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ABSTRACT: Oligonucleotides are able to recognize both nucleic acids and proteins with a high degree of
specificity and are therefore investigated as a new and innovative class of therapeutic anticancer drugs.
In the present study, we have constructed from Panc-1 cells a stable transfectant (AG transfectant) generating
constitutively a short transcript (T-22AG), which is potentially capable of forming a triplex with a critical
polypurine/polypyrimidine gur/pyr) motif located in the Kiras promoter. Because of the presence of a
G-rich element in its sequence, transcript T-22AG was also capable, under physiological conditions, of
adopting a tetraplex conformation. We found that the levels ofasimRNA and p2®AS protein in the

AG transfectant were, respectively, 328 and 40+ 4% of those observed in the control cell lines:
untransfected Panc-1 cells and stably transfected Panc-1 cells producing a control transcript (T-22SCR).
The downregulation of Krasresulted in a strong reduction of colony formation (42Z% of the control)

and cell proliferation (34t 5% of the control) capacity. As in vitro experiments showed that the G-rich
element of T-22AG (22AG) formed with the Kas purpyr motif a triplex of low thermodynamic stability,

it is unlikely that the strong bioactivity exhibited by transcript T-22AG is mediated by a triplex-based
mechanism, although we cannot totally exclude that in vivo polyamine levels may increase the triplex
stability. We found that 22AG adopted a tetraplex conformation and competitively inhibited the binding
of a nuclear factor to the Kias purpyr sequence. This effect was specific and virtually entirely abrogated
when 22AG was denatured by heating. Our data showed that transcript T-22AG acted as a molecular
aptamer, binding specifically to a nuclear factor essential farasiexpression. The biological implications

of this study are discussed.

Pancreatic carcinomas normally arise in the cells of the kaemia b). In addition to activation by point mutations, the
exocrine pancreas that are involved in the production of the Ki-ras gene has been found amplified or overexpressed in
digestive juices. These tumors are rather aggressive and showome cancers(-8). Studies conducted on transgenic mice
a profound resistance to extant treatmefijsThe prognosis  showed that the presence of mutantrig-allele is necessary
associated to pancreatic cancer is poor and reflects the currenfor both the initiation of the tumorigenesis and for mainte-
lack of effective treatment available and the urgent need of nance of the transformed stat@).(So, it is now widely
new therapeutic strategies in this area. The first genetic accepted that the Kias gene represents an important
change detected in the majority>90%) of pancreatic = molecular target in therapeutic strategies designed to inhibit
carcinomas are mutations in the Kis gene ). The Ki- the hyperproliferation of pancreatic tumor cell), Several
ras gene is present in chromosome 12, locus 12p12.1, andmolecular approaches have been developed pointing to
regulates the growth and differentiation of many cell types reducing the altered Kias gene product or eliminating its
(3). Ki-ras encodes a 21-kDa Ras protein, f23 whichis  biological function. Antisense oligonucleotides have been
located on the inner surface of the plasma membrane andysed in three pancreatic cell lines with the major types of
acts as a molecular switch that transmits to the nucleuskij-ras point mutations and were found to significantly reduce
signals for cell proliferation4). Protein p2%4Sis in the  cell growth @1, 12). Ribozymes designed to cleave specif-
active form when bound to GTP and in the inactive state ically the mutated form of the Kias mRNA, the GUU motif
when GTP is hydrolyzed to GDP. Point mutations at codon in codon 12, were found to reduce both the proliferation and

12, 13, and 61 of Kias impair the ability of p2%*to  ¢olony formation in pancreatic tumor cels3). Oligonucle-
hydrolyze GTP into GDP, so that the protein is maintained qtides forming antiparalle! triplexes with the Kas purpyrt
locked into the active state. Moreover, mutatedr&s-is motif have been used to inhibit the expression of murine

frequently found in many other human tumors, such as gj.ras (14, 15). A 15mer peptide nucleic acid conjugated to
colorectal carcinomas, lung carcinomas, and myeloid leu- the nuclear localization signal peptide and complementary
to codon 12 in the mutated allele was found to significantly
* This work was supported by PRIN 2001, CNR (CNRC00845_002 reduce cell growth in pancreatic carcinoma Panc-1 c&f} (
and FVG (3887, LR 3/1998). Farnesyl transferase inhibitors of p21 (ras) farnesyl-
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cine, P.le Kolbe 4, 33100 Udine, Italy. Tel+39.0432.494395. Fax: induce cancer cell deatti7). In this context, we pursue a
+39.0432.494301. E-mail: Ixodo@makek.dstb.uniud.it. new molecular strategy to downregulate the expression of
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the Ki-ras gene in tumor cells. We focused our attention on
a polypurine/polypyrimidine gur/pyr) motif located in the
gene promoter, 13 helical turns from transcription initiation.
Previous studies on chromatin structure showed thaptiis
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AG-motif transcript (T-22AG); and (ii) 5STCGAGAA-
GAGAAGAGAAGAAGAGAAGATGCA and 5-TCT-
TCTCTTCTTCTCTTCTTCTTC to obtain vector pgRN
generating a 76mer random-sequence AG-motif transcript

pyr motif is sensitive to endogenous nuclease and S1 nucleas€T-22SCR) to be used as control.

in supercoiled plasmidslg). Nuclease hypersensitivaur/

Cell Cultures and Stable Transfectankfuman exocrine

pyr motifs are present in several oncogene promoters andpancreas epithelioid carcinoma cellg7), Panc-1, were

seem to be associated with the non-B-form of DNA, 20).

It has been demonstrated thapa/pyr motif present in the
c-myc promoter, which is similar to that present in Kis,
can be engaged into a slow duplex/tetraplex equilibrium,
which is thought to play a role in gene regulatidr®,(20).

purchased from the Istituto Zooprofilattico Sperimentale of
Brescia (Italy). The cells were cultured in DMEM medium,
containing 100 U/mL penicillin, 10@g/mL streptomycin,
200 mMcL-glutamine, and 10% foetal bovine serum (Celbio,
Milano, Italy). Cells were maintained in logarithmic phase

In addition to its potential capacity to extrude a tetraplex of growth subculturing them twice a week. The stable
structure, the Kiras purpyr motif can form a triple-stranded  transfectants were obtained as follows. Panc-1 cells were
DNA with G-rich oligonucleotides, under physiological pH seeded at a concentration of 2:4 10°/mL in 100-mm
(21—23). These oligonucleotides recognize the major-groove diameter Petri dishes and grown in 10 mL of medium. After
of the pur/pyr motif and form a local triple structure that 24 h, the cells were cotransfected with 2§ of pU6—-CT
can interfere with the promoter activityl4, 15, 24—26). or 15ug of pU6—RN and 1.54g of pCDNAS, bearing the
With these premises, we constructed from Panc-1 cells, aresistance to genetycin (G418). Forty-eight-hours post trans-
transfectant cell line stably expressing a short transcript. Thisfection, 700ug/mL of G418 were added to the medium and
endogenously generated transcript harbored a 22mer G-richselection was maintained for 3 weeks. Single colonies were
element identical, but with opposite polarity, to the purine isolated and grown separately. Total RNA extracted from
strand of the Kiras purpyr motif. This G-rich element could  these cells was analyzed for the production of the expected
in principle form a local triplex with the Kras pur'pyr motif transcripts by Northern blot.
or, alternatively, self-associate into a tetrapl&®, 20). We RNA Isolation and Northern BlottingTotal RNA was
found that the endogenously generated transcript caused asolated from the stable transfectants{A.(° cells) following
significant reduction of the levels of Kas mMRNA and a standard guanidinium thiocyanatghenot-chloroform
protein p2E4S, resulting in a dramatic decrease of prolifera- extraction. About 1Qug of total RNA extract was run in a
tion and colony formation in the genetically modified Panc-1 2% agarose denaturing gel, blotted on a positively charged
cells. The 22mer G-rich element of transcript T-22AG nylon membrane (Pall Gelman Sciences, MI) by capillarity
formed a triplex of low stability with the Kras purpyr using a buffer containip 3 M NaCl, 8 mM NaOH, and 2
target. Nonetheless, T-22AG exhibited a strong and specific mM sarcosyl and UV-cross-linked on the filter. The probes
antiproliferative effect in the transfectant cells. We interest- used to detect the presence of the AG-motif and random-
ingly found that 22AG inhibited in a sequence-specific sequence transcripts were-BCCCTTCTCCCTTCTC-
manner the interaction between a nuclear factor and the Ki- CCCCTCC-3and 3-TCTTCTCTTCTTCTCTTCTTCTTC,
ras purpyr motif. Polypurine 22AG recognized the nuclear respectively, labeled witly [32P] ATP and polynucleotide
protein through its unusual structure which appeared to be akinase. For the AG transcript quantification, total RNA was
tetraplex. However, despite both 22AG and scramble 22SCRseparated in 8% acrylamide/bis-acrylamide (19:1) gel in 7
were found to form tetraplex structures, only the former was M urea and TBE and electro-blotted (Multiphor Il Novablot
associated with biological activity. Taken together, these dataTransfer unit, Amersham) as previously descrilief).(The
suggest a new molecular strategy for the design of moleculesradiolabeled probe that was used;AAATGTGCTGC-
to selectively interfere with the proliferation in pancreatic CGAAGCGAGCAC, recognized a self-complementary re-
carcinoma cells. The sequestration of the nuclear factor gion (GenBank accession no. M14486 base®3) at the
recognizing the Kiras purpyr motif by a tetraplex-forming 5 end of both U6 and T-22AG(SCR) transcripts. After
oligonucleotide seem to be a highly attractive approach. hybridization of the sample at & in a solution containing
1% SDS, 1 M NacCl, 0.2«tg/mL salmon sperm DNA, and
MATERIALS AND METHODS 30 ng/mL radiolabeled probe, the filter was exposed to
Plasmid ConstructionPlasmid mU6 was kindly supplied  autoradiography and the intensity of the bands was measured
by Sarah B. Noonberg (University of San Francisco). mU6 with an enhanced laser densitometer (LKB, Bromma, Ul-
was derived from plasmid pGem1 and contained promoter trascan XL).
and termination sequences from the human small nuclear RNA Isolation and Reerse Transcriptior-Polymerase
U6 gene. It contained two unique restriction sitébpl and Chain Reaction(A) RNA purification. Cellular mMRNA was
Nsil, that allow the insertion of a DNA fragment of any  extracted from the stable transfectants by GenoPrep Direct

sequence. We inserted in mU6 the duplexes obtained bymRNA kit (GenoVision, Vienna Austria). This method is
annealing (i) 5STCGAGGAGGGGGAGAAGGGAGAAGG-  pased on the isolation of mMRNA with magnetic beads

GATGCA and 5TCCCTTCTCCCTTCTCCCCCTCC to  functionalized with oligo dT. (B) cDNA synthesis. A total

obtain an expression vector (pBET) generating a 76mer  of 2.5 41 of MRNA solution in a final volume of 2L of
diethyl pyrocarbonate (DEPC) water was heated afC0
and placed on ice. The solution was added to /25
containing (final concentrations)x1 buffer; 0.01 M DTT
{life Technologies, Milan, Italy); 0.8M primer dT, (MWG
Biotech, Florence, Italy), 0.2 mM dNTPs solution containing

1 Abbreviations: pur/pyr, polypurine/polypyrimidine; Panc-1 cells,
human pancreatic adenocarcinoma cells; CD, circular dichroism; PAGE,
polyacrylamide gel electrophoresis; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; PCR, polymerase chain reaction; RT, revers
transcriptase.
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equimolar amounts of dATP, dCTP, dGTP, and dTTP counted. Every sample was plated in triplicate and the data
(Amersham Pharmacia Biotech, Milan, Italy); 0.14.U/ reported in an histogram are the average of three independent
RNAse inhibitor (Sigma, Milan, Italy); 4 WL of M-MLV experiments.

reverse transcriptase (Life Technologies, Milan, Italy). The  \western BlotsWestern blots were performed according
reactions (SQuL per tube) were incubatedifd h at 37°C to standard procedures. Western blot analyses were per-
and stopped with heating at 9& for 5 min. As a negative  formed on total protein lysate in aLaemmli sample buffer
control, the reverse transcription reaction was performed with (3.3% SDS, 22% glycerol, 1.1 M Tris/HCI, pH 6, 0.001%
2.5uL of DEPC water or with RNA but without the enzyme. promphenol blue, 1098-mercaptoethanol). Samples were
The cDNA was stored at-20 °C. (C) Polymerase chain  peated at 95C for 10 min and about 4@g were loaded.
reaction (PCR). A volume of 2L of CDNA, heated at 95 Te relative concentration of the protein lysates was esti-
°C for 5 min, was mixed with the following reagents (final mated electrophoretically. After separation on 12% SDS
concentrations): & Taq buffer with MgCi (Eppendorf,  paGE, equal amounts of lysates were blotted on a nitrocel-
Milan, Italy); 0.5 mM MgCl; 1M of each primer; 0.1 mM 105 membrane (Sartorius, Germany) by a Multiphor I
dNTPs with equimolar amounts of dTTP, dCTP, dATP, Novablot Transfer unit (Amersham Pharmacia Biotech,
dGTP (Amersham Pharmacia Biotech); 0.02%U/Taq Milan, ltaly). Cellular levels of p2#S and -actin were
DNA polymerase (Eppendorf). Amplification was carried out - meagyred using commercial available monoclonal antibodies.
on an automated DNA thermal cycler (Techne, UK.) as gq, p2FAS, we used as primary antibody a mouse mono-
follows: 25 cycles of denatura.tion (9€ for 30 s), anngaling clonal antibody specific for Kras p21, used at 3.2g/mL

(55 °C for 30 s) and extension (7ZC for 30 s). Kitas (cjone 234-4.2, Oncogene, MA) and as secondary antibody
amplification was carried out with primers Ksx and Kdx (373 goat anti-mouse IgG (HL) peroxidase labeled (Euro Clone,
bp), while GAPDH amplification was carried out with j i ) ysed at 0.g/mL). Forg-actin, we used a commercial

primers Gsx and Gdx (fragment of 337 bp). Primers were ,q(in (ap-1) kit (Oncogene, MA) (primary antibody used
obtained from MWG-Biotech (Flc?rence, Italy): Ksx'{5 after a dilution of 1:80 000; 10Qug/mL of secondary
GACTGAATATA-AACTTGTGG-3) 98-117 of exon 1 jniihody used at 0.0g/mL). Chemiluminescence was

(GenBank accession no. L00045); KdX-BGTTTTGT- detected immediatel ;

y as described by the manufacturer
GTCTACTGETCI'S) 2;5_394 of ?I_)fg_:] 3A§:G:£ank ac-  (super Signal West Pico, Pierce, Milan, Italy). Films were
cession number LO0047); Gsx' {BGTATG CAGC- exposed for about 15 min for Kas p21 and 1 min for
CTCAAG-3)476—-495 (GenBankaccessionnumber M33197); f-actin
Gdx (B-TTTTCTAGACGGCAGGTCAG-3 793812 (Gen- ' . . . .
Bank accession number M33197). The competitor was E/€ctrophoresis Mobility Shift Assay$o detect triplex
constructed by PCRI ]in tc\ich s)teps: (i)ba 226-bp:c fragment form Loerrrpoartrlr?gd 1ejlsei$1tg30;)shgrtezasr|§ertn§tg|2|%:rr:gti;epxupr/ep:;/rpggﬁe\:(vere
pSV2Cat was amplified; (ii) a 266-bp DNA fragment was X AS -
amplified using primers containing GAPDH and Kis and as third strand oligoribonucleotides 22AG and 22SCR.

sequences. This step provided a 306-bp DNA containing at!n one set of mi>;t2ures, the oligoribonucleotides were
the termini both GAPDH and Kias sequences to be used radiolabeled with }-°P] ATP (Amersham Pharmacia Bio-

for amplification. The amplification of this DNA can give €¢h) and polynucleotide kinase (New England Biolabs, MA)
rise to either a 266- or a 306-bp fragment depending on the@"d mixed with increasing amounts of cold 32mer duplex
type of primers used. The mRNA quantification was N0 MM Tris-HCI, pH 8, 5 mM Mgdl, 2.5 mM spermidine,
performed as follows. Each RNA sample extracted from the 10% sucrose, 1 WL RNase inhibitor (Eppendorf) at 3T
three types of cells was converted into cDNA. To a fixed fOr 2 h. In another set of mixtures, the Kas duplex was
amount of cDNA were added increasing amounts of com- radiolabeled and incubated with increasing amounts of cold
petitor. The mixtures were then subjected to PCR to amplify 22AG or 22SCR. After incubation, the mixtures were run
in each sample GAPDH and Kas from cDNA and from  in a native TBE 20% polyacrylamide gel (acrylamide/
the competitor. The relative amount of KismRNA present ~ Pisacrylamide= 19/1), thermostated at 2&. The gels were
in the samples was determined by measuring the amountsdried under reduced pressure at'&and exposed overnight
of cDNA necessary to obtain the equivalence in the intensity 0 autoradiography. Proteimucleic acid binding was ana-
of Ki-ras and GAPDH bands. TheT(C) x 100 is reported  yz&d by EMSA in which 5 nM radiolabeled Kas duplex
in a histogram.T is Ki-rasGAPDH in either AG or RN Or oligoribonucleotide were incubated in 20 volume with
tranfectants, whileC is the same ratio obtained from 19 of Panc-1extractin 20 mM Tris-HCI (pH 8), KCI 100
untransfected Panc-1 cells. mM, 1.5 MgCIz, 1 mM DTT, 8% glycerol, fo 3 h atroom
Growth Cuwes and Colony Formation Assa@rowth temperature, in the presence or absence of competitor nucleic

curves were obtained by seeding into 15-mm diameter wells acid. Aft_er incubation, the mixtures were run in a native 5%
about 5x 10° cells. Every 2 days, three wells for each clone acrylamide gel in TBE at 12 V/em, 2%C. Finally, the gel
were trypsinized, and the cells were treated with one volume Was dried and autoradiographed. Panc-1 extract of nuclear
of Tripan Blue 0.01% in PBS and counted. The results from Proteins were obtained as previously describg). (

three independent experiments have been reported in a unique UV Cross-Linking ExperimentdMixtures incubated as
plot showing in ordinate the number of cells and in abscissa described above were placed on ice and irradiated at 5 cm
the days of growth. For the colony formation assayss 1  from source using a Vilber-Lourmat BLX 254 cross-linker
10 trypsinized cells were seeded on 100-mm diameter plates(or a TFP-M/WL 312 nm UV source). Following irradiation
and grown under normal culture conditions. After 2 weeks, of the sample, the mixtures were run on a 8% polyacryl-
cells were stained with 5% methylene blue in 50% ethanol amide-SDS gel using a standard Tris glycine buffer and
for 10 min. Colonies constituted by more than 50 cells were visualized by autoradiography.
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Immunofluorescence Assdhe cells were fixed with 3%
paraformaldehyde in PBSifd h atroom temperature. Fixed
cells were washed with PBS and 0.1 M glycine, pH 7.4, and
then permeabilized with 0.1 Triton X-100 in PBS for 5 min.
The coverlips were treated with 20 pgy/of anti-cytochrome
¢ (Promega, Milan, Italy) in PBS fo2 h at 37°C. Cells
were washed with PBS twice, followed by incubation with
62 nglL in PBS of FITC-conjugated anti-mouse polyvalent
antibody (Sigma) for 30 min at 3C. Nuclei were evidenced
by Hoechst staining. Cells were examined by LEICA TCS

confocal laser microscope equipped with a 488 nm argon

laser.
Circular Dichroism (CD) SpectroscopZD spectra were

recorded at various temperatures using a JASCO J-600

spectropolarimeter. Solutions of oligoribonucleotides
were prepared in 50 mM Tris-Cl pH 7.4, 80 mM KCI, 1
mM MgCl,. Spectra were recorded in 0.5-cm quartz cuvette.

RESULTS

Construction of Stable Transfectants Expressing Consti-

tutively AG-Moatif OligoribonucleotideswWe used a mam-

malian expression vector to repress the transcription of the

human Kiras gene in carcinoma pancreatic Panc-1 cells. A
22mer CT-motif sequence was cloned into vector muU6,
containing regulatory elements of the human U6 small
nuclear RNA gene28). This construct, called pUeCT, was

designed to generate a short transcript (T-22AG) constitute

by a central 22mer G-rich element, a 6-bp stem hairpin at

the B end, and five uridines at the 8nd (Figure 1A). The
G-rich element, called 22AG, may form alternative second-
ary/tertiary structures. Indeed, it can form a triplex with a
critical pur/pyr sequence located in the human i&s
promoter between-148 and—126 from the transcription
initiation site B0), or, in virtue of its high G-content, it can
adopt a tetraplex structure. In addition to pt8T, we con-
structed another expression vector, called pB&!, which

was used to generate a control transfectant cell line. Vector

pU6—RN was designed to drive the synthesis of an AG-
motif transcript with a lower G-content (T-22SCR), unable
to recognize, via triple-helix formation, the Kas purpyr
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3wy -GGGAAGAGGGAAGAGGGGGAGG —ﬂ 51 T-12AG

A
I
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T-22AG
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Ficure 1: (A) Expression vector pUSCT was obtained from mU6

by insertion of a DNA fragment encoding for a short transcript
harboring a 22mer G-rich element (T-22AG). This transcript is
potentially capable to self-associate into a tetraplex structure or to
form a triple helical complex with g@ur/pyr site located in the
promoter of the Kiras gene. Panc-1 cells have been cotransfected
with vector pU6-CT and vector pCDNA3 bearing the genetycin

dresistance. After selection, resistant clones expressing the expected

transcripts were cultivated. Following the same procedure, a control
plasmid, pU6-RN, encoding for transcript T-22SCR was obtained.
T-22SCR contained a 22-mer AG element that was unable to form
a triplex with the Kiras purpyr motif, (B) Northern blot
demonstrating that the stable transfectants generated the expected
transcripts. T-22AG and T-22SCR were detected with radiolabeled
probes (5TCCCTTCTCCCTTCTCCCCCTCC and-B5CTTCTCT-
TCTTCTCTTCTTCTTC, respectively) complementary to the cen-
tral AG-motif stretch; (C) The amount of transcript T-22AG was
compared with that of native U6 RNA using a radiolabeled probe
recognizing the self-complementary region at thenfl present in
both transcripts (SATATGTGCTGCCGAAGCGAGCAC). Laser
scan densitometry analysis showed that T-22AG was about 4% of
native U6 RNA.

The Ki-ras Expression in the AG Transfectant is Down-

motif. In this study, we addressed the question whether vectorRegulatedThe level of Kitas mMRNA in AG transfectant,
pU6—CT was able to mediate a stable suppression of Ki- RN transfectant, and nontransfected Panc-1 cells was deter-
ras expression in human pancreatic adenocarcinoma Panc-Imined by a competitive RT-PCR assay. Total RNA extracted
cells. To this purpose, Panc-1 cells were cotransfected withfrom the stable transfectants and from Panc-1 cells were
vector pPCDNAZ3, bearing the genetycin resistance, and vectortransformed into cDNA, from which two distinct DNA
pU6—CT (or pU6-RN). Transfected cells were selected with fragments were amplified: a 373-bp fragment fromris
genetycin and the resistant clones were cultivated. After few and a 334-bp fragment from GAPDH. In addition, we con-
weeks of growth, we showed by Northern blot analysis that structed a competitor DNA sharing the same primer recogni-
the stable transfectants produced constitutively the expectedion sites of cDNA, which gave a 266-bp fragment from the
primary transcripts (Figure 1B). To estimate the number of GAPDH primers and a 306-bp fragment from the rids
copies per cell of 22AG-transcript, we compared by Northern primers. A fixed amount of competitor was added to cDNA,
blot the amount of T-22AG with the amount of native U6 and the mixtures were amplified by PCR. Figure 2 shows
RNA, using a DNA probe recognizing the self-complemen- that the level of Kiras mMRNA in the AG transfectant was
tary sequence present in both transcri@8) (Figure 1C). 52 £+ 8% of the control (RN transfectant and nontransfected
We found that T-22AG was roughly 4% of native U6 RNA. Panc-1 cells). The reduction of mRNA level is gene-specific
As the number of copies per cell of native U6 RNA is known as the housekeeping GAPDH gene is equally expressed in
to be roughly 0.5¢< 1(° (31), the copies per cell of T-22AG  all the three different types of cells. Next, we tested by
should be roughly 2< 10% If we assume that T-22AG is  Western blot analysis whether the level of the protein
located in the nucleus and that the nucleus has a diameteencoded by Kiras gene, p2%4S, was lower in the stable

of 5 um, the nuclear concentration of T-22AG is expected AG transfectant than in the control cells. In Figure 3A we
to be on the order of 16—10"7 M. report a typical experiment showing that in the AG trans-
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Ficure 2: Levels of Kitas mMRNA in wild-type Panc-1 cells and in the AG and RN stable transfectants, determined by competitive
RT-PCR. Total RNA from wild type and stable transfectants was extracted and subjected to RT. To the resulting cDNA was added a fixed
amount of competitor sharing the same Ksx/Kdx and Gsx/Gdx primers of cDNA. Primers Ksx/Kdx were used to amplify a 373-bp fragment
from Ki-ras cDNA and a 306-bp fragment from the competitor. Primers Gsx/Gdx were used to amplify a 334-bp fragment from GAPDH
cDNA and a 266-bp fragment from the competitor DNA. The PCR products have been separated by 8% polyacrylamide gel electrophoresis
and the bands stained with ethydium bromide. The histogram shows the levelras KIRNA relative to the level of GAPDH mRNA
determined asT{C) x 100, whereT = Ki-raGAPDH in AG or RN transfectant an@ = Ki-rassGAPDH in Panc-1.
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FiIGURE 3: Expression of protein pZ4Sin Panc-1 and AG and RN transfectants. (A) Western blot of protein lysates isolated from the cell
lines. The level ofs-actin in each sample was measured as a control. Ponceau S staining of the blotted lysates shows the equivalence of
loading. The relative level of pZ2S in the stable transfectants and Panc-1 cells is shown in the histogram. The ordinate repbi@s the

ratio, whereT is the (p2R8ASg-actin) ratio in the AG or RN transfectant, whil@ is the (p28AS/3-actin) ratio in Panc-1 cells. (B)
Immunofluorescence of cells treated with anti&s and anti mouse fluorescein-conjugated antibodies. Panels a, b, and ¢ show Panc-1,
RN-, and AG-transfectant, respectively. Baru®.

fectant p2®4S is reduced to 40t 4% of the control. This higher than that in the AG transfectant. Taken together, these
finding is in keeping with the immunofluorescence detection experiments indicate that the T-22AG promotes a specific
of p21RAS, by using an anti-Kiras antibody (Figure 3B). It inhibition of Ki-ras gene expression, as the levels of both
can be noted that the level of p2¢in Panc-1 cells appeared mRNA and p2®4S are about half of those normally detected
comparable to that in the RN transfectant, but significantly in control RN transfectant and Panc-1 cells.
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Cell Growth and Colony Formation Are Inhibited in the

ﬁ 7 AG TransfectantSince Kitas induces cell proliferation, a
§ 400 7 reduced level of Kiras expression should cause inhibition
5 300 of cell growth and colony formatiorbj. Figure 4A shows
'_g 200 - that T-22AG strongly inhibits the capacity of colony forma-
=}

=

tion by the AG transfectant. The data show that the control
cells form colonies that are visible with methylene blue and

T & & uniformly distributed in the plate, while the AG transfectant
Qé&" é@é?’ ,@0? showed a dramatically lower number of colonies. Counting
& @‘% the colonies formed by at least 50 cells, we found that

L & T-22AG promoted a colony formation inhibition of about

60%. The effect of T-22AG on the proliferation of the AG

B 1. 8ets | © RN transfectant transfectant was evaluated by reporting in a plot the number
- ® Panc-l of cells as a function of time (Figure 4B). Over a period of
T LSt AG transfectant eight days, the AG transfectant grew more slowly than the
S 1,2e+5 + control cells: a finding that is in keeping with the colony-
E 9,0e+4 + forming assay. After eight days, the growth of the AG
E transfectant was reduced to 3# 5% compared with
z 6,0¢+4 nontransfected Panc-1 cells, or reduced to 27% compared

3,0e+4 with the RN transfectant. A similar result was observed
0,0e+0 =% A N performing tetrazolium MTT assays (not shown).
0 2 4 6 8 Endogenously Generated Transcript Induces Phenotypic
time (days) Changes of Panc-1 Cells and Apoptodike downregulation

) . . . of Ki-ras in the AG transfectant resulted in significant
Ficure 4: (A) Colony-forming assay. Colonies constituted by at h in th Il oh i While both P 1 cell d
least 50 cells were counted after methylene blue staining. The €NanNges in the cell phenotype. lie bo anc-1 cells an

average values of three independent experiments are reported iRN transfectant showed the characteristic cell shape, in the
the histogram; (B) growth curves relative to Panc-1 and AG and AG transfectant a significant proportion of cells presented a

RN transfectants. The cells were trypsinized and counted. The round shape, indicating cell death or, at least, stressed cells

average values of three independent experiments are reported 'r(Figure 5A). We found by trypan blue staining that the

the plot. ’ . y ty .
percentage of nonviable cells normally present in the AG
transfectant was roughly 4-times higher (262) that that

AG transfectant RN transfectant

0

20

16 -

12

% Apoptotic cells

1 2 3

Ficure 5: (A) Optical microscopy images of Panc-1, AG-, and RN-transfectants. Magnificati80; (B) immunofluorescence assay
performed with anti cytochromeantibody, showing the release of cytochroafeom mitochondria: a phenomenon indicative of apoptosis.
RN transfectant (a), Panc-1 (b), AG transfectant (c,d); bam5(C) The result of a quantitative analysis showing the percent of apoptotic
cells are reported in the histogram. (1) Panc-1 cells; (2) RN transfectant; (3) AG transfectant.
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observed in both RN transfectant and Panc-1 cells 42.5
0.5 and 44 0.25%, respectively). Moreover, we examined
whether the lower proliferation of the AG transfectant was
linked to apoptosis (Figure 5B). It is known that apoptosis
is accompanied by release in the cytoplasm of mitochondrial
cytochromec (32, 33). Therefore, we analyzed by confocal
microscopy the localization of cytochroneg treating the
cells with anti-cytochromec and anti-mouse fluorescein-
conjugated antibodies. It can be seen in Figure 5B, left, that
both Panc-1 cells and RN transfectant showed a filamentous,
perinuclear distribution of cytochrome, typical for a
mitochondrial localization of cytochronte(panels a and b).

In contrast, the AG transfectant showed a release of
mitochondrial cytochrome into the cytoplasm, indicative

of apoptosis (panels ¢ and d). Moreover, in apoptotic cells
the shape of the nuclei stained with Hoechst appeared
irregular, with a condensed chromatin. A quantitative analysis
of the nuclear shape (apoptosis) in a sample of 500 cells is
reported in the histogram (Figure 5C).

Oligonucleotide 22AG Forms a Weak Triplex with the Ki-
ras pur/pyr Motif. We assumed that the bioactivity of
T-22AG was due to its 22mer G-rich element, as this
transcript shares with the nonbioactive T-22SCR bdth 5

A

d*+22AG d*+ 22SCR
/’M
3 4 5 6 17

=T

— Ki-ras ds*

B

6
and 3-end regions. So, the binding properties of T-22AG  Fgure6: EMSA analysis of triplex formation by 22AG and 32mer

were analyzed by using a synthetic RNA fragment represent-Ki-ras purpyr duplex (d) at 37°C, 50 mM Tris-HCI pH 7.4, 5
ing its G-rich element (22AG). In a first set of experiments, MM MgClp, 2.5 mM spermidine, 10% sucrose, 1.lU/RNase

1 2 3 4 5

dinhibitor. (A) radiolabeled 32mer Kias purpyr duplex was

increasing amounts of 22AG were added to a radiolabele incubated with 1uM of deoxy 22AG analogue [d(22AG)] (lane

32mer Ki+as purpyr duplex., the mixtures were .incubated 2), 1, 5, 10uM 22AG (lanes 3-5), 5, 104M 22SCR (lanes 6 and
for 3 h at 37°C and then run in a gel. Following this protocol 7). (B) radiolabeled 22AG was incubated with 0.1, 1, 5,20
the binding was not detected (Figure 6, top). We then cold Ki-ras duplex (lanes 36). Lanes 1 shows the mobility of the
radiolabeled 22AG and incubated it with increasing amounts 32mer Kivas purpyr duplex, and lane 2 shows the mobility of the
of Ki-ras purpyr duplex fa 3 h at 37°C (Figure 6, bottom).  {riplex formed by d(22AG).
In this case, some triplex formation was observed at high to perform EMSA with Panc-1 nuclear extract. When
DNA/22AG ratios, indicating that 22AG has a low affinity  increasing amounts (1, 2.5, an@g@) of crude nuclear extract
for the Ki-ras target. This behavior is likely because 22AG, were incubated for 30 min with a fixed amount (5 nM) of
being a G-rich oligonucleotide, self-associates in solution radiolabeled 32mer Kias purpyr duplex, three retarded
into an intermolecular tetraplex (vide infra). We also tried bands appeared in the polyacrylamide gel, indicating the
to determine whether triplex formation was favored in the formation of three proteinDNA complexes B1, B2, and
presence of nuclear protein extract from Panc-1 cells, as itB3 (Figure 7A). The sequence-specificity of these proteins
is known that specific human proteins recognize this was examined by competition binding assays. As shown in
particular DNA structure 34—36). These experiments did Figure 7B, a 15- and 35-fold molar excess of unlabeled
not show any triplex stabilization in the presence of increas- 32mer Ki+as duplex competed efficiently with the labeled
ing amounts of protein extracts. The data suggest that theKi-ras duplex (lanes 2 and 3). By contrast, no competition
strong and specific inhibition of Panc-1 growth caused by was observed with three nonspecific duplexes, not only at
T-22AG can hardly be attributed to a triplex-based mecha- 15- and 35-fold molar excess (lanes &) but also at much
nism at the Kiras pyrpyr motif, considering that the nuclear  higher values (up to 100-fold, not shown). As one of the
concentration of T-22AG is expected to be in the order of DNA competitor contained the Sp1 sequence motif (lanes 4
10°5/10"7 M. So, we addressed the question of how T-22AG and 5), we concluded that none of the nuclear proteins
could produce such a strong antiproliferative effect in Panc-1 binding to the human Kias purpyr motif corresponded to
cells. Recent studies have shown that/pyr sequences are  the Sp1l transcription factor. Furthermore, we observed that
associated with tetraplex DNALY, 20, 37) and that this the murinepur/pyr motif competed with the human motif
unusual DNA conformation can bind to specific cellular for binding to the nuclear proteins, as one expects from two
proteins 88, 39). Since 22AG has the same sequence, exceptDNAs with a high sequence homology (not shown).
for the polarity, of the purine strand of the Kas pur/pyr The G-rich Element of Transcript T-22AG Competes with
motif we addressed the question of whether the G-rich the Ki-ras pur/pyr Motif for Protein BindingWe investigated
element of T-22AG is capable of interaction with the nuclear whether 22AG competitively inhibited the interaction be-
proteins that are known to bind to the Kis purpyr motif tween the Kiras purpyr motif and the nuclear proteins. The
(30, 40). result of the experiment is illustrated in Figure 8A. It can be
The Ki-ras pur/pyr Motif Binds Panc-1 Nuclear Proteins. seen that incubating Ag of Panc-1 extract for 30 min with

The Ki-ras purpyr sequence is the target of nuclear proteins
(30, 40). Little is known about these proteins, except that
they play a critical role on transcription. Thus, we decided

5 nM labeled 32mer Kras purpyr duplex in the presence
of increasing amounts of cold 22AG, in excess over the
duplex from 25- to 250-fold, resulted in a concentration-
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A B  Competitor - + + + + 4+ 4 -
Panc-1 extract (ug) - 1255 Panc-lextract + + + + + + + +
Ki-rasd* + + + + Ki-ras d* + 4+ 4+ + 4+ + + +
Bl —»
B2 —»
B3 —¥
Ki-ras d*
1 2 3 4
Ki-ras d*
123 4 5 6 78
Competitor Lane Sequence
Ki-ras duplex 2,3
Spl d 4,5: 5" ATTACCGGGCGGGCGGGCTAC
d3 6 plasmid pSVCAT
d4 7 plasmid pTK-bgal
C -331 - 307
N

s »
5' GGGAA GAGGGAAGGAGGGGGAG-3’ < human Ki-ras pur/pyr

PErer reeerrrerr rrrnl )
57 -GGGAAGGAGGGAGGGA _GGGAG-3’ < mouse Ki-ras pur/pyr
e ~-290

Ficure 7: (A) EMSA showing the binding of Panc-1 nuclear proteins to thedsipurpyr motif; (B) EMSA showing sequence specificity
in the interaction between Panc-1 nuclear proteins and thaKpurpyr sequence; (C) sequence homology between murine and human
pur/pyr motifs.

A Competitor - - ++++++ +++++ - +++++++ B
Panc-l extract - ++ +++++ ++++++ +++++++ 22SCR - + +
Kirasd* ++++++++ ++++++ +++++++ Panc-1 extract - + +
T 2AGH + + +
B1 —»
B2 —¥ —
—>
B3 —> «
free 22AG*™
free Ki-ras d* .
123 45 6 7891011121314 15 171921
16 18 20
Lane Competitor Sequence
3-8 227G : 5" -GGAGGGGGAGAAGGGAGAAGGG

15-21 22AGr : 5'-GGGAAGAGGGAAGAGGGGGAGG
9,10 22SCR : 5' GAAGAAGAAGAGAAGAAGAGAA

11 rna 3 : 5'-UAAGGAAGAAGCCCUUCAGTT
12 rna 4 : 5'-CUACGCCAUCAGCUCCAATT
13 rna 5 : 5'-GUUGGAGCUGAUGGCGUAGTT
15,16 rna 6 : 5'-UGGGGU

17,18 rna 7 : 5'-GUUUUUGGGGCUUUUC

FiGure 8: EMSA showing that 22AG competitively binds to a nuclear factor recognizing thaipurpyr motif. Competitor 22AG in

lanes 3-8 was 15/35/60/130/200/260-fold in excess over theadsiduplex. The sequences of the RNA competitors used in lar@4d @re

shown. Competitor 22AGr in lanes $21 was 50/125/250-fold in excess over thers purpyr motif duplex. (B) EMSA showing that
22AG incubated with Jug of Panc-1 extract and in the presence of 100-fold excess 22SCR forms twe-git&in complexes.

dependent inhibition of the interaction between the protein between 22AG and the protein in complex B1 is sequence
of complex B1 and labeled Kias purpyr duplex. An specific as no competition was observed with a number of
inhibition of 50% is obtained with 22AG at about 50-fold RNA molecules including 22SCR, i.e., the AG-motif element
molar excess~+250 nM), suggesting that 22AG has a high of transcript T-22SCR, RNAs forming G-quartet structures
affinity for this DNA-binding nuclear factor. The interaction (rna-6 and rna-7)41, 42) and RNAs with random sequences
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A type of spectrum. Thus, the CD spectra show that 22AG and
P 22SCR adopt a G-quartet structure, but do not provide
- indications about the molecularity. The intensity of the 264
.- | nm peak is strongly reduced by increasing the temperature,
suggesting the presence of extensive base stacking in both
s . 22AG and 22SCR. However, plotting the ellipticity at 260
22 264 300 220 2640 200 20 40 80 8 100 R . .
 [nm]  fom] o) nm as a function of temperature we obtained two melting
B curves that should reflect a single-stramd tetraplex
C 22AG*  225CR* equiIibrium_(Figure 9A) It is_ noteworthy that 22AG exhibits
Competitor = - -+ + - - a cooperative transition with &, between 75 and 86C,

S -, e ) . . ; LT
VR A Pane-lextract - + + + + 4+ while 22SCR shows a low-cooperative melting profile with

G
{ sd—e § AT e Tm around 40°C. In a native polyacrylamide gel, both
¥ 5 1l 69 kDa — oligonucleotides migrated with a fast-moving band and with
GA%GA Y Lo 46kDa — a smeared slow-moving band (not shown). Taken together,
‘\g—A’ . these data indicate that both oligonucleotides adopt in
ke solution either a parallel or a folded tetraplex conformation
intra-G4 intra-G4 which is stabilized by G-44) and A-tetrads 48) (Figure
(22A6) (22SCR) 9B). We also found as expected that the CD spectrum of
12345 67 22AGr, the reverse sequence of 22AG, is practically identical
Ficure 9: (A) Circular dichroism spectra as a function of to that of 22AG (not shown).
temperature of 2ZM 22AG and 22SCR. Melting profiles have been Next, we investigated whether the protein in the complex

obtained plotting the ellipticity at 260 nm as a function of . . .
temperature; (B) possible intramolecular tetraplexes that can peB1 was recognized by the primary or tertiary structure of

formed by oligonucleotides 22AG and 22SCR; (C) STRRGE ~ 22AG. To this aim, we performed PAGE/UV cross-linking
(8%) of 1ug Panc-1 extract after UV cross-linking in the presence experiments as illustrated in Figure 9C. We incubated for
of radiolabeled 22AG (lane 2); heated radiolabeled 22AG (lane 3); 30 min 1ug of Panc-1 extract with 5 nM radiolabeled 22AG

radiolabeled 22AG in the presence of excesgd&é-duplex (lane ; A ;
4): radiolabeled 22AG in the presence of excess 225CR (lane 5);wh|ch was left in its conformation (lane 2) or denatured at

radiolabeled 22SCR (lane 6); radiolabeled 22SCR mixed with 2 90°C (lane 3). We t_GStEd the effect on the binding _Of 22AG
ug of extract (lane 7). Lane 1 shows the migration of the protein t0 the nuclear proteins of 100-fold excess competitors such

markers. as Kivras pyrpyr duplex (lane 4) or 22SCR (lane 5). As a
control, we radiolabeled and mixed with the extract 22SCR

(rna-3, rna-4, rna-5). Moreover, the experiment showed that (lanes 6 and 7). After 30 min incubation, the mixtures were
(i) there is no competition between 22AG and therds irradiated at 256 nm for 5 min. The oligonucleoti¢igrotein
pur/pyr motif for binding to the protein in the B3 complex; complexes were then separated by S008% PAGE. It can
(i) the interaction between the protein in complex B2 and be seen that (i) the interaction between 22AG and the nuclear
the Ki-ras purpyr motif is weak under the conditions used, proteins gives rise to three major complexes with apparent
so that we did not take it into consideration; (iii) 22AGr, molecular masses of 120, 60, and 40 kDa; (ii) the thermal
the reverse sequence of 22AG, also competes for proteintreatment abrogates the 120 and 60 kDa complexes but not
binding as does 22AG. Next, we incubated radiolabeled that of 40 kDa, indicating that when 22AG is unstructured,
22AG with Panc-1 extract for 30 min to detect directly the it largely loses its binding capacity; (i) the Kas purpyr
binding between 22AG and the nuclear proteins (Figure 8B). duplex competes with 22AG to bind to the proteins (lane
It can be seen that in the presence of a large amount of cold4), while 22SCR does not (lane 5); (iv) 22SCR does not
22SCR, to suppress sequence-independent interactions, 22A®ind to any of the nuclear proteins. In addition, we performed
appeared to bind to two proteins of the Panc-1 extract. UV cross-linking experiments in which the Kas purpyr

The G-rich Element of T-22AG Adopts a Tetraplex sequence was radiolabeled and a number of DNA and RNA
Conformation. We addressed the question whether the sequences were used as competitors. We found that the Ki-
interaction between the nuclear factor and T-22AG was ras duplex formed a DNA-protein complex of 112 kDa,
mediated by the possible structure that can be adopted bywhich was competed by 22AG but not by 22SCR (not
the G-rich element 22AG. So the capacity of 22AG to form shown). Collectively, these data indicate that the protein in
unusual tertiary structures in solution was investigated by complex B1 (whose apparent molecular weight was estimated
circular dichroism (CD). CD spectroscopy is sensitive to base to be about 90 kDa) is able to bind not only to therds
stacking in DNA and RNA43). Figure 9A shows the CD  pur/pyr motif but also to the tetraplex-forming 22AG
spectra of 22AG and 22SCR (@) in 30 mM Tris-HCI sequence.
pH 7.4, 80 mM KCI, 5 mM MgCJ. The spectra are similar
in the 2206-290 region, with a strong and positive peak at DISCUSSION
~264 nm and a negative peak a245 nm, and they are In this study, we have demonstrated that an endogenously
different in the 296-310 nm region, where only 22AG shows generated transcript containing a G-rich element specifically
a small shoulder at 295 nm. A CD spectrum characterized downregulated the expression of the #és oncogene and
by a large 264-nm peak has been attributed to parallel strongly inhibited the capacity of growth and colony forma-
tetraplex structurestd, 45). However, there are oligonucle- tion of pancreatic carcinoma Panc-1 cells. As proteinfip21
otides forming folded antiparallel tetraplexes, such as conveys mitogenic signals from the cell surface to the
d(GGGTGGGTGGGTGGGTHUE) and d(TTTGGTGGTG- nucleus, its depletion causes dramatic effects on cell biology
GTGGTTGTGGTGGTGGTGG)47), that also exhibit this (49, 50). Moreover, as observed in primary keratinocytes

2AG 7 "\ 228CR

mde;
S
~
mde
mdeg (260 nm)
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(51), a reduced level of Kras expression results in changes
of cell morphology. The G-rich element of transcript T-22AG

Biochemistry, Vol. 43, No. 9, 2002521

that (i) recent studies have shown that polypurine G-rich
DNA or RNA strands can promote specific interactions with

was designed with a sequence equal but antiparallel to thecellular proteins $7—60); (ii) tetraplex structures are as-

purine strand of thepur/pyr motif located in the Kiras
promoter, which is about 13 helical turns from transcription
initiation. Our data indicate that the strong antiproliferative
effect promoted by T-22AG did not correlate with triplex
formation at the critical Kiras purpyr motif, but to its
capacity to interact specifically with a nuclear protein,
normally binding to the Kiras purpyr motif. This is
supported by the fact that the AG element of T-22AG
specifically binds to a nuclear protein and forms with the
pur/pyr target a triplex, which is weak even under favorable
ionic conditions (absence of'Kions). However, although
our data strongly support this picture, we cannot totally
exclude that in vivo polyamine levels facilitate triplex

sociated to nuclease hypersensitiptyr/pyr motifs present

in the regulatory region of many genel9( 20). Indeed, we
found that 22AG competed with the Kas purpyr duplex

for binding to the nuclear protein showing the lower mobility
in the EMSA assay. About 50% of inhibition was observed
at an oligoribonucleotide concentration as low as 50 nM,
indicating that 22AG has a high affinity for this nuclear
protein. The oligonucleotideprotein interaction appeared
to be sequence-specific as a number of control oligoribo-
nucleotides, including 22SCR which also form a tetraplex,
did not compete with the Kias purpyr duplex, even when
they were used in 100-fold excess. By contrast, the addition
of increasing amounts of cold 22AG to mixtures containing

formation and make this structure bioactive. CD experiments radiolabeled Kiras purpyr duplex and Panc-1 extract,
showed that the AG-elements of transcripts T-22AG and resulted in a concentration-dependent inhibition of the
T-22SCR assume a tetraplex structure. Four-stranded strucinteraction between the protein in complex B1 and radiola-

tures are normally stabilized by G-tetrad$5) but also
A-tetrads have been describetB). The higher stability of

beled Ki+as duplex. Cold 22AG did not compete with the
Ki-ras duplex for binding to the protein giving rise to

the tetraplex formed by 22AG is probably because it contains complex B3. These results argue strongly that the protein in
more G-tetrads than the tetraplex formed by 22SCR. It is complex B1 is a DNA-binding protein that appears to have

possible that the low capacity of 22AG to form a triplex
with the Ki-ras purpyr motif is due to its inherent tendency

a sequence specific-affinity for the G-rich oligonucleotide
22AG. A direct demonstration that 22AG binds specifically

to assume a tetraplex conformation. This is in keeping with to Panc-1 nuclear proteins was obtained by incubating
the fact that a small amount of triplex was observed when radiolabeled 22AG with Panc-1 extract, in the presence of
22AG was radiolabeled and mixed at a low concentration excess RNA competitor (22SCR). By means of UV cross-

with the Ki-ras purpyr duplex, i.e., under experimental
conditions that did not favor self-association. While triplex
formation by pyrimidine oligoribonucleotides has been well
documented §2—54), triplex formation by purine oligori-

linking and SDS-PAGE, we roughly evaluated that the
molecular mass of the nuclear factor binding to ther&s-
pur/pyr motif and oligonucleotide 22AG is approximately
90 kDa [120 kDa (complex) 30.8 kDa (tetraplex 22AG)].

bonucleotides has not been thoroughly investigated and hasMoreover, UV-cross-linking assays performed in the pres-

been reported only for targets in murine t&s (14) and rat
alpha-1 (l) 65) genes. Interestingly, we found that 22AG

ence of specific DNA and RNA competitors demonstrated
that the protein which competitively recognized both the Ki-

competitively inhibited the binding between a Panc-1 nuclear ras purpyr motif and 22AG is that of complex B1.

factor and the Kiras purpyr sequence. The human kKas
pur/pyr sequence is located withirnd00/—~250 relative to

Interestingly, we found that the interaction between the
nuclear factor and 22AG appeared to be mediated by a

exon O/intron 1, was shown to be a nuclease hypersensitivetetraplex conformation, as heating 22AG at°@for 2 min
site, and represents an essential regulatory element of theentirely abrogated the interaction with the protein. G-rich

human Kiras gene (8). The human Kiras promoter shares

oligonucleotides forming tetraplex structures have been

82% sequence homology with the murine analogue, which shown to bind specifically to cellular proteins. For instance,

also contains @ur/pyr motif at a very similar location, i.e.,
from —290 to —318 relative to exon 0Ofintron 156). The
murine pur/pyr motif has been shown to bind to three HeLa

a guanosine-rich 15mer oligonucleotide forming a highly
compact tertiary structure including two layers of G tetrads
was found to bind and inhibit the human blood-clotting factor

nuclear factors, as observed with the human motif, and to thrombin ©1); 28mer RNA and DNA oligonucleotides

cause a total loss of promoter activity upon deletidf)(

harboring G4 domains bound specifically yeast protein G4p2

Due to their high sequence homology, the murine and human(39); a G-rich DNA forming mixed guanine and adenosine

Ki-ras purpyr motifs compete with each other for binding
to the same nuclear proteins in HelZ0( and Panc-1 (this

qguartets bound ta-arginine 62); a G-quartet forming
oligoribonucleotide was found to bind to the N-terminal

study) extracts. These data argue that both human and murin@mino acids 2352 from Syrian golden hamster prion protein

pur/pyr motifs are important protein-binding sites that are

PrP 67). These examples suggest that G-quartet represents

essential for transcription. The binding of the nuclear proteins a recurring structural motif, which is recognized by several

to the human Kiras motif is highly sequence-specific, as a

proteins. However, the fact that G-rich nucleic acids bind

number of duplexes, including that containing the Spl specifically to different proteins, despite that they all form
consensus sequence, did not compete for protein binding.tetraplex structures, suggests that the binding is complex and

Since T-22AG promoted a strong inhibition of cell prolifera-

tion and at the same time exhibited, under in vitro conditions,

seems to depend on subtle structural features of the quadru-
plex and on specific nucleobase-amino acid contacts. This

a weak capacity of triplex formation, we addressed the is in keeping with the observations that 22SCR, rna-6 and
question of whether this unnatural RNA acted as a molecular rna-7 did not bind to the nuclear factor in complex B1 despite

aptamer for one of the nuclear proteins binding to the Ki-
ras purpyr motif. This hypothesis is supported by the fact

they adopt a tetraplex conformation. The finding that
oligonucleotide 22AG specifically interacted with a Panc-1
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nuclear factor correlates with the structural polymorphism 14.

associated tgur/pyr motifs in DNA. pur/pyr motifs are
important elements located in thefanking regions of many
genes that exhibit nuclease hypersensitivity. It has been
shown that the nuclease hypersensitivity elementsrityc-
Ki-ras, c-myh and PDGF-A 19) are capable of engaging

in a slow duplex-to-tetraplex equilibriuml®, 20). It is

therefore possible that the 90-kDa nuclear factor has an 16.

inherent capacity to specifically recognize both duplex and
tetraplex conformations of the Kas purpyr motif. Although

22AG has the opposite polarity, its sequence corresponds to

purine strand of the Kras purpyr motif and forms a

G-quartet structure. So, T-22AG likely behaves as an aptamer

for the 90-kDa nuclear factor. In conclusion, the results of

this study suggest that, in addition to the molecular strategies

so far proposed to inhibit the expression of ther&$-gene

in tumor cells, a strategy based on the use of aptamer

molecules capable to specifically interact with the nuclear
factors binding to thepur/pyr motif appears to be very
attractive.
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