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ABSTRACT. Mutations in the Kirsten rak(RAS gene are present in almost all pancreatic adenocarcinomas,
and one common mutation is at codon 12: GGT (Gly) is transformed into GAT (Asp). In this work we
have targeted th€kRAScoding sequence embracing the GAT mutation with a sense PNA molé&tdde (

with the aim of downregulating the expression of the mutant allelel was designed with a 15-base
sequence complementary to the antisense strakdRéfSat the GAT (Asp) mutation and conjugated to

the nuclear localization signal peptide PKKKRKYV. CD spectra as a function of temperature show that
P14 (2 uM) binds to the antisense strand of the GAT target in the mutated allele Withcd 78 °C and

to the antisense strand of the GGT target in the wild-type allele with af 69 °C, in 50 mM Tris-HClI,

pH 7.4, an 1 M NaCl. MoreoverP14 showed a high capacity to enter and accumulate in the nuclei of
pancreatic cells (Panc-1 and BxPC3), whereas the nonconjugated analogue did not. Quantitative RT-PCR
showed that kM P14was able to specifically suppreKfAStranscription in Panc-1 cells, which harbor
mutantKRAS but not in BXPC3 cells, which contain only wild-typdRAS However,P14inhibited KRAS
transcription also in BXPC3 cells when used at concentrations of 5 ap#l1Gollowing a single PNA
treatment, changes in protein level were evident only in Panc-1 cells. As we found that all three genes of
theras family are expressed in the pancreatic cells, we designed-PW4 conjugatesF16andP17)

to target alscHRASand NRAS The binding of each PNA conjugate to thes genes was assayed by
electrophoresis, and their capacity to inhibit transcription was measured by RT-PCR. All of the data
obtained, both in vivo and in vitro, are discussed in terms of sequence specificity in the binding between
PNA—NLS molecules and genomic DNA.

Pancreatic cancer is one of the most aggressive humarstudies we used aptameric oligonucleotides binding to a
cancers that is characterized by a high resistance to currentlycritical nuclear protein to suppress the transcription of the
available treatmentsl). Like many other malignancies, KRAS gene 8, 9). As carcinoma pancreatic cells are
pancreatic cancer develops because of the accumulation oheterozygous foKRAS the aptameric strategy affects both
genetic abnormalities. More than 85% of pancreatic ductal wild-type and mutatedKRAS alleles. To downregulate
cancers have an activating point mutation in kiRASgene primarily the expression of the mutant allele, we investigated
at a very early stage of the cellular transformatigh The a new molecular strategy by using peptide nucleic acid
KRAS human gene is located in chromosome 12, locus (PNA)! to block directly transcription of the mutaKRAS
12p12.1, and encodes for a protein of 21 kDa {32 vhich allele. PNA is a DNA mimic with a pseudopeptide backbone
is associated to the plasma membrane through a prenylatiorcomposed oN-(2-aminoethyl)glycine units linked by amide
group @, 4). This protein is active when bound to GTP and bonds (0). The purine (A and G) and the pyrimidine (C
inactive when GTP is hydrolyzed to GDF5)( Genetic and T) heterobases are attached to this polyamide backbone
alterations at codons 12, 13, and 61KRASIimpair the through a methylene carbonyl linkage. PNA is resistant to
capacity of p2%2sto hydrolyze GTP in GDP, with the result nucleases and proteases and, being uncharged under physi-
that the protein is maintained in the active state while ological conditions, binds to complementary RNA and DNA
constantly transmitting to the nucleus mitogenic sign@js (  with high affinity and specificity: the PNA C-terminus
Other genetic alterations such ERASamplification and corresponds to the'3end, while the PNA N-terminus
overexpression have been detected in primary pancreaticcorresponds to the' ®nd (L1, 12). An interesting property
cancer cells?). In light of these findings, th&RASgene of PNA is its capacity to invade duplex DNA and form a
may be an important target for cancer therapy. In previous stable PNA-DNA heteroduplex with the complementary
DNA strand (2, 13). Although this process is expected to
be kinetically unfavored, the binding of PNA to DNA in
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vivo, the interaction between PNA and the genome is Tris-HCI, pH 7.4, and 1 (or 0.15) mM NacCl, using a 0.5 cm
expected to be influenced by DNA supercoiling and the path length cell.

structural changes occurring when chromatin is active.

Indeed, the rate with which PNA binds to DNA increases

Cell Cultures.Human exocrine pancreas epithelioid car-
cinoma cells Panc-12¢) and primary adenocarcinoma cells

by a few orders of magnitude when the target is negatively BXPC3 were purchased from the Istituto Zooprofilattico

supercoiled 16) or when chromatin is open and transcrip-
tionally active (7). The use of PNA as a therapeutic drug

Sperimentale di Brescia (ltaly). The cells were cultured in
DMEM medium, containing 100 units/mL penicillin, 10@/

is only possible if the molecule is able to cross the cellular mL streptomycin, 200 mM.-glutamine, and 10% fetal
membrane. Initial studies supported the notion that PNA hasbovine serum (Celbio, Milan, Italy). Cells were maintained
a very poor intrinsic capacity to penetrate cell membranes, in the logarithmic phase of growth, subculturing them twice

although its backbone is unchargd®); However, a number

of recent papers showed that the uptake may vary from cell

a week.
Electrophoretic Experimentligonucleotides were la-

to cell (19—21). Previous studies have shown that the uptake beled by treatment for 1.5 h at 3Z with T4 polynucleotide
can be strongly enhanced by linking the PNA to a bioactive kinase in the presence of-f?P]JATP. Labeled oligonucle-

fragment of the nuclear localization signal (NLS) peptide
(22). The antigene activity of NLS-conjugated PNAs has

otides were purified by gel filtration chromatography (Sepha-
dex G-50), using water as eluent. Oligonucleotideg, 4,

been convincingly demonstrated by Boffa and co-workers or 5 (5 nM) were incubated with 25 nM complementary PNA

(22, 23). They exposed Burkitt's lymphoma (BL) cells, which
harbor a translocated and hyperexpresseatyconcogene,

or DNA in 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, and 1
mM EDTA for 2 h at 37°C. Samples were loaded on a 20%

to an anti-cmyc PNA—NLS site-directed against a unique polyacrylamide (acrylamide:bisacrylamide, 19:1) nondena-
sequence in exon Il. They found that the conjugate localized turing TBE gel and run for 2.5 h at 20 W with temperature
in the nuclei and promoted a rapid downregulation of the control at 25°C. The gels were fixed in 10% methanol and
c-mycgene. Subsequently, the same authors showed that d.0% acetic acid, dried, and exposed to a film for autorad-

PNA—NLS conjugate complementary to a specifigt E
intronic sequence blocked the expression of oncogengc-
under Ex control but not of other enycalleles @3). In this
work, we have designed a 15mer PNA molecule fully
complementary t&KRAScodon 12 in the antisense strand
of the mutated allele (GAT target) and partially comple-
mentary to codon 12 in the wild-type allele (GGT target).
This PNA is expected to have a high affinity for the mutated
KRASallele and a lower affinity for the wild-type allele.

iography. The sequence df (senseHRAS is 5-ACAC-
CGCCGGCGCCC, while the sequencemo{senseNRAS
is 5-ACACCACCTGCTCCA.

Confocal MicroscopyPanc-1 cells were seeded in four-
well Falcon culture slides at a density ofs6 10* cells in
500 uL of DMEM medium supplemented with 10% fetal
bovine serum. After 24 h, the cells were exposed for a certain
time to fluorescein-labeled PNA and NE®NA (P14-FITC
andP15-FITC). The cells were washed twice with PBS and

We found that the designed conjugated PNA exhibited a fixed with 3% paraformaldehyde (PFA) in PBS for 20 min.

potent antigene activity againsRAS which appeared allele-

After incubation with 0.1 M glycine containing 0.02%

specific when the PNA was incubated with the cells at the sodium azide in PBS to remove paraformaldehyde and Triton

concentration of kM. The designed PNAR14, was found
to inhibit KRAStranscription in a highly specific manner,
as the other members of thas family (HRASandNRAS

X-100 (0.1% in PBS), the cells were incubated with
propidium iodide (6 ng/L) and RNase A (0.4tg/mL) for
30 min at 37°C in order to stain the nuclei. Then cover

were not affected. As a parallel objective, we also designed glasses were mounted on the slides with Mowiol 4-88 and

PNA—NLS conjugates for thédRASand NRASgenes to
evaluate their capacity to specifically inhibit thes genes.

MATERIALS AND METHODS

PNA SynthesisThe PNAs used in this study were made

Dabco (2.5%). Cells were analyzed with a Leica DM IRBE
confocal imaging system. Diaphragm and fluorescence
detection levels were adjusted to reduce to a minimum any
interference between fluorescein and propidium iodide chan-
nels.

RNA Extraction and RT-PCR Analysis. (A) RNA Extrac-

by solid-phase synthesis using a peptide synthesizer (433Ajtjon, Cellular mRNA was extracted from PNA-treated and

Applied Biosystem, Foster City, CA) and DNA synthesizer ntreated cells by Straight A’s System reagents kit (Novagen)
(Expedite 8909; PerSeptive Biosystems, Framingham, MA) following manufacturer’s protocol. This method is based on

as previously describe@3).
Circular Dichroism (CD) SpectroscopZD spectra were

the isolation of mMRNA with magnetic beads functionalized
with oligo(dT).

recorded at various temperatures using a JASCO J-600 (B) cDNA SynthesisnRNA (2.5uL) were denatured and
spectropolarimeter, equipped with a thermostated cuvetteadded to a mix containing (final concentrations) buffer,
holder and Haake G programmable thermostat. A thermom-0.01 M DTT, 0.8«M primer dT (dT.s; MWG Biotech), 0.2
eter inserted in the cuvette holder allowed a precise measuremM dNTP solution containing equimolar amounts of dATP,
ment of the temperature. The spectra were calculated withdCTP, dGTP, and dTTP (Euroclone), 0.14 uditRNase-
J-700 Standard Analysis software (Japan Spectroscopic Co.OUT ribonuclease inhibitor (Invitrogen), and 4 unjits/

Ltd.) and are reported as molar ellipticit§][(deg x cn? x

M-MuLYV reverse transcriptase (BioLabs). The reactions (25

dmol™) versus wavelength (nm) [cell length (0.5 cm)], and L per tube) were incubated fd h at 37°C and stopped

¢ is the duplex molar concentration (2 10°°). Each

with heating at 95C for 5 min.

spectrum was recorded three times, smoothed, and subtracted (C) Competitor ConstructianThe competitor was con-

to the baseline. The CD spectra were obtained with PNA
DNA and DNA—DNA solutions (2uM/duplex) in 50 mM

structed by PCR (see next paragraph) in four steps: (i) a
226 bp fragment from pSV2Cat was amplified; (ii) from the
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Ficure 1: Structure of the DNA competitor used to quantify the
RAStranscripts by quantitative RT-PCR. N, H, and K (sx and dx)
are the primer sites f(dRASHRAS andKRASgenes, respectively.
Gsx and Gdx indicate the primer sites fBAPDH The amplifica-
tion of the competitor witiKRAS HRAS andNRASprimers gives
DNA fragments of 306, 346, and 386 bp.

226 bp fragment we obtained by PCR a new fragment of
306 bp, adding to the primers th@ APDH and KRAS

Cogoi et al.

was converted into cDNA. To a fixed amount of cDNA were
added increasing amounts of DNA competitor. The mixtures
were amplified usingsSAPDH primers, which provided two
distinct bands from cDNA and competitor DNA. The PCR
samples were then separated on a 12% polyacrylamide TBE
gel. The amount of competitor giving a band of the same
intensity as that ofGAPDH was determined and used for
the quantification of theas transcripts. To this purpose, new
mixtures containing the same amount of cDNA and a fixed
amount of competitor as determined in the previous experi-
ment were co-amplified, but this time with tK&RASprimers.
In this way the levels ofGAPDH and RAStranscripts are
normalized against the DNA competitor and can be directly
compared. Multiplex PCR was performed without DNA
competitor by using in the same reaction tube UBRRAS
primers and 0.16:M GAPDH primers. In untreated cells
these primer amounts galRASandGAPDHbands of nearly
the same intensity.

Western BlotsWestern blots were performed according

sequences; (iii) the 306 bp fragment was elongated to 346t0 standard procedures. Western blot analyses were per-

bp with primers containing{RASandHRASsequences; (iv)

formed on total protein lysates in ax2Laemmli sample

in the same manner, the 346 bp was elongated to 386 bpbuffer (3.3% SDS, 22% glycerol, 1.1 M Tris-HCI, pH 6,

using primers containingRASandNRASsequences so that
the termini of this DNA fragment containgdAPDH, KRAS
HRAS and NRAS primer sequences to be used for the
amplification. Depending on the set of primers used, the
amplification gives rise to 266, 306, 346, or 386 bp fragments
usingGAPDH (Gsx and Gdx)KRAS(Ksx and Kdx),HRAS
(Hsx and Hdx), andNRAS(Nsx and Ndx) primers, respec-
tively (Figure 1). Primers were obtained from MWG-Biotech
(Florence, ltaly): Ksx 5GACTGAATATAAACTTGTGG,
nucleotides 156169, and Kdx 5TGTTTTGTGTCTACT-
GTTCT, nucleotides 514533 (GenBank accession number
BC013572); Gsx BAGTATGACAACAGCCTCAAG, nu-
cleotides 476-495, and Gdx STTTTCTAGACGGCAG-
GTCAG, nucleotides 793812 (GenBank accession number
M33197); Nsx 5TAGATGAATATGATCCCACC, nucle-
otides 339-358, and Ndx 5ATACAACCCTGAGTC-
CCATC, nucleotides 798779 (GenBank accession number
NM002524); Hsx 5TGGACGAATACGACCCCACT, nu-
cleotides 262281, and Hdx 5SACCAACGTGTAGAAG-
GCATC, nucleotides 737718 (GenBank accession number
BC006499).

(D) Polymerase Chain Reaction (PCH.volume of 2
uL of cDNA was mixed with the following reagents (final
concentrations): & Taq buffer with MgC}, 0.5 mM MgCl,
1 uM primers, 0.1 mM dTTP, dCTP, dATP, and dGTP
(Amersham Pharmacia Biotech), and 0.025 phitFuroTaq
DNA polymerase (Euroclone). Amplification was carried out
with an automated DNA thermal cycler (Mastercycler
personal Eppendorf) as follows: denaturation {@4for 30
s), annealing (58C for 30 s), and extension (7Z for 30
s), 25 cycles.KRAS amplification was carried out with
primers Ksx and Kdx (fragment of 384 bpzAPDH
amplification was carried out with primers Gsx and Gdx
(fragment of 337 bp)HRASamplification was carried out
with primers Hsx and Hdx [fragments of 394 bp, variant 1
(GenBank NM005343), and 476 bp, variant 2], a4RAS
amplification was carried out with primers Nsx and Ndx
(fragment of 460 bp).

Quantification of mMRNA was performed as follows. Each

RNA sample, extracted from PNA-treated and untreated cells,

0.001% bromphenol blue, 1098-mercaptoethanol). The
concentration of the protein lysates was estimated electro-
phoretically. About 4Qug of each lysate was run in 12%
SDS-PAGE and blotted on a nitrocellulose membrane
(Shleicher and Shuell) by a Multiphor Il Novablot transfer
unit (Amersham Pharmacia Biotech). The cellular levels of
p21Ras calreticulin, ands-actin were measured using com-
mercially available antibodies. For g2twe used as primary
antibody a mouse monoclonal antibody specific for p21, used
at 3.3ug/mL (clone 234-4.2; Calbiochem), and as secondary
antibody goat anti-mouse IgG (H L) peroxidase labeled
(Euro Clone), used at 0.Ag/mL. For -actin we used a
commercial actin (Ab-1) kit (Calbiochem) (primary antibody
used after a dilution of 1:80000; secondary antibody used at
0.05ug/mL). For calreticulin we used as primary antibody
a rabbit polyclonal antibody (ABR Affinity Bioreagents)
diluted 1:5000 and as secondary antibody goat anti-rabbit
IgG (H + L) peroxidase labeled (Calbiochem), used at 0.1
ug/mL. Chemiluminescence was detected immediately as
described by the manufacturer (Super Signal West Pico;
Pierce). Films were exposed for about 15 min for ff2and

1 min for g-actin and calreticulin. The intensity of the
autoradiography bands was measured with an Ultroscan XL
enhanced laser densitometer (LKB Bromma; Pharmacia
Biotech).

RESULTS

Structure and Stability of KRAS PNANA Heterodu-
plexes.Pancreatic carcinoma Panc-1 cells are heterozygous
for KRAS(25). In these cells th&RASproto-oncogene is
mutated at codon 12, whose sequence is changed from GGT
(Gly) to GAT (Asp). In the wild-typeKRAS allele, the
sequence encompassing codon 12i$GGAGCTGGTG-
GCGTA5-TACGCCACCAGCTCCA (GGT target), whereas
in the mutated allele the codon 12 sequence change's to 5
TGGAGCTGATGGCGTA5'-TACGCCATCAGCTCCA
(GAT target), due to a G~ A transition. In an attempt to
suppress the expression of the mutatéRAS allele, we
designed a 15mer PNA conjugated to the nuclear localization
signal (NLS) PKKKRKYV peptide, complementary to the
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5., . ATGACTGAGTACAAACTGGTGGTGGTTGGAGCA GGT GGTGTTGGGAA. .. wild type NRAS
37.. . TACTGACTCATGTTTGACCACCACCAACCTCGT CCA CCACAACCCTT...

5% ... ATGACGGAATATAAGCTGGTGGTGGTGGGCGCC GGC GGTGTGGGCAA. .. wild type HRAS
37 ... TACTGCCTTATATTCGACCACCACCACCCGCGG CCG CCACACCCGTT...

Exon ¢ Exon 1 Exon 2

TGGAGCT GGT GGCGT
5%, . .ATGACTGAATATAAACTTGTGGAGT AGGCAAGAG. .. wild type KRAS
37, ..TACTGACTTATATTTGAACACCTCAACCTCGA CCA CCGCATCCGTTCTC. ..
RERNNRENTE TR RN
P14 H,N-TGGAGCT GAT GGCGT-PKKKRKV-CONH,

TGGAGCT GAT GGCGT
57 . . ATGACTGAATATAAACTTGTGGAGT AGGCAAGAG. .. mutant KRAS
37 ... TACTGACTTATATTTGAACACCTCAACCTCGA CTA CCGCATCCGTTCTC. ..

EEEEELL 11T CEEELT
P14 H,N-TGGAGCT GAT GGCGT-PKKKRKV-CONH,

Ficure 2: Sequences dARAS HRAS andNRASencompassing codon 12, exon 1. In Panc-1 cells, codon KRa&fSis mutated: G—
A. The sequences of the targets in the wild-type and mutated alleles are shown in bold letters. Codon 12 bases are underlined. P14 is a
NLS-conjugated PNA designed to bind to tiRASthrough a strand displacement mechanism.

Table 1: PNA and DNA Molecules Used in This Study

PNA—DNA sequence

description name 5 (N)—3 (C) peptide modification
senseKRASPNA P14 TGG AGC TGATGG CGT PKKKRKV
scramble PNA P31 GCT AAG GCT ATC GTG PKKKRKV
scramble PNA P32 GAT CGG AGT GTG TGC PKKKRKV
senseKRASPNA P14-FITC TGG AGC TGATGG CGT PKKKRKV FL
senseKRASPNA P15-FITC TGG AGC TGATGG CGT FL
senseHRASPNA P16 GGG CGC CGG CGG TGT PKKKRKV
senseNRASPNA P17 TGG AGC AGG TGG TGT PKKKRKV
wt antisense DNA 1 ACG CCACCAGCTCCA
mut antisense DNA 2 ACG CCATCAGCT CCA
mut sense DNA 3 TGG AGC TGATGG CGT

aThe structure of the PNADNA conjugate (where the linker is a rink amide) is

o o o)
HZN/U\4 NLS—peptidel\Nj\{ PNA I\N/(I?\‘O-IinkerrNJ\{O-linkerrNJ\l Iabel|
H H H H

antisense strand of the DNA containing codon 12, nucleotidesand negative ellipticity at 240 nm, and a trough near 247
174—-188 (Gen Bank accession number BC013572) (Figure nm. Interestingly, crystal and NMR structures indicate that
2). This conjugate, calleB14 is expected to form a strong the PNA-DNA duplexes possess conformational features
antiparallel PNA-DNA heteroduplex with the GAT target falling between those of canonical A- and B-form DNA and
and a weaker heteroduplex with the GGT target located in those of the P-helix30, 31). Measuring the CD spectra as
the wild-type allele, as the latter incorporates a destabilizing a function of temperature, we estimated the melting tem-
A-C mismatched base paill, 26—28). Previous studies  perature {u) of the heteroduplexes (Figure 3, bottom). To
showed that PNA obeys Watsoegrick rules on binding to minimize possible electrostatic interactions between peptide
complementary DNA and RNA strand31). The stability PKKKRKYV and the DNA strand, we performed the melting
of the PNA-DNA heteroduplexes formed b¥14 was experiments in 50 mM Tris-HCI, pH 7.4, dnl M NaCl.
measured by circular dichroism (CD) spectroscopy. As this Under these conditions, bofil4-2 andP14-1 displayed a
technique is sensitive to DNA secondary structures, we first cooperative transition withly values of 78 and 69C,
compared the spectra of the PNBNA hybridsP14-1 and respectively. In the same buffer, the corresponding DNA
P14-2 (see Table 1) with the spectra of the corresponding DNA duplexes2-3 and1-3 showedTy values of 75 and 71
DNA—DNA duplexes,1-3 and 2-:3 (Figure 3, top). While °C, respectively. An interesting feature emerging from these
1-3 and 2-3 show typical CD spectra of B-form DNAL(, data is that both DNADNA and PNA-DNA duplexes
29), P14-1 andP14-2 exhibit spectra different from both B-  tolerate an AC mismatch in the middle of the structure, but
and A-DNA forms. These spectra, which are similar to that while the former is destabilized by only €, the latter is
reported for a 15mer PNADNA duplex (11), are character-  destabilized by about 8C. This finding is in keeping with
ized by a strong and positive ellipticity at 264 nm, a weak previous observations that an-@ mismatch is strongly
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Ficure 3: (Top) Circular dichroism spectra of PNADNA heteroduplexes formed between seRdel and antisense DNA strandsor 2
encompassing codon 12 in the wild-type and mutdBd\Salleles, respectively. The spectra of the analogous BRANA duplexes 1-3
and?2-3) are also shown. Spectra have been obtained in 50 mM Tris-HCI, pH H41 & NaCl. The duplex concentration isi, the

cell path length is 0.5 cm. (Bottom) CD specR&4-2 andP14-1 as a

function of temperature. The temperatures foPth&2 spectra are

20, 26, 32, 38, 44, 48, 58, 68, 78, 83, 88, 93, and@end for theP14-1 spectra are 20, 28, 38, 48, 53, 58, 63, 68, 74, 84, ant>90
Melting curves provide foP14-2 a Ty = 78 °C and forP14-1 a Ty = 69 °C.

destabilizing and can reduce tiig of a PNA—DNA duplex
by up to 20°C (11, 26, 27). Under physiological ionic
strength conditions (150 mM NacCl), thie, of P14-2 and
P141 increased to>82 and 71°C, respectively. Thus, the
spectroscopic data indicate thRa14 shows a high affinity
for the mutanKRASATC antisense target DNA strand and
a weaker affinity for the wild-typeKRASACC antisense
target DNA strand.

PNA—NLS Conjugates Localize in the Nucleus of Panc-1
Cells. Although naked PNA was found to cross the mem-
branes in certain types of cell$g, 21), we found by confocal
microscopy that the unconjugated PNA analogBé5—
FITC, was completely incapable to enter into Panc-1 cells
(Figure 4). We therefore conjugated the C-terminus of the
anti-KRASPNA to the nuclear localization signal peptide
PKKKRKY (NLS), as previous studies have shown that this
covalent modification enables the PNA to enter into the cells
and localize in the nucle2(, 22). We treated, without any
transfecting agent, Panc-1 cells f6 h with 5uM P14—
FITC and analyzed the cells by confocal microscopy. As
shown in Figure 4, the NLS-conjugated PNA enters into the
cells and localizes in both the cytoplasm (green crown
surrounding the red nucleus) and the nuclei (yellow color).

Measurements of the Lel of KRAS mRNA by Competiti
RT-PCR After having demonstrated that the designed PNA

a 386 bp DNA competitor, which was appropriately con-
structed (see Materials and Methods). Total MRNA extracted
from PNA-treated and untreated cells was transformed into
cDNA, mixed with the DNA competitor, and amplified. The
target (cDNA) and competitor shared the same primer
recognition sites for botKRASandGAPDH Co-amplifica-
tion of the target and competitor with t@APDH primers
gave DNA fragments of 266 bp from the competitor and
337 bp from cDNA (target), whereas co-amplification with
the KRASprimers gave DNA fragments of 306 bp (competi-
tor) and 384 bp (target). In each sample we mixed amounts
of competitor and cDNA in order to obtain, after amplifica-
tion with theGAPDH primers, two bands of nearly the same
intensity. Then, the same mixtures were amplified with the
KRASprimers. In this way the levels §RASandGAPDH
transcripts refer to the same amount of DNA competitor and
can be directly compared. Figure 5 shows the results obtained
with BXPC3 cells, homozygotic fdKRAS and Panc-1 cells
that are heterozygotic fdkRASbut with the mutant allele
prevailing over the wild-type allele3@). It can be seen that

in Panc-1 cells, 13 h following PNA treatme]4 strongly
suppresses the transcriptionkiRASbut not that oiGAPDH

at all three concentrations used. A closer inspection of the
gel shows that, in the presence of 5 and;2 P14, the
level of KRASMRNA was near to null, while with kM

conjugates enter into the nucleus of Panc-1 cells, we assesseB14 KRAStranscripts were reduced to about—1Z0% of

whether antKRASP14produced any biological consequence
in the treated cells. First, we measured the leveKRAS
transcripts in both Panc-1 and BxPC3 cells 13 h following
a treatment with 1, 5, and M P14 or control PNA,P31
and P32 (see Table 1). We used competitive RT-PCR to
estimate the effect of the PNAs on transcription. The levels
of KRASand GAPDH transcripts were estimated relative to

the controls (untreated cells aR@1-andP32treated cells).
The same experiment was performed with BXPC3 cells,
which are homozygotic foKRASand contain only the weak
GGT target. In these cells M P14 does not suppress the
KRAStranscripts, .uM P14 reduces transcription to about
20% of control, and 1Q«M P14 completely suppresses
transcription. Since PNA is resistant to nucleases and
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Ficure 4: Confocal microscopy images of Panc-1 cells treatedsfb with 5uM P14—FITC andP15-FITC. Panels a and d show the

nuclei of Panc-1 cells stained with propidium iodide; panels b and e show the green fluorescence enittéd EiyfC andP15-FITC;
panels ¢ and f show the superimposition of image® and d-e. The bar= 5 um.
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\ andP32).

FIGURe 5: Effect of 1, 5, and 1M P14and control PNAPS1 cells. This pattern is maintained constant up to 72 h (about

andP32 on the level ofKkRASand GAPDH transcripts in Panc-1 AR
and BxPC3 cells, determined by competitive RT-PCR, 13 h One and a half cell divisions). As expected, scramble PNAs,

following PNA treatment. mRNA from treated and untreated cells P31andP32 were always found without any activity against
was extracted, transcribed in cDNA, mixed with a DNA competitor, KRAStranscription.

and amplified. As a control we measured the levelGAPDH i ;

transcripts, which appears to be the same in both PNA-treated and Ant.l K.RAS PNANLS Changes the Expression of 5?1

untreated cells. Protein in Panc-1 CellsAs P14 showed a strong capacity
to suppresKRAStranscription in Panc-1 cells, we tested

proteases, we investigated how long the inhibitory effect whether the level of protein p23changes following a PNA
lasted in the treated cells. Figure 6 shows that 24 h treatment. The half-life o0KRASMRNA is onl 4 h (33),
posttransfection, LM P14 loses its inhibitory capacity in  whereas the half-life of pZ#Swas estimated to be about 25
Panc-1 cells, whereas /v P14 promoted a partial tran-  h (34, 35). Therefore, we measured tK&RASprotein at 36
scription inhibition in BXPC3 and a total inhibition in Panc-1 and 55 h after treatment with/aM PNA (Figure 7). Either
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Ficure 8: (A) Levels of KRAS HRAS and NRAStranscripts
140 i relative to that ofGAPDHin Panc-1 and BxPC3 cells treated with
120 P14and controP32 determined by multiplex RT-PCR. The effect
=] 100 of P14 on KRAStranscription appears to be target specific. (B)
o 20 Effect of antiHRASP16 and antiNRASP17 on the transcription
& of theRASgenes. The cells were treated with each PNA conjugate
=~ . (5 uM). The amounts of th&RAStranscripts are estimated against
il Y GAPDH transcripts. Lanes-34 (from the left) show the amplifica-
20 tion of theKRASgene, lanes58 show the amplification dRAS

TR and lanes 912 show the amplification oNRAS

Ficure 7: Effect of PNA onKRASprotein (p2%29 in Panc-1 and - .
BxPC3 cells. Cells were treated withy®1 PNAs. Total protein BxPC3. Surprisingly, we observed a little effect on cell

extracted from PNA-treated and untreated cells was run in-sDS  Viability, althoughkKRAStranscription was strongly inhibited
PAGE and analyzed by Western blot using a6RAS anti{3-actin, by P14 Up to 120 h following PNA treatment, roughly

and anti-calreticulin antibodies. Histograms are relative to the corresponding to about three cell divisions, the proliferation
Western blots obtained at 55 h. The ordinate reports the residual ot p14treated Panc-1 cells appeared lower by-26%
p21RayS-actin protein ratio, expressed as % T/C, where T is the .
p2TRa38-actin in PNA-treated cells and C is the (f218-actin in compared to untreated cells or cells treated with co&dl
PNA-untreated cells. (not shown).

Target Specificity of PNANLS Effector MoleculesThe
f-actin or calreticulin was measured as a control for the sequences of thes genes at codon 12 are shown in Figure
nonspecific effect on protein synthesis. We did not observe 2. There is sequence homology between targ@&aSand
protein level changes at 36 h, neither after a single or a NRAS(2/3 base changes), but not betwétRASandNRAS
double PNA treatment of Panc-1 and BxPC3 cells. Only at (4/5 base changes) or betweKRAS and HRAS (5 base
55 h following PNA treatment did we observe a reduction changes). To investigate whether tRAS genes can be
of the level ofKRASprotein of 46-50% compared to control, individually suppressed, we designed conjugd®é$ and
in Panc-1 cells but not in BXPC3 cells. This may be due to P17 with a sequence complementary to codon 1H&AS
the fact that 5«M P14 does not completely suppreKRAS andNRAS respectively (Table 1). Figure 8B shows the levels
in BXPC3 cells. Since the half-life d§RASprotein is 25 h, of KRAS HRAS NRAS andGAPDHtranscripts, determined
55 h after treatment withP14 we should have detected a by multiplex RT-PCR, in Panc-1 cells treated respectively
protein residual of about 25% compared to control, and not with 5 uM P16, P17, and controlP31 The results of this
a value around 50%. The higher protein level is most likely experiment combined with those shown in Figure 8A indicate
connected to the fact that the commercially available anti- that (i) P14 recognizes in a sequence-specific manner the
KRASmouse antibody, cKras antibody (234-4.2), cross-reacts KRAStarget and does not have any effect on the transcription
with the HRAS and NRAS proteins, as indicated by the of HRASandNRAS (ii) P17inhibits not only the transcrip-
supplier (see Materials and Methods). We then investigatedtion of NRAS(its target) but also that diRASandKRAS
by RT-PCR whether the thredRASgenes are expressed in and (iii) P16, by contrast, does not show inhibitory activity
Panc-1 and BxPC3 cells. We designed primersH&®AS against any of th&®ASgenes. These results were confirmed
and NRASand found that all threeas genes are indeed by competitive RT-PCR (data not shown). To provide a
expressed in Panc-1 and BxPC3 cells to comparable levelsrationale for these data, we analyzed the sequences of the
Moreover, it can be seen th&l4 specifically suppresses heteroduplexes formed by the designed PNMLS conju-
KRAStranscription (Figure 8A). It is therefore likely that gates with theRASDNA targets (see Figure 9A). It can be
the suppression of p2%induced byP14 (40—50% com- noted that the energy penalty for the bindind?df4 to targets
pared to control) is underestimated. HRASandNRASs high, due to the presence in each duplex

We also investigated by MTT and trypan blue counting of two A-C (C-A) mismatches, which are known to cause a
the effect ofP14 and P31 on the viability of Panc-1 and  strong duplex destabilization (& and CA destabilize a
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Ficure 9: (A) Base pair mismatches that should be incorporated in the heteroduplexes formed HetdeRmn6 andP17 and KRAS
HRAS andNRAStargets. (B) Electrophoretic mobility in 50 mM Tris-HCI (pH 7.4) and 150 mM NacCl of the mixtures containing the
KRAS NRAS andHRAStargets and the designed NLS-conjugated PNAs. The mixtures were incubagt & 37°C and run in a TBE
polyacrylamide gel. For comparison, the mobility of the 15mer targets in the double-stranded DNA form are shown.

PNA—DNA duplex by about 20C; refs11, 26, and27 and
this work). Conversely, the energy penalty associated to th
binding of P17to KRASandHRASIs expected to be lower,
as the corresponding heteroduplexes incorporate mismatch
G-T, which induce a lower duplex destabilizatiohl( 26,
27). The fact thatP17 inhibits the transcription of all three
RASgenes indicates that it recognizes the tmastargets.
Moreover, ad?17appears to be more efficient agaikfRAS
andHRASrather than against its target suggests that codo
12 in the NRASgene should have a scarce accessibility.
Finally, for the number and type of mismatches involved,
P16should bind neither ts(RASNnor toNRAS Indeed P16

did not inhibit transcription of these genes, neither of its own

target geneHRAS. A possible explanation for this behavior
may be thatP16, due to its higher G content compared to

corresponding DNADNA duplexes that show mobility
ehigher than that of the heteroduplexes. The observation that

P16 binds in vitro to theHRAStarget, while it does not in
egivo (see transcription data), may reflect the different

experimental conditions characterizing the two experiments.

DISCUSSION

In this study we have investigated the efficacy of PNA
nmolecules conjugated to the nuclear localization signal
peptide to inhibit the transcription of a clinically important
gene, theKRAS gene, which is mutated in nearly 100%
pancreatic 25) and 50% colorectal36) adenocarcinomas.
Previous molecular approaches to downregulKiRAS
employed antisense and ribozyme oligonucleoti@@s-39),
nucleic acid aptamers$,(9, 40), and inhibitors of posttran-

P14andP17(60% versus 46.4% and 53.3%), self-associates scription modifications of protein p24(41). Although these
into unusual structures that are incapable of hybridizing to strategies have given encouraging results, the search for new

DNA. Direct experimental evidence supporting the above-

mentioned binding and specificity hypotheses was obtaine
by electrophoresis (Figure 9B). AMRASPNA—NLS con-

and more efficient molecules to specifically knock down
dKRASIs of great actuality. The PNA conjugates used in this
study behave as antigene molecules and are site-directed

jugates were incubated, under physiological conditions, with against a genome sequence encompassing codon 12, in exon

single-strandKRAS HRAS andNRASDNA targets labeled
with 32P and the mixtures run in a polyacrylamide gel. The
results show that (i) both wild-type and mutéRAStargets
are bound byP14 and P17 but not byP16 or control P31,

(ii) target HRASIs recognized byP16 and P17 but not by
P14 or control P31, and (iii) targetNRASIs recognized by
P17 but not by P14, P16, or control P31 (a faint band

I, of the KRASgene. Pancreatic carcinoma Panc-1 cells are
heterozygous folKRAS but with the mutantKRAS gene
prevailing over the wild type. As illustrated in FigureR214

was designed with a 15mer sequence complementary to the
antisense strand of the DNA containing the aspartic point
mutation. The binding oP14to DNA is expected to occur
through a strand displacement mechanist).(In vitro

indicating a weak and nonsignificant interaction is observed studies showed that this type of binding requires a target

with P14 and P31). We run for eachRAS target the

duplex not too stable (duplex rich in AT base pairs) and a
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low ionic strength €40 mM NacCl) @3). In culture cells,
however, the binding of PNA to DNA appeared to be less
difficult than expected. This was demonstrated by experi-
ments in which (i) a biotin-labeled PNA that invaded
complementary CAG repeats in active chromatin allowed
the isolation, using streptavidiragarose magnetic beads, of
transcriptionally active chromatin restriction fragments con-
taining PNA—-DNA hybrids (L4) and (ii) a PNA site-directed
against chromosomal targets in fibroblasts promoted a 10-

Cogoi et al.

alleles. Under physiological conditionsyM P14suppresses
the transcription of the mutatd€RASallele but not that of
the wild-type allele. This allele specificity appears to be
concentration dependent, as it is partially lost atNd and

it is completely lost at 13«M.

Finally, we observed that the transient suppression of
KRAStranscription did not result in a significant inhibition
of cell proliferation. It is noteworthy that, in a previous study
conducted on SW80 colorectal adenocarcinoma cells with a

fold increase of the frequency of mutagenesis at the targethomozygous mutation at codon 12 (Gly Val, GGT —

sequencel). These experiments provide strong, although
indirect, evidence that, in vivo, PNA is able to bind to duplex
DNA. Under this condition, the binding of PNA to the
genome is expected to be kinetically favored by DNA
supercoiling and a chromatin opened and transcriptionally
active (16, 17, 43). Another property that antigene PNA

GTT), antisense oligonucleotides designed to target a pre-
dicted highly accessible site on tiRAStranscript were
found to inhibitKRASexpression but not cell proliferation
(50). Moreover, a 20mer antisense phosphorothioate oligo-
nucleotide, ISIS 6957, targeted to tHeuBtranslated region

of KRASreduced proliferation in MRC-5 fibroblasts but not

should possess is the capacity to penetrate the cell membranes bladder carcinoma T24 cells, although in both cells the
and accumulate in the nuclei. Previous studies have shownKRAStranscription was downregulate&Q@). How do we
that this can be achieved using PNA conjugated to a peptiderationalize this apparent incongruence? The tiRa8genes

moiety, of which the most used one is the nuclear localization
signal peptide (NLS) PKKKRKVZ1, 22, 44). In this study,

we have observed that PNANLS conjugates have a high
capacity to block the transcription dKRAS oncogene

are expressed in all tissues, albeit to different levéks §1).

It is, however, not known if the different isoforms are
involved in separate signal pathways or if each protein
functions similarly and together constitute a functional

expressed in pancreatic adenocarcinomas cells. The inhibitoryredundancy within the sanfRASpathway. The observation

effect was evaluated by quantitative RT-PCR, for which we
constructed a DNA competitor that allows the quantification
of the KRAStranscript with respect to that @APDH We
found that the antkRASPNA, P14, showed a high target
specificity, as it binds to its target but not to th&RASand
HRAStargets, although the sequencesk®®ASand NRAS

at codon 12 are very similar. In contrast, the PNALS
conjugates designed for theRASandNRASgenesP16and
P17, exhibited a more complex behavior, as the former did
not show any bioactivity, whereas the latter inhibited all three
genes of theras family. To provide a rationale for this
apparently intriguing behavior, we analyzed by electrophore-
sis the capacity of the designed PNALS conjugates to
hybridize theRAStargets. In perfect agreement with the
transcription results, we found by electrophoresis Pibd
binds toKRASbut not toNRASandHRAS as the interaction
with these targets involves the formation of@\mismatches,
which are strongly destabilizindl{, 26—28). In contrast,
transcription and electrophoretic data show tRa¥ binds
not only to itsNRAStarget but also t&kRASand HRAS.
This occurs because the interactionRiE7 with the other
RASsites involves the formation of & mismatches, which
are less destabilizing than-8 (11, 26—28). Although
electrophoretic experiments showed tIrdt6 binds to its
complementary DNA targetHRAS, it was found to be
incapable of suppressing transcription in Panc-1 cells. It is
possible thatP16, having a high G content (60%), self-
associates in unusual structures under physiological condi-
tions @5). All of these data suggest that, to design efficient
and specific PNA effector molecules, one should take into
account that PNA molecules with a high G contenb0%)
may self-associate and that-T5 mismatches are well
tolerated by PNA-DNA heteroduplexes.

Although targeting a point mutation was found to be
possible 46—49), previous attempts to target@RASpoint
mutation appeared to be difficul34). In contrast, this study
shows thatP14 is not only specific forKRAS but also
discriminates between the wild-type and mutate@AS

that in pancreatic adenocarcinomas Panc-1 cells the sup-
pression oKRASIs not enough to inhibit the cell prolifera-
tion suggests that in these cells more than on&&bform
could be involved in th&ASpathway or that other activated
oncogenes predominate in maintaining cell proliferation in
these pancreatic cancer cell lines. More work is needed to
address this important question.
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