientations (parallel and
antiparallel) with significant efficiency, the most stable
duplexes are formed with an antiparallel Watson—Crick
orientation (the PNA N-terminus facing the 3' end of the
oligonucleotide) and, in case of triplex helix formation, the
Hoogsteen PNA strand should be parallel to the DNA or

47

RNA target. Structural information on the four possible
PNA complexes has been obtained by NMR spectroscopy
for PNA/RNA (Brown et al, 1994) and for PNA/DNA
duplexes (Eriksson and Nielsen, 1996) and by X-ray
crystallography for PNA2/DNA triplex (Betts et al, 1995)
and for PNA/PNA duplex (Rasmussen et al, 1997).

The overall conclusion from these studies is that the
rather flexible PNA oligomer is able to alarge extent to
adapt its conformation to its rigid complementary
oligonucleotide. In terms of sugar conformation, in
PNA/RNA duplexes the RNA strand is basically A-form
and in PNA/DNA duplexes the DNA strand is close to B-
form.

The advantages of using PNA oligomers over the
conventional antisense oligonucleotides, that have been
used for sometime to try to downregulate target gene
expression, are numerous partialy due to the high
flexibility and absence of charge of the artificial backbone:
they are resistant to nucleases and proteases (Demidov et
al, 1994) and consequently have alonger life span in the
cellular environment than any other oligonucleotide; they
can invade duplex DNA and hybridize with complementary
sequences with such a superior thermal stability (Giesen et
al, 1998), resulting from the decrease in dectrostatic
repulsion, so that they can successfully compete and
eventually displace the natural complementary strand; they
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have a higher mismatch discrimination therefore forming
strong, selective duplexes upon binding to complementary
DNA or RNA sequences (Almarsson et al, 1993; Egholm
et al, 1993). In cell chromatin the PNA/DNA hydrogen-
bonded double is further stabilized by three factors: in the
cellular environment PNA/DNA hybrids are more stable
than their homologues DNA/DNA since they are ionic
strength independent (Jensen et a, 1997); PNA/DNA
binding is more tight if DNA is supercoiled than if it is
linear; PNA/DNA hybridization is favored in
transcriptionally  active, open chromatin (Bentin and
Nielsen, 1996; Boffa et al, 1997). The greater stahility of
PNA hybrids with the complementary DNA of
transcriptionally active chromatin was used as a tool for
selection and characterization of active chromatin fragment
aslarge as 23 kb (Boffa et al, 1995).

Experiments with permesbilized cells and isolated
nuclei (Boffaet al, 1996; Boffa et al, 1997) have shown
that complex sequence PNAs are highly effective in
blocking transcription of the targeted gene without
inhibiting RNA synthesis in unrelated genes.

Unfortunately at 37°C PNAs easily enter the cells by
endocytosis but are readily sequestered by cytoplasmic
vesicles (endosomes and lysosomes) before they can enter
the nucleus (Bonham et al, 1995).

Il. Review

A. PNA linked to céllular/nuclear
peptidic localization vectors

Céllular and nuclear localization signal peptides have
successfully been used for some time to cary bulky
uncharged molecules into live cells. Several recent reports
have demonstrated that PNAs conjugated to such vectors
are quite efficiently taken up by some eukaryotic cells.

1. SV 40 Nuclear Localization Signal
peptide (NLS)

PKKKRKYV isabasic Nuclear Localization Signal
peptide (NLS) that was shown first to mediate the transfer
of SV40 large T antigen across the nuclear membrane
(Kalderon et al, 1984) and later to facilitate the nuclear
delivery of large proteins (Gorlich and Mattaj, 1996).

Our Laboratory first described the construct of this
NLSwith aPNA (Boffaet al, 1997) and observed that it
was capabl e of remarkably decreasing the time of access of
PNA to nuclei of permesbilized cells in vitro without
atering their anti-gene effects. Permesbilized cells were
exposed for increasing time to a 17mer anti-gene PNA (+/-
NLS) complementary to a unique sequence at the
beginning of the second exon of c-myc oncogene. In
human adenocarcinoma derived cell line (COLO320-DM)
at short time of exposure, we described a selective c-myc
transcriptional inhibition that was significantly higher
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upon exposure to the anti-gene PNA-NLS than to the
unmodified matching PNA (Figure 1).

In particular, al cells were subjected to run on
transcription assay in the presence of [a-**P]UTP. Total
RNA was purified and the newly synthesized, radioactively
labded mRNA was anadyzed by hybridization for its
content in specific sequences, located not only at the
PNA/DNA binding site but also upstream and downstream
from it, that were previously blotted on an appropriate
membrane. We showed that the PNA binding to its target
sequence in the c-myc gene strongly inhibited the sense
transcription of 4 sequences downstream from the
PNA/DNA hybridization site and that the extent of this
inhibition depended on the distance of the sequences from
the PNA block.

Recently (Cutrona et al, 2000) we have described the
anti-gene effect of the above described construct in live
cultured cells. When Burkitt’s lymphoma derived cell lines
(BL) were exposed to the c-myc anti-gene PNA-NLS this
molecule was localized predominantly in the cell nuclei.
The PNA nuclear localization was not only due to the
basic nature of the peptide, but also to the specific amino
acids sequence. In particular previous studies have
determined that the nuclear localization function of the
peptide was strictly dependent on the presence of lysine as
the third amino acid (termed Lys'®, as from the original
sequence of SV40 NLS) (Colledge et al, 1986). In order to
demonstrate that only the correct original NL S sequence
can specifically confer a cellular/nuclear localization to the
bound PNA, we designed a scrambled NLS (KKVKPKR)
mutated at the third amino acid to be used as a negative
control (NLS,,). BL cellswere exposed in culture to PNA-
myc +/-NLS or NLS, tagged with a fluorophore
Rhodamine (Rho) ( Rho-PNA-myc, Rho-PNA-myc-NLS
or Rho-PNA-myc-NLS,) and andyzed by confocd
microscopy. Maximum cellular fluorescence intensity was
obtained at 24 h (Figur e 2). Rho-PNA-myc (a) and Rho-
PNA-myc-NLS,, (b) were localized in the cytoplasm,
while Rho-PNA-myc-NLS (c) was clearly detectablein the
cel nuclei.

The PNA myc-NLS access to the cell nuclei caused a
rapid consequent downregulation of c-myc transcription as
from the time course of MY C expression determined by
Western blot and Northern blot analysis of c-myc mRNA
(Figure 3).
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Figure 1. c-myc and its specific anti-gene PNA
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the phase contrast and fluorescence images superimposed.
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Figure 2. Inhibition of c-myc expression by PNA-myc-NLS.

Figure 2 Delivery of PNA-NLSto intact nuclei of BL cells. BL cells were exposed to Rho- PNA-myc (a), to Rho- PNA-myc-NLS (b) or
to Rho- PNA-myc-NLS,, (c) and analyzed by confocal microscopy. The pictures show the section crossing the middle of the nuclei with
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a. MY C expression determined by Western blot following exposure of BL cellsto the indicated PNAs for 18h.
b. Northern blot analysis of c-myc mRNA expression in BL cells exposed to the indicated PNAs for 18h.

PNA-myc-NL S-treated BL cells displayed a largely
impaired growth capacity and a decrease in *H-thymidine
incorporation compared to those treated with control PNA-
myc (not shown). Concomitantly, there was a substantial
reduction in the proportion of cellsin the S or G,M phases
of the cell cycle as determined after 36 h following PNA
treatment (Figur e 4a). The presence of PNA-myc-NLS
caused a decrease in viability of the cellsin culture that
became particularly evident by 72 h. Cell death, however,
was unrelated to apoptosis that was not above the control
values, as measured by Annexin-V staining (Figur e 4b).

A PNA-NLS construct was also shown to increase
the transfection efficacy of plasmids containing the PNA
complementary sequences (Branden et al, 1999).

2. Antennapedia peptide
A 16-amino acid peptide corresponding to the third
helix of DNA binding domain of Antennapedia was shown
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to be able to translocate bulky or uncharged molecules
through biological membranes and such internalization
does not depend on classical endocytosis (Derossi et al,
1996).

This peptide coupled to PNA (Simmons et al, 1997)
was shown to confer permeability through cellular
membranes. In particular the intracellular delivery property
of this peptide was verified when conjugate with few
different PNAs:

i) antisense PNAs targeting the galanin receptor
were shown to downregulate its expression by receptor
activity assays and by Western blot (Pooga et al, 1998) in
Bowers cells. Furthermore intrathecal injection of such a
PNA conjugate into the brain of living rats reduced
receptor activity in the brain, implicating in vivo antisense
effects. Also, the behaviora response of the rats was
compatible with a decreased galanin receptor level;
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Figure 4. PNA-myc-NLS effects on completion of a
productive cell cycle and apoptosis

a Flow-cytometric analysis of the cell cycle upon 36-h
exposure to the indicated PNAS.

b. BL cells were incubated with the indicated PNAs for
different times. Apoptotic cells and dead cells were detected by
Annexin-V binding and Pl incorporation.

ii) antisense PNA to the prepro-oxytocin mRNA
selectively and significantly decreased mRNA and protein
product in neuronal cellsin culture (Herrada et al, 1998);
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antisense and anti-gene therapy
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Figure 5 Chemica structure of PNA-dihydrotestoterone
construct. Dihydrotestoterone was bound through a flexible
linker to the N terminal position of PNA in order to confer the
construct a better accessibility to nucleic acid in chromatin.

iii) two antisense PNAs to telomerase mRNA were
selectively effective in downregulating the telomerase
activity in human melanomacells (Villaet al, 2000).

In all cases the antisense was not only efficiently
ddivered to the cells but eventualy migrates into the
nuclel.

3. D-peptide analog of insulin growth factor
(IGF1)

IGF1 PNA conjugates displayed a much higher
cellular uptake than unmodified PNASs but the uptake was
in correlation with the level of expression of the IGF1
genein the cells. In fact, in Jurkat cells that do not express
the gene there is no PNA uptake, while in p6 cells, where
the gene expression is high, arelevant uptake is detectable
(Basu and Wickstrom, 1997) suggesting for the first time a
possible cell-specific, tissue specific application of PNAs
as gene-regulatory agentsin vivo.

4. Hydrophobic tetrapeptide (FLFL)

FLFL linked to PNA caused not only PNA
internalization, but aso remarkable stability of the
complex in the cellular environment in Namalwa cells
(Scarfi et al, 1997). This peptide could also internalize
inducible Nitric Oxide synthase (iNOs) cDNA
complementary DNA and significantly reduce the level of
the enzyme in Macrophages in culture (Scarfi et al, 1999).

B. PNA linked to non peptidic vectors

1. Dihydrotestosterone (T)

T covalently linked to PNA acts as avector (Figure
5) for targeting a c-myc anti-gene PNA selectively to cell
nuclei of prostatic cancer LNCaP cells, which express
Androgen Receptor (AR) gene, but not to DU145 cells, in
which the AR geneis silent (Boffa et al, 2000).

T vector was covaently linked to the N-terminal
position of a PNA complementary to a unique sequence of
c-myc oncogene (PNAmyc-T). A fluorophore (Rho) was
also attached at the C-terminal position to localize the
vector-free PNA and the PNA myc-T conjugate (PNAmyc-
Rho, PNAmyc-T-Rho) within the cells. The cellular
uptake was
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Figure 6. Effect of the different specific PNA constructs on c-myc expression.

LNCaP and DU145 cells were treated for 24h with PNA-myc, PNA-myc-T, and PNA-myc-NLS. In this picture is shown a Western blot

analysis of MY C .These findings suggest a strategy for targeting of cell-specific anti-gene therapy in prostatic carcinoma.

monitored by confocal fluorescence microscopy. PNAmyc-
Rho was detected in the cytoplasm of both prostatic cell
lines, whereas PNAmyc-T-Rho was present only in nuclei
of LNCaP (AR+) cells. The effects of the complete set of
PNASs on expression of the c-myc gene in LNCaP and
DU145 cells was monitored by Western blots of the MYC
protein content of cell lysates: The results of a series of
these analyses proved that in LNCaP cells only PNAmyc-
T induced a significant and persistent decrease of MYC
expression (Figure 6).

2. OX26 murine monoclonal antibody to the
rat transferrin receptor

0OX26 linked to the antisense PNA for therev gene
mRNA of the human HIV 1 virus, not only was able to
cross the blood-brain barrier (BBB) but also retained the
capacity to bind the target mRNA, if injected in rats
(Pardridge et al, 1995). This model system has recently
been proposed also in the treatment of Alzheimer’s disease
(Pardridge et al, 1998).

3. Spermine

Covalent conjugation of Spermine to PNAs was
shown to increase PNA solubility with consequent
increase in cellular accessibility and a 2-fold acceleration of
the rate of molecular association with complementary
DNA (Gangamani et al, 1997).
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4. Adamantyl group

This group is probably the most innovative PNA
vector. Adamantyl is a lipophilic group that when
covaently atached to PNA (Ardhammar et al, 1999)
shows at least a 3-fold improvement in PNA cellular
uptake in avariety of cell linesin culture (Ljungstrom et
al, 1999).

C. Unmodified PNA

PNAs have been shown to enter to a small extent in
cultured cells, for example neurons, probably through a
mechanism of endocytosis (Aldrian-Herrada et al, 1998).
Antisense PNAs uptake by cultured human myoblasts was
shown to cause a specific inhibition of replication of
mutant mitochondrial DNA (Taylor et al, 1997). In the
literature there are recent reports of antisense effects of
unmodified PNAs uptake in live mice brain. The first
study (Tyler et al, 1998) was on a 14-mer PNA directed
against the neurotensin, NTR1, (position +103) and mu
opioid (position -70) receptors mRNAs. PNAs were
injected into the periaqueductal gray (PAG) of rats.
Neurotensin as well as opioids are well known to exert an
antinociceptive effect. In addition, neurotensin induces
hypothermia. Behaviora studies of anti-NTR1 or anti-
opioid mu receptors PNA treated animals showed
dramatically reduced responses to neurotensin  and
morphine, respectively. Furthermore, hypothermiainduced
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by neurotensin was substantially reduced. These effects
where reversible and specific. A similar pattern of results
was obtained in a subsequent study (Tyler et a, 1999) with
NTR1 antisense (injected intraperitoneally) and sense
(injected directly into the PAG of rats) PNA. The PNA
uptake into the brain was detect by a gel shift assay. A
50% decrease of NTR1 mRNA level in brain induced only
by the specific sense PNA, determined by quantitative
PCR, suggested an anti-gene mechanism.

Moreover arecent study described the non toxicity of
an antisense PNA targeted toward mRNA of the opioid
receptor gene injected repeatedly in mice (Fraser et al,
2000).

[11. Conclusion

We hope to have been able to clearly illustrate the
recent body of evidence in support of the novel
anti-gene/antisense PNAs-cellular/nuclear vector constructs
capacity to access intact viable cells and consequently to
downregulate target genes. These new modified PNAs
could really provide an innovative and effective approach to
thein “vivo” antisense and anti-gene therapy.
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