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ABSTRACT. Triplex-forming oligonucleotides are able to modulate gene expression by site-specific binding
to genomic DNA. Their use as therapeutic agents is limited by inefficient cellular uptake, scarce nuclear
internalization, and oligonucleotide self-aggregation. In this study, we demonstrate that a 13-mer AG
motif oligonucleotide covalently linked to a high-molecular mass (9000 Da) polyethylene glycol (PEG
ODN;3) exhibits uptake and biological properties that are superior to those of the honconjugated isosequence
analogue (free ODN). Band-shift and footprinting experiments showed that PEG @Bdms a stable

triple helix (apparenkKq between 10% and 107 M in 50 mM Tris-acetate, 10 mM MgGlpH 7.4, 37°C)

with a natural polypurine-polypyrimidine target located in thel&nking region of the humabcr/abl
oncogene. Confocal laser microscopy performed on unfixed live cells stained with hexidium iodide as
well as on glass-fixed cells stained with propidium iodide showed that fluorescein-labeled PEG ODN

is far more efficiently taken up and internalized in the nucleus by K562 and HelLa cells than the
nonconjugated free ODN It was found that PEG ODN specifically downregulated the transcription of
bcr/abl mMRNA at 65+ 5% with respect to control and inhibited cell growth by 82% in a 3 day liquid

culture assay. Moreover, PEG ORy\was more resistant against S1 and fetal bovine serum nucleases
than free ODNs, and less inclined to self-associate into multistrand structures in solution. Taken together,
these results provide useful elements for designing artificial transcription repressors with enhanced potency
in vivo.

Oligonucleotides (ODNSs) have the capacity to recognize phosphate groups has increased significantly the ODN
nucleic acid targets and block the flow of genetic information resistance to nucleased48|. To improve their cellular
at different levels 1, 3). Particular attention has been delivery, ODNs are generally administered entrapped in
dedicated to ODNs that bind to the genome and produce cationic liposomes. However, liposom®DN complexes
antigene effects in target cellgi{10). Because of this  may be toxic, in particular when the phospholipids are in
property, antigene ODNs provide a powerful therapeutic tool high excess over the ODNL9, 20). Yet, positively charged
against viral diseases and cancer. There are, however, diposomes may promote unspecific interaction with nega-
number of problems that have to be solved before antigenetively charged plasma proteins and cellular receptors. To
ODNs may reach the level of clinical trials. For instance, eliminate these obstacles, it has been recently found that
the biological efficacy of antigene ODNs is restricted by a cationic liposomes coated with polyethylene glycol reduce
poor cellular uptakel(l), ODN aggregationl?), susceptibil-  their level of interaction with biological molecule1). This
ity to endogenous nucleasek3), and, more importantly, a  delivery method, however, is characterized by a low level
scarce penetration into the nucleus. To overcome thesegf ODN entrapment in the coated liposomes and the difficulty
problems, several modifications of the sugphosphate  of the entrapped ODN leaving the liposome interior. To
backbone such as the replacement of a nonbridging oxygenmprove both cellular uptake and nuclear penetration, we
with sulfur (14), the introduction of methyl1®) or amine  followed a different approach which consisted of linking
groups (6), and restrictions to the sugar conformatid?)(  covalently a chain of high-molecular mass monomethoxy
have been proposed. Among these, the sulfurization of thepolyethylene glycol (PEG)to triplex-forming ODNs. PEG
has been successfully used in many fields of biology for its
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Table 1: Oligonucleotides and Their Modifications Used in This
Study

modified ODN sequence modification
bcr antigene
ODN;i3 5 GGGAGGGGAAGGA unmodified
ODN;3z-F 5 F-GGGAGGGGAAGGA fluorescein
PEG ODNz 5 GGGAGGGGAAGGA-PEG  (CHCH0),

PEG ODNzF 5 F-GGGAGGGGAAGGA-PEG fluorescein
and (CHCH;O),

unigue combination of biological and chemical properties.
It is largely soluble in water and exhibits favorable phar-
macokinetics and time distribution as well as a total lack of
toxicity and immunogenicityd2, 23). PEG does not inhibit
Watson-Crick pairing of the linked ODN with complemen-
tary strands 24, 25); it reduces the level of nonspecific
interactions with endogenous proteins and is available in a
wide range of molecular masses. In Table 1 are shown the
ODNs and their modifications designed for this study. They
are specific for a critical polypurine-polypirimidine sequence
located at transcription initiation of thiecr/abl oncogene
(26). The designed ODNs should form with ther-abl target

an antiparallel triple-helical complex stabilized byAN and
G-GC triads. Thebcr-abl oncogene is contained in the

Philadelphia (Ph) chromosome, a shortened chromosome 24
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ber promoter sequence

rV +1

eccercccerTeeT
CGGGAGGGGAAGGA
[P

5/ -GGGAGGGGAAGGA ODN,,

5’ -GGGAGGGGAAGGA{PEG | PEG ODN,
’ -F-GGGAGGGGAAGGA ODIN,,-F
' -F-GGGAGGGGAAGGA{PEG | PEG ODN,,-F

GTGGCGCAGAGTG
CACCGCGTCTCAC

57 -CGCGCCGCGGCCACCTCCCCCCG
37 ~GCGCGGCGCCGGTGGAGGGGGGC

F= fluorescein

PEG= (-CH,-CH,0-), M,=9000 Da

Ficure 1: Polypurine-polypyrimidine target located in the human
bcr-abl oncogene, at transcription initiation. The triplex-forming
ODNs designed for binding to this site are shown. QPN a
nonconjugated 13-mer AG motif oligonucleotide, while PEG QPN

is its isosequence analogue conjugatedat 9 kDa chain of
monomethoxy polyethylene glycol. These compounds have been
labeled at the S5end with fluorescein through an ester bond
(ODN;3-F and PEG ODNs-F). As described in re84, the high-
molecular mass PEG moiety has been covalently introduced onto
ODN;3 through a HELP synthetic procedure that utilizes this
polymer both as a synthetic support and as a conjugating unit. The
PEG-conjugated ODNs have been purified by FPLC, using a mono
Q column.

presence ©7 M urea. The samples were lyophilized and
stored at—20 °C. ODN concentrations of stock solutions in
illi Q water were determined by UV spectroscopy using

resulting from a reciprocal translocation between the long as 260 nm extinction coefficients 7500, 8500, 15 000, and

arms of chromosomes 9 and 22, t(9;22)-(q34;q11). Adré

abl oncogene encodes a 210 kDa protein (p210) playing a
key role in leukemogenesi2(—29). Protein p210 exhibits

a higher tyrosine phosphokinase activity than the normal
ABL protein (27), and its structure allows multiple protein
protein interactions, which links p210 to mitogenic and
survival pathways, including theas pathway 80). As p210

is the major causative factor in the pathogenesis of chronic
myeloid leukemia (CML), an attractive therapeutic strategy
should be to inhibit the expression bér-abl and/or other
genes encoding downstream signal proteins. So far, attempt
to reduce the intracellular level ditr/abl mMRNA through

the use of antisense ODNs have been repoR&d32). An
alternative approach to CML should be to downregulate the
expression of thbecr-abl oncogene by targeting its promoter.
As malignant CML cells require for their survival the
expression of p210, it can be expected that the downregu-
lation of the bcr-abl oncogene reduces the extent of cell
proliferation. Here, we demonstrate that a 13-mer ODN
conjugated to PEG (PEG ODN (i) is taken up by Ph
K562 and internalized in the nucleus far more efficiently
than free ODN;, (ii) forms a stable triple-helical complex
with a critical poly(RY) sequence of thécr-abl promoter,

(iii) downregulates specifically thbcr-abl transcription to

65 + 5% compared to the control, and (iv) inhibits cell
growth for 32+ 3% in a 3 day cell culture assay.

MATERIALS AND METHODS
Oligodeoxynucleotide Synthesidie ODNSs conjugated to

12500 Mt ecmt for C, T, A, and G, respectively.
Electrophoresis Mobility Shift Assay (EMSA) and Foot-
printing. (A) EMSA was performed using a 30-mer duplex
containing the poly(RY) sequence of the humancr/abl
oncogene as a DNA target (Figure 1). The target was
prepared by annealing (2 h at 80 and overnight at 37C)
the pyrimidine strand end-labeled with-f2P]JATP (Amer-
sham, Pharmacia-Biotech, Milan, Italy) and polynucleotide
kinase (Sigma-Aldrich, Milan, Italy) with a slight excess of
the complementary purine strand. A fixed amount of labeled

%uplex (from 10 to 20 nM) was mixed with an excess amount

of triplex-forming ODN, treated at 90C for 5 min, in 50

mM Tris-acetate (pH 7.4), 10 mM Mgg&land 1 ngiL
salmon sperm, and incubated at 3C for 3 h. After
incubation, the samples were immediately run in a native
18% polyacrylamide gel (19:1 acrylamide:bisacrylamide
ratio), thermostated at 4C to block the duplextriplex
equilibrium. The gels were dried under reduced pressure at
80 °C and analyzed on a Phosphorimager. (B) For DNase |
footprinting experiments, 50-mer complementary ODNs
containing thebcr/abl duplex were purified by preparative
electrophoresis following a modified crush and soak method.
The purine-rich strand, end-labeled with-?P]JATP and
polynucleotide kinase, was annealed with a slight excess of
the complementary pyrimidine-rich strand & h at 60°C

and overnight at 37C. The labeled duplex (20 nM) was
mixed with an excess quantity of triplex-forming ODNH5

10 uM) and incubated overnight at 3C in 50 mM Tris-
acetate (pH 7.4) and 10 mM MgLMaxam and Gilbert G

PEG used in this study have been synthesized in liquid phasereactions were performed according to the standard procedure

as previously described38, 34). PEG ODNs have been

purified by anion exchange liquid chromatography using a
Mono Q column, eluted with a linear gradient of NaCl at
pH 12. The ODNs used for the footprinting experiments were

(35). In brief, a 50-mer target duplex (20 nM), end-labeled
with [y-32P]ATP at the purine strand, was dissolved in a final
volume of 20uL containing 50 mM Tris-acetate, 10 mM

MgCl,, and 0.05 mg/mL salmon sperm DNA. Two micro-

synthesized in solid phase using a standard phosphoroamiditéiters of 5% DMS in ethanol was added to this reaction

chemistry and purified by preparative 20% PAGE, in the

mixture. The reaction was stopped by addingl5of stop
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solution [1.5 M sodium acetate (pH 7), 1 Bmercaptoet-
hanol, and 25@g/mL tRNA]; the products were precipitated
in 2.5 volumes of ethanol, storedrfd h at—80 °C, and
centrifuged, and the pellet was resuspended inb®f a
10% piperidine solution, heated at 9C for 30 min, and
precipitated again in 2.5 volumes of ethanol. After precipita-
tion, the DNA was resuspended in 1 of gel loading
buffer and heated at 90C. The samples were then im-
mediately loaded in an 18% polyacrylamide gel prepared in
TBE and 8 M urea, pre-equilibrated at 86 in a Sequi-
Gen GT Nucleic Acids Electrophoresis Apparatus (Bio-Rad,
Hercules, CA). After it had been run, the gel was dried and
exposed to Kodak X-OMAT film.

Confocal MicroscopyConfocal microscopy experiments
were performed following two staining protocols.

(A) Standard Propidium lodide (PI) Staining of Cells Fixed
on a Glass SlideK562 cells were seeded in 12-well plates
at a density of 0.8x 10° cells in 600 uL of RPMI

Rapozzi et al.

spun down by centrifugation at 1000 rpm an8C} washed

and resuspended in PBS, and analyzed by flow cytometry.
Control cells cultured in the absence of fluorescein-labeled
ODN were used to set signal gain and PMT values that are
necessary for assessing the fluorescence of the ODNs
entrapped in the cells.

Competitvte RT-PCR To quantify thebcr/abl transcript
in K562 cells, either untreated or treated with antigene
effector and control molecules, we used a semiquantitative
reverse trascriptionpolymerase chain reaction assay (C-
RT—PCR) as previously decribed3@—38). cDNA was
prepared from total RNA extracted fromx210° K562 cells
and 2x 1 KYO-1 cells (competitor cells bearing the b2a2
bcr/abl junction) (RNAqueous-4PCR Kit, Ambion Inc.,
Austin, TX) in 50uL of a reaction mixture containing 10
mM Tris-HCI (pH 8.3), 50 mM KCI, 4 mM MgCJ, dATP,
dCTP, dGTP, and dTTP (5 mM each) (Amersham, Phar-
macia-Biotech), 25 pmol of AZ primer (CCATTTTTG-

supplemented with 10% heat-inactivated fetal bovine serum GTTTGGGCTTCACACCATTCC), 24 units of ribonuclease
24 h before being added with the ODNs. Cells were treated jnhibitor, and 200 units of RT (M-MLV reverse transcriptase,

with free ODNs-F or PEG ODNs-F. After centrifugation,

Life Technologies, Milan, Italy). RT was carried out incubat-

the cells were washed twice with PBS, spun on a glass slide,ing the reaction mixture at 37C for 1 h. Thebcr/abl PCR

and fixed with 3% paraformaldehyde (PFA) for 20 min. After
the cells had been washed with 0.1 M glycine containing
0.02% sodium azide to remove PFA and Triton X-100 (0.1%
in PBS), the cells were incubated with Pl and RNase for 30
min at 37°C to stain the nuclei. Then cover glasses were
mounted on the glass slides with Mowiol 4-88 and Dabco
(2.5%). HelLa cells were plated on a coverslip (k2L0°
cells in 1 mL of DMEM supplemented with 10% heat-

amplification was performed using 1. of cDNA, added
with 2.5 units of DNA polymerase (AmpliTag DNA poly-
merase, Perkin-Elmer, Milan, Italy) and 25 pmol of primers
EA122 and EA500 (EA122,'SGTTTCAGAAGCTTCTC-
CCTG 3; EA500, 3 TGTGATTATAGCCTAAGACCCG-
GAG 3), to amplify a 388 bp fragment from treated K562
cells (containing the b3aBcr/abl junction) and a 315 bp
fragment from untreated KYO-1 cells (containing the b2a2

inactivated fetal bovine serum) and grown overnight. They per/abl junction, competitor). In parallel, the same cDNA
were then treated as described for K562 cells. K562 and was used to perform a separate amp”fication of a 128 bp

Hela cells were analyzed with a Leica DM IRBE confocal

fragment of theabl gene (control gene). The PCR primers

imaging system. Diaphram and fluorescence detection levelsfor abl were EA500 and'5GCTCTCGCTGGACCCAGTGA
were adjusted to reduce to a minimum any interference 3 (ABL 1A), as previously describe®6—38). Oligonucle-

between fluorescein and Pl channels.

(B) Staining of Unfixed Lie Cells with Hexidium lodide
(HI) (Molecular Probes, Eugene, OR)ll was dissolved in
1 mL of dimethyl sulfoxide to give a stock solution of 5
mg/mL which was further diluted with PBS to give a working
solution of 50Qug/mL. K562 and HelLa cells were incubated
with 3 M HI for 2 h at 37°C, washed with PBS, and grown
in a medium containing PEG OOMNF or ODNs-F for 6 h.
After incubation, unincorporated fluorescein-labeled ODN
was removed by washing with PBS, and the living cells

otide primers were purchased from MWG-Biothec SpA
(Florence, ltaly). The amplification was obtained with 35
cycles (denaturation at 94C for 30 s, annealing at 68C

for ber/abl and at 55°C for abl for 30 s, and extension at
72°C for 30 s) performed on a Progene Techne (Milan, Italy)
thermocycler.

RESULTS

Target Sequence and Antigene Compountis.target of

trasferred on a glass slide were directly analyzed on the the designed triplex-forming ODNSs is a critical polypurine-

confocal microscope.

Cell Cultures.K562 human CML cells were supplied by
M. Giunta (University of Udine, Udine, Italy). K562 cells
were cultured in RPMI 1640 while HeLa cells in DMEM,
both containing 100 units/mL penicillin, 1Q@3/mL strep-
tomycin, 200 mML-glutamine, and 10% heat-inactivated
fetal bovine serum, for 20 min at 5€ (Celbio, Milan, Italy).
KYO-1 cells were generously provided by R. E. Clark from
the University of Liverpool (Liverpool, England). Cells were
maintained in the logarithmic phase of growth by subcultur-
ing twice weekly.

Flow CytometryTo study the time course of ODN uptake,
K562 cells were seeded in 12-well plates at a density &f 10
cells/600uL. After 24 h, fluorescein-conjugated PEG ORN
and free ODN; were added to the cell cultures. Aliquots of

the cell populations were harvested at different time intervals,

polypirimidine sequence located in the promoter of the
humanbcr gene, at transcription initiatior26) (Figure 1).

In leukemia cells, thécr promoter also directs the transcrip-
tion of the chimeridbcr-abl oncogene, encoding a 210 kDa
protein, which is involved in leukemogenes&/{-29). The
designed ODNs are expected to bind to the pofy(Rarget
through the formation of antiparallel triple-helical complexes,
stabilized by AAT and GGC reverse Hoogsteen base triplets
(Figure 1). To enhance both cellular uptake and nuclear
internalization, antbcr/abl ODN,3 has been conjugated to
a high-molecular mass (9000 Da) PEG chain (PEG @pN
To follow the cellular uptake, both free OQNand PEG
ODN,, have been labeled with fluorescein via an ester linkage
at the 5 end (ODNzF and PEG ODNs-F) (39).

PEG ODN3 Forms a Stable Triple Helix with the bcr/abl
Target. To assay the ability of PEG ODRBlto bind to the
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A duplex, but the latter in a more dramatic way than the former,
as PEG markedly increases the frictional coefficient of PEG
- <& Triplex by PEG ODN; ODNys. At 37 °C and pH 7.4, we roughly estimated
dissociation constant&{) that were between 18@and 107
e M, on the basis of the equation [D)/[TF K«1/[PEG
..'.... < Triplex by ODN|, ODN_y4]), where [D]/[T] is the ratio of the duplex (D) to the
.' ' © T8 | < Duplex triplex (T), while [PEG ODNg is the equilibrium concentra-
tion of PEG ODN; or ODN;3 which is approximately equal
1 2345672809 to their initial concentration, as they have been used in large
excess over the target. As observed for duplex formation
(24, 25), EMSA data showed that PEG conjugation also has
little effect on triplex formation.
The binding of PEG ODM; to thebcr/abl target was also
analyzed by DMS-piperidine footprinting, conducted at 37

Ge °C in 50 mM Tris-acetate (pH 7.4) and 10 mM MgCl
o (Figure 2B). It should be remembered that DMS reacts with
g guanine N7 when this base is not involved in reverse
oc Hoogsteen hydrogen bonding to the third strand. Lane 1
G shows the results of DMS modification of the 50-mer target
- c(, duplex, in the presence of a 20-mer G-rich random sequence
e ODN (control). As the guanines of thbcr/abl target
GGe (numbered from 1 to 19) are not involved in hydrogen
Py bonding, they give rise to an equal number of intense bands.
GGC Lane 6 shows the DMSpiperidine reaction conducted in
GGC the presence of PEG (control). Strong inhibition of DMS
yves guanine modification is observed in lanes® where the
~ &¢C reactions were performed on ther/abl 50-mer duplex
AAT mixed with either PEG ODMN (lanes 2 and 4) or free ODB\
Al (lanes 3 and 5). Note that in lanes 3 and 5 at ther®l of
8(3 the target, the G bases, numbered from 12 to 17, appears to
CG be slightly protected, probably because a complex with a
© 2:1 ODNiz:D stoichiometry is formed by free ODNand
£e the ber/abl target:
cG
At 5’ -ACCTCCCCCCGGCCCTCCCCTTCCTGTGGCGCA
53
Ficure 2: (A) Electrophoretic mobility shift assay of DNA mixtures 3’ -TGGAGGGGGGCCGGGAGGGGARGGACACCGCGT
containing the 30-melcr/abl duplex and triplex-forming ODIN GGAGGGGAA GGCGACGGGAAGGA
or PEG ODNz3. Before electrophoresis, the DNA mixtures have - ~
been incubated fo3 h at 37°C, in 50 mM Tris-acetate (pH 7.4), 5'G GGA
10 mM MgCh, and 1 ngiL salmon sperm. Lane 1 shows the
mobility of the 30-mer duplex (10 nM). Lanes-3 show the This complex, however, does not seem to form with PEG

mobilities of the target duplex in the presence of increasing amounts i P
of PEG ODNs (1, 2, 5, and 10M, respectively). Lanes-69 show ODN;3, probably because thé BEG chain hinders binding

the mobility of the target duplex in the presence of increasing tO the secondary site. _
amounts of free ODN (1, 2, 5, and 1QuM, respectively). (B) Effect of PEG on Nuclease ODN Degradatiomo

DMS—piperidine footprinting of a 50-mer target duplex incubated investigate whether PEG confers resistance to laaitabl
with PEG ODN; and free ODNz at 37°C in 50 mM Tris-acetate, ODNSs against nuclease degradation, both free @RiNd

10 mM MgCk (pH 7.4), and 1 ng/L salmon sperm. Lanes 1 and 130 .
6 show DMS modification of thécr/abl target in the presence of PEG ODNj, labeled with?P, were exposed to S1 (0.15 unit)

a random sequence ODN (1) that is unable to form a triplex ~ Or fetal bovine serum (80%) for increasing incubation times
with the target (lane 1) or PEG (lane 6). Lanes®2show that After incubation, the DNA mixtures were frozen-aB0 °C

both ODN;z and PEG ODN; bind to the target and protect the  to block the enzyme reaction and successively analyzed in
g;‘rggﬁg Efg"gg gogr‘]%r'g)egr?g %‘Eag'%eSi\amé -lr;gg gogr?grx)ra;'r‘éng a denaturing (7 M urea) 16% polyacrylamide gel. The
and 10uM, respectively. amounts of intact OI_DN anq degradatlon_ products were

determined by measuring the intensity of their electrophoretic
bcr/abl target, we first conducted electrophoresis mobility bands with a LKB Ultrascan XL enhanced laser densitometer.
shift experiments (EMSA). To this end, a 30-mer duplex The results are reported in Figure 3A as the percentage of
containing thebcr-abl target was end-labeled with T4 residual nondegraded ODN as a function of time. It can be
polynucleotide kinase angt{*2P]JATP, mixed with increasing  seen that free ODN is degraded more rapidly than PEG
amounts of either free ODhor PEG ODNg, and incubated ~ ODNy3, at all incubation times that were considered, in
for 3 h at 37°C in 50 mM Tris-acetate (pH 7.4) and 10 MM  keeping with previous results obtained with ODNs conju-
MgCl,. Figure 2A shows the electrophoretic profiles obtained gated to PEG at both theé 8nd 3 ends 24). To rationalize
with the DNA mixtures. It can be seen that both free QPN  this behavior, one can assume that thé’BG chain may
and PEG ODNMs slow the mobility of the 30-mer target reduce the affinity of PEG ODN for the nucleases.
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Ficure 3: (A) Digestion of ODN3 and PEG ODN; by nuclease

S1 (top) and blood serum (bottom). Black circles depict data for |3
PEG ODN3;, while white circles depict data for ODN The
ordinate reports the percent residual nondegraded ODN as deter-
mined from electrophoresis. (B) Circular dichroism spectra as a
function of temperature of free OQkand PEG ODNMN; in 50 mM
Tris-acetate and 10 mM Mgg&lpH 7.4). The CD signal in the
ordinate is expressed agaAnspectra have been obtained from a 3
uM solution in a 0.5 path length quartz cuvette. Spectra 1, 3, and
5 for both oligonucleotides have been obtained by setting the cuvette
holder temperature at 25, 50, and 8D, respectively. The other
spectra shown in the figure have been recorded at intermediate
temperatures.

We also investigated by circular dichroism spectroscopy
whether antibcr/abl PEG ODN3; and free ODN; self-
associated in solution, as both are composed of a guanine:
rich sequencel). Figure 3B shows that 2M PEG ODN;;
is characterized by a weak positive ellipticity at 260 na8(
mo), while 3 uM free ODN3 exhibits a 4-fold stronger
ellipticity (~35 m®), whose intensity decreased significantly
with temperature. Such behavior suggests that PEG QDN
does not exhibit or hardly exhibits self-association in solution,
while free ODNjs clearly self-associate€l(, 41). FIGURE 4: (A) Confocal images of K562 cells exposed fh to

Uptake and Nuclear Internalization As Studied by Mi- 10 uM PEG ODNj; (A—C) and free ODNeF (D—F). After
croscopy.Cellular uptake studies have been performed on incubation, the cells were cytospinned on a glass slide, fixed with

. ina K562 cell d adhesi ina Hel. 3% PFA, stained with PI, and analyzed by confocal microscopy
suspension-growing cells and adhesion-growing RelLa  ejca confocal laser scanning system equipped with Cosmos

cells, following two different staining procedures. In one software). Cell nuclei have been stained with Pl which emits red
case, we followed a standard method based on fixing the fluorescent light upon excitation at 543 nm (A). Fluorescein-labeled
cells on a glass slide after incubation with free ORR or ODNys-F and PEG ODN-F are detected by exciting fluorescein

PEG ODNF, with subsequent exposure to 0.1% Triton at 488 nm (B). Panel C shows a superimposed view of the red and

- s green emissions. Each image is the projection of eghkis
X-100 and PI. As Triton X-100 permeabilizes the cell gections, Note that the presence of the PEG @DNthe nucleus

membrane, it is possible that some oligonucleotides takenis visualized by the yellow light. Panels- show confocal images
up by the cells become lost during the washing steps. Forof ODNyz-F administered to the cells as a free molecule, i.e., without
this reason, we also stained directly the cells with HI, a dye 2 carrier. A verticak-axis plane section of a cell treated with PEG

. T . ODNg3 is shown in panel Z. (B) Confocal images of unfixed live
that binds to DNA and RNA in live cells and displays red K562 cells growing in suspension in RPMI and stained with HI.

fluorescent light42). In this case, HeLa and K562 cells were  panels A-C show K562 cells treated with PEG ORNand panels
treated fo 2 h with HI, transferred in a medium containing D—F show K562 cells treated with OD}

either free ODN5-F or PEG ODNs-F, and left to grow for
a certain time, and then they were analyzed on the confocalcence lights, showing that PEG ORMF is present in both
microscope. the cytoplasm and the nucleus (orangel/yellow light). To
Figure 4A shows the images obtained with fixed K562 further confirm that PEG ODN was internalized in the
cells stained with PI. Panel A shows the nuclei of two cells nucleus, we performed vertical sections alongzfais. A
stained with PI (red light); panel B shows the intracellular typical z-section is reported in panel Z. Panels-B show
distribution of PEG ODMNs-F (green light), while panel C  the images obtained by delivering free ORIV to the K562
displays a superimposed view of the red and green fluores-cells. No green light was observed, suggesting that QBN
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A: Confocal images of fixed dead HeLa cells

Control

% Fluorescent cells

0 10 20 30 40 50

time (hours)

300 PEG ODN,,

200

100

0 10 20 30 40 50 60

Fluorescence intensity/cell
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Ficure 5: (A) Confocal images obtained with fixed HelLa cells .
stained Wit.h Pl exposed for 12 h to PEG ODRNF at three djfferent EE%REO%NS-AF) E(’)e)rgerzrltoflptjlareosgﬁlrggig gglgfiﬁgzzﬁdogoﬁ e
g?ﬂ%?i?(terztlagsl‘_:azcglI(:\)s,tgir(]%)d, mghjﬁf ;Cr% (eli) ggg;o;:aHrEaEggs The control is untreated cell$. (B) Average fluorescent intensity
ODNys for 12 h. P o per cell after treatment with 1@M ODNis-F or 10 uM PEG

ODN,5-F. The data were obtained via flow cytometry.

was hardly taken up by the cells. Figure 4B shows images g, F. The incubation time required to obtain 50% of
obtained from unfixed live K562 cells growing in suspension. fluorescent cells is 18 and 2.5 h for free ORNE and PEG

Panel A shows the cells stained with HI. As this dye binds ODN.+-F, respectively. In Figure 6B is reported the average

tc?/tgpl?lﬁs rﬁngaﬁé\:Aé g[h S\E?én'[sheb(;trk(]aet:em‘lur(l)urglsecuesncingnigtee dfluorescence intensity per cell obtained with free OBR
: . . and PEG ODMs-F at increasing incubation times. It can be
by PEG ODNs-F which was taken up by the cells, while he d

X ) seen that after incubation for 48 h, PEG OfiN¥ promoted
panel C shows a superimposed view of panels A and B. b

. an average fluorescence intensity per cell that wasfold
These' images clearly ldemonstrate that PE.G Qs the . higher than that obtained with the cells treated with free
capacity to penetrate intact cells that are alive and growing ODN,+F
in the liquid culture medium. Curiously, a nonhomogeneous
but “clumpy” cellular distribution of both HI and PEG
ODN;3-F was observed4@). For this behavior, the super-
imposed views gave rise to areas stained in orange, green
and yellow. In contrast with the PI staining, this technique

clearly showed that a small fraction of free ORNF was incubation period of up to 72 h, which reported on the

alsg able to penetrate K562 cells (paneisf). ordinate the ratioT/C) between treatedT and untreated
Figure 5A shows the uptake of PEG ORN by HeLa () cells as a function of incubation time (Figure 7). It was
cells, exposed fo6 h t02.5, 5, and 1«M PEG ODNs-F, found that free ODN; (M) did not have any antiproliferative
fixed on glass, and stained with PIl. Note that at all the effect on K562 cells while PEG ODN (O) produced a
concentrations that were used PEG ORR is located in  growth inhibitory effect of 22+ 3% compared to untreated
both the cytoplasm and the nuclei. Figure 5B shows the cells, and 32+ 3% compared to cells treated only with PEG
images obtained with unfixed HeLa cells stained with HI. (@). In contrast, K562 cells treated with PEG RDN, a PEG-
The confocal images clearly show that all cells have taken conjugated random sequence ODN, did not have a significant
up a large quantity of PEG ODMF. We also sought to  effect on cell growth ).
determine whether the level of uptake by K562 and HelLa  The level ofbcr/abl mRNA present in the cells after being
cells of free ODNs delivered with Dotap (a cationic exposed to antbcr/abl ODNs for 24 and 48 h has been
liposome) increased. We found that Dotap enhanced signifi- measured by competitive RIPCR (semiquantitative method),
cantly the uptake of free ODMF, but produced inthe cell 35 previously described3¢—38). We found that after
nuclei large vescicles apparently filled with oligonucleotide incubation for 24 h in the presence of PEG OfMhe level

PEG ODN3 Inhibits Cell Growth and Downregulates
bcr/abl Transcription.Proliferation assays of K562 cells
cultured in the presence of 181 PEG ODN3, free ODNg,
or control molecules were performed using the tetrazolium
MTT salt (44). We obtained growth curves covering an

(not shown). of ber/abl MRNA in K562 cells was downregulated at 80%
Time Course of PEG ODMF Uptake.The fluorescence  compared to the control. A higher level of transcription
associated with K562 cells exposed to PEG QbN and inhibition was observed in a 48 h cell culture assay, in which

free ODNis-F was measured by flow cytometry. Figure 6 PEG ODN3; downregulated the transcription btr/abl at
(top) shows the percentage of fluorescent cells as a function65 + 5% with respect to control (Figure 8). As a control,
of incubation time. These curves show that PEG increaseswe have measured in the same cDNA sample the level of
the rate at which the cells exposed to PEG QPRNbecome abl mRNA by RT-PCR and found that no inhibition was
fluorescent compared to the rate of the cells exposed to freepromoted either by ODN or by PEG ODNs. It can be seen



508 Biochemistry, Vol. 41, No. 2, 2002

1,20 +

1,00

T/C

40 80
time (hours)

Ficure 7: Growth curves covermn a 3 day incubation period
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DISCUSSION

In our efforts to design artificial transcription repressors
for antigene strategies, we explored in this study the
possibility of conjugating a high-molecular mass PEG chain
to a 13-mer AG motif triplex-forming ODN specific for a
critical poly(RY) sequence located at the transcription
initiation site of the chimeribcr-abl oncogene contained in
Pht leukemia cells. Band-shift and footprinting studies
demonstrated that 9000 Da PEG does not inhibit the capacity
of antiocr PEG ODN3 to bind to its correspondent target
through the formation of a stable triple helix. The dissociation
equilibrium constankKy for PEG ODN3; measured at 37C
and pH 7.4 was between 10and 107 M. Previous studies
have reported that neither low- nor high-molecular mass PEG
chains coupled to ODNs affect duplex formatidtd,(25).

determined by the MTT assay. The data are expressed in terms ofFootprinting experiments show that both PEG Op&ind

T/C (OD of treated cells/OD of control cells) as a measure of cell
viability and survival in the presence of the test oligonucleotide.
Curves depict data for®) cells treated with PEG (control)mj
cells treated with free ODN, (A) untreated cells (control)<X)
cells treated with PEG RDN, a 12-mer G-rich random sequence
ODN conjugated to PEG (control), an®) cells treated with
antigene PEG ODN.

A ber/abl mRNA

100

80

60

40 -

(T/C) x 100

20

=

(T/C) x 100

Ficure 8: (A) Relative level ofbcr/abl mMRNA in treated K562

cells measured by a semiquantitative method based on competitive

RT—PCR as previously describe8§—38). The histograms depict
values of T/C) x 100, whereT is the ratio betweehcr/abl mMRNA
from treated K562 cells anlocr/abl mMRNA from untreated KYO-1
cells (competitor) whileC is the ratio between mRNA from
untreated K562 and KYO-1 cells. PEG RDN is a 12-mer G-rich

random sequence ODN conjugated to PEG used as control. (B)

Relative level ofabl mRNA in treated and untreated K562 cells
measured by competitive RIPCR. The histograms depict values
of (T/C) x 100.

also that free ODRN seems to produce a slight inhibitory
effect, in keeping with its lower capacity to penetrate cell
membranes.

free ONDi3 protect the region of the target to which it is
expected to bind, suggesting that the PEG chain linked to
the ODN 3 end neither interacts with the double helix of
the DNA target nor promotes unspecific binding.

One interesting result of this study is that PEG conjugation
markedly enhanced the ODN cellular uptake in both types
of cells that were considered. Confocal laser microscopy
showed that fluorescein-labeled PEG OfaMas far more
efficiently taken up and internalized in the nuclei by K562
and Hela cells than the nonconjugated isosequence free
ODN;3. This important feature for antigene molecules has
been detected not only following a standard PI staining
technique but also direcly on live cells stained with HI, a
dye binding to RNA and DNA in vivo. In addition, flow
cytometry measurements showed that the average fluores-
cence intensity assumed by K562 cells exposed to PEG
ODN;3 was~5-fold higher than that observed in K562 cells
exposed to free ODN. The capacity of PEG to increase
the level of cellular uptake has recently been demonstrated
by coating several cationic liposomes, which were used for
delivering ODN to cells, with PEG2(). It was reported that
PEG (2000 Da)-modified cationic liposomes enhanced from
4- to 13-fold the cellular delivery mediated by cationic
liposomes. However, this delivery method suffered from a
low efficiency of the entrapped ODN leaving the interior of
the cationic liposome. In our case, the problems arising from
the use of cationic liposomes are avoided, as the carrier
driving the ODN into the cell is a neutral chain of PEG
covalently linked to the ODN itself. In addition, it is known
that the use of a cationic liposome for transfecting DNA into
cells is limited by cytotoxic problemstp).

We found that PEG ODN impaired the growth of K562
cells for~32 + 3% in a 3 day culture assay, compared to
cells treated with only PEG or PEG RDN. Activity was
observed at 1M, and an antigene mechanism was involved
as PEG ODNg promoted a downregulation btr/abl mRNA
transcription at 65 5% with respect to control. The results
of this study suggest that the biological effect observed with
PEG ODN3 on bcr/abl expression can be attributed to the
PEG chain that not only enhances the cellular uptake and
nuclear internalization but also increases the intracellular
stability of the PEG-conjugated ODN.

Triplex-forming PEG ODN; is directed against the
initiation element of thécr/abl gene, a C- and G-rich region
that lies over the transcription start sit26). This critical
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region, 40 nucleotides downstream from the TATA box,
interacts with the transcription machinery to promote tran-
scription initiation. It is therefore reasonable to expect that
PEG ODN3; hinders the binding of nuclear factors and/or
RNA polymerase |l to the initiation element.

In view of these results, we addressed the question of

whether there is a link between the observed cell growth
inhibition and the downregulation of thzcr/abl oncogene.

A number of studies suggest that protein p210, the product

of the ber/abl oncogene, activates mitogenic pathways and
confers a growth advantage of Phcells over normal
hematopoietic cell27—30). In particular, it seems that p210
through the interaction with adaptor proteins activates
constitutively theras pathway which promotes cell prolifera-
tion in leukemia cells. Thus, the observation that PEG @PN
impairs cell growth can be rationalized in terms of antigene
activity against thebcr/abl oncogene. There are also data

supporting the notion that thgcr/abl protein is involved in
survival signals. For instancdycr-abl positive cells are
resistant to apoptosis induced by DNA damag@ 46). The

biological mechanism is not yet well understood; however,
there is evidence that theer/abl protein prevents apoptosis

by activating thebcl-2 gene 27). Therefore, the inhibition
of p210 expression by PEG ODRNmight expose the cells

to apoptosis. In keeping with this rationale, we have observed
by confocal microscopy that a significant number of K562

cells exposed to PEG ODplexhibited fragmentation of the
nucleus, typical of apoptosis (not shown).

In conclusion, our data provide evidence that PEG QDN

designed specifically for a critical poly¢R) tract located

in the B region of thebcr/abl oncogene is able to down-

regulatebcr/abl mRNA at 65+ 5% with respect to control
and to inhibit cell growth by 32 3% in 3 day liquid culture

assays. The advantage of PEG-conjugated ODNs over
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11.
12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.
24.

isosequence free ODNs can be ascribed to the fact that the 55

former easily penetrate the cell membranes, are internalized

in the nucleus, and undergo little self-aggregation in solution. 26.
We believe that a stronger antiproliferative effect ontPh
cells will be obtained by synthesizing PEG ODNs longer
than 13 nucleotides with more affinity for ther target 47),

containing some thioate groups to further enhance nuclease

resistance48). Work in this direction is in progress in our
laboratories.
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