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ABSTRACT. Oligonucleotide-based therapies have considerable potential in cancer, viral, and cardiovascular
disease therapies. However, it is becoming clear that the biological effects of oligonucleotides are not
solely due to the intended sequence-specific interactions with nucleic acids. Oligonucleotides are also
capable of interacting with numerous cellular proteins owing to their polyanionic character or specific
secondary structure. We have examined the antiproliferative activity, protein binding, and G-quartet
formation of a series of guanosine-rich oligonucleotides, which are analogues of GRO29A, a G-quartet
forming, growth-inhibitory oligonucleotide, whose effects we have previously described [Bates P. J., Kahlon,
J. B., Thomas, S. D., Trent, J. O., and Miller, D. M. (1999)Biol. Chem 274, 26369-26377]. The
GRO29A analogues include phosphorothioate (PS29AQ-thethyl RNA (MR29A), and mixed DNA/
2'-O-methyl RNA (MRdG29A) oligonucleotides. We demonstrate by UV spectroscopy that all of the
modified analogues form stable structures, which are consistent with G-quartet formation. We find that
the phosphorothioate and mixed DNARQ-methyl analogues are able to significantly inhibit proliferation

in a number of tumor cell lines, while thé-@-methyl RNA has no significant effects. Similar to the
original oligonucleotide, GRO29A, the growth inhibitory oligonucleotides were able to compete with the
human telomere sequence oligonucleotide for binding to a specific cellular protein. The less active MR29A
does not compete significantly for this protein. On the basis of molecular modeling of the oligonucleotide
structures, it is likely that the inactivity of MR29A is due to the differences in the groove structure of the
guadruplex formed by this oligonucleotide. Interestingly, all GRO29A analogues, including an unmodified
DNA phosphodiester oligonucleotide, are remarkably resistant to nuclease degradation in the presence of
serum-containing medium, indicating that secondary structure plays an important role in biological stability.
The remarkable stability and strong antiproliferative activity of these oligonucleotides confirm their potential
as therapeutic agents.

Synthetic oligodeoxynucleotides (ODNsgan inhibit related to the formation of G-quartet structure. In addition,
expression of a particular gene and hold considerable interesiG-quartet-forming sequences are of interest for other reasons.
to researchers as potential therapeutic agents. The strategieBirst, this structural motif likely has biological significance
by which the ODNs can exhibit such an effect include since genomic sequences from telomeric DN, fmmu-
antisense [ODN binding to a specific mMRNA sequenti (  noglobulin switch region sequencés,(the fragile X repeat
and antigene, also known as the triplex or triple helix sequencest], c-myc oncogene7|, and the insulin-linked
approach [ODN binding to a specific DNA sequeney.( polymorphic region&) can form G-quartets in vitro. Second,

Recent work has shown that ODNs can also exhibit there is also considerable interest in the development of
biological effects, which are unrelated to their sequence- molecules that interact with telomeres (which may form
specific interactions with nucleic acid8)( In particular, G-quartets in vivo) in order to inhibit telomeras® 10), an
guanosine-rich oligonucleotides are emerging as a new clasenzyme thought to be a cancer-specific targat13).

of nonantisense oligonucleotides whose activity can be Recently, Bates et al.16) reported that a 29-mer
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4369. Fax: (502) 562-4368. E-mail: donaldmi@ulh.org. G-quartet formation, and its activity appears to be related to
" University of Alabama at Birmingham. binding to a cellular protein, possibly nucleolin. It is likely

I 82,'\\,'5:2,'3 8{ W;@YC”E that this growth inhibitory activity is caused by GRO29A

1 Abbreviations: ODN, oligodeoxynucleotides; GRO, G-rich oligo- inhibition of one or more of the normal functions of the
nucleotide; PBS, phosphate-buffered saline; DMEM, Dulbecco’s modi- protein. Furthermore, it was shown that the GRO29A

fied Eagle medium; FCS, fetal calf serum; MTT, 3-(4,5-dimethylthiazol- i ; _
2-yl)-2,5-diphenyltetrazolium bromide; CD, circular dichroism; PBC, specifically arrests the cells in the S-phase of the cell cycle.

periodic boundary conditions; PME, particle mesh Ewald summation; This a”_'QSt is characterized by inhibition of the DNA
HIV, human immunodeficiency virus. synthesis 15).
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Table 1: Synthetic Oligonucleotides

oligo-

nucleotide sequence properties

GRO29A B-TTT GGT GGT GGT GGT TGT GGT GGT GGT GG-3 phosphodiester backboné;&@minoalkyl group
modification; deoxyguanosines and deoxythymidines;
original antiproliferative oligonucleotide

PS29A 5TTT GGT GGT GGT GGT TGT GGT GGT GGT GG phosphorothioate backbone; deoxyguanonsies and
deoxythymidines; analogue of GRO29A

MRdG29A 5-UUU GGU GGU GGU GGU UGU GGU GGU GGU GG-3 2'-O-methyluracil and deoxyguanosines (RNA);
chimeric analogue of GRO29A

MR29A 5-UUU GGU GGU GGU GGU UGU GGU GGU GGU GG-3 2'-O-methyluracil and 20-methylguanosines (RNA);
analogue of GRO29A

29A-OH 5-TTT GGT GGT GGT GGT TGT GGT GGT GGT GG-3 phosphodiester backbone; nondodifications; deoxy-
guanosines and deoxythymidines; analogue of GRO29A

TEL 5-TTA GGG TTA GGG TTA GGG TTA GGG-3 phosphodiester backbone; human telomere sequence

CH1 5-UUU GGU GGU GGU GGU WBU GGU GGU GGU GG-3 chimeric 2-O-methyluracil and deoxyguanosine (RNA);
G at position 17 was replaced withr@-methyl G in
studies determining the importance of the loop region

CH2 5-UUU GGU GGU GGU GGU UGU GGU GGU GGU GG-3 chimeric 2-O-methyluracil and 20-methylguanosine (RNA);
G at position 17 was replaced with deoxyguanosine in
studies determining the importance of the loop region

15B 5-TTG GGG GGG GTG GGT-3 phosphodiester backboné;&@minoalkyl group
modification; deoxyguanosines and deoxythymidines;
control G-rich oligonucleotide with negligible
antiproliferative activity

PS15B 5TTG GGG GGG GTG GG¥B phosphorothioate backbone; deoxyguanosines and
deoxythymidines; analogue of 15B

MR15B 5-UUG GGG GGG GUG GGU-3 2'-O-methyluracil and 20-methylguanosines (RNA);
analogue of 15B

p2C 5-TCT AGAAAAACT CTCCTC TCC TTC CTC CCT CTC CA-3 unmodified phosphodiester oligonucleotide; control

mixed sequence

Because phosphodiester oligonucleotides are extremelyEXPERIMENTAL PROCEDURES

sensitive to nuclease degradation in biological media, they , i , i
Oligonucleotides.All oligonucleotides were purchased

are usually considered unsuitable for experiments in vivo i X , i g
and in cell culture systems. Most antisense studies have"om Oligos Etc. (Wilsonville, OR). The integrity of the
therefore been carried out using modified oligonucleotides, °ligonucleotides was verified by gadiolabeling followed

including phosphorothioate derivativels(17). Despite their ~ PY @nalysis on denaturing polyacrylamide gels. Oligonucleo-
increased stability, toxicities have been observed in animal 1d€S were resuspended in phosphate-buffered saline (PBS)
studies. The major toxicities are thought to be due to the & & concentration of 50@M and annealed by boiling for 5
polyanionic nature of these oligonucleotides, which allows Min and .coollng slowly to room temperature.

them to bind to numerous cellular proteins. In addition, they  Detection of G-Quartets by UV Spectroscapligonucleo-
appear to be immunostimulatory, inducing the expression tides were resuspended in Tm buffer (140 mM KCI, 2.5 mM
of cytokines and chemokined7—19). However, despite ~ MgClz, and 20 mM TrisHCI, pH 8.0) at a final concentration
their limitations, there have been numerous studies reporting®f 2 M. Oligonucleotides were annealed by the method
sequence-specific effects of phosphorothioate oligonucleo-described above and were further incubated“at 4vernight.
tides, and these have resulted in several clinical triz0s-( Thermal denaturatioarenaturation experiments were carried

23). These studies have shown that oligonucleotides can beout using an Ultrospec 2000 instrument equipped with a
safely administered to humans. Peltier effect heated cuvette holder and temperature controller

To fully characterize the antiproliferative activity of G-rich ~ (Amersham Pharmacia Biotech). A temperature range of 25
oligonucleotides such as GRO29A, we have examined 95“(_: was used to monlt.or absorbance at 295 nm at a heating/
several analogues with modified sugmhosphate back-  c€ooling rate of 0.5C/min.
bones. Here we present the results of our evaluation of the Circular Dichroism Study.Oligonucleotides, at a final
antiproliferative activity, protein binding, G-quartet forma- concentration of %M or 2.5 uM, were resuspended in 10
tion, and stability in serum-containing medium of these MM sodium phosphate buffer, pH 7.0, containing 0.1 M KCI
analogues. We have demonstrated that phosphorothioate an(final volume, 1 mL), were boiled for 5 min, and annealed
mixed DNA/2-O-methyl analogues of GRO29A exhibit at 60°C for 56 h. Samples were analyzed on a Jasco J-175
strong antiproliferative activity, which is attributed to their Spectropolarimeter. Spectra were collected over 16 scans at
ability to bind to the cellular protein, nucleolin, as well as 100 nm/min 1 s response time, and 1 nm bandwidth.
their ability to form stable G-quartet structures. The formation Cuvettes, 4 mm wide, with black quartz sides to mask the
of G-quartets renders these oligonucleotides extremely stabldight beam were used for the measurements.
against nuclease degradation, and this stability is maintained Cell Growth AssayCells were plated at a density of3.0
without additional modifications. This is the first reported cells/well in a 96-well plate in Dulbecco’s modified Eagle
example, to the authors’ knowledge, dt@-methyl RNA medium (DMEM) supplemented with 10% fetal calf serum
and mixed 20-methyl RNA:DNA forming G-quartet-  (FCS), which has been heat inactivated for 30 min atG5
containing structures. After 4 h toallow adherence of cells, oligonucleotides were
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Ficure 1: Activity of G-rich oligonucleotides in cancer cell lines determined with MTT assay. (A) Cancer cell lines were treated with
G-rich oligonucleotides by direct addition of the GRO to the culture medium. The cell type used is shown in the upper left corner of each
graph. (B) Doseresponse curve for HelLa cells treated with G-rich oligonucleotides. Symbols representing oligonucleotides are shown in
the upper right corner of the graph. Experiments for both figures were performed in triplicate, and bars represent the standard error of the
data.
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concentration of 1M. Cells were further incubated at 37

°C in 10% CQ. Seven days after the addition of oligonucleo-

tides, cell viability was assayed using the MTT ass24).( Competitor 100 nM -
Culture medium was not replaced during the 7 days. The
experiments were performed in triplicate, and bars represent
the standard error of the data.

Electrophoretic Mobility Shift Assay (EMSA)EL oligo-
nucleotide was labeled witffP using T4 kinase. Labeled
oligonucleotide (2« 104 cpm per reaction, final concentra-
tion approximately 1 nM) was preincubated alone or in the
presence of an unlabeled competitor oligonucleotide for 30
min at 37 °C. HelLa nuclear extracts (bandshift grade; 'y i
Promega, Inc., Madison, WI) were added, and samples were PR s FT x % ;
'”C“b?‘te‘?' for an r_;\ddltlonal 30 min at 3_0 Preincubation FIGURE 2: Electrophoretic mobility shift assay witl+Ebeled TEL
and binding reactions were carried out in buffer A (20 MM gjigonucleotide. Radiolabeled TEL was incubated with nuclear
Tris'HCI, pH 7.4, 140 mM KCI, 1 mM dithiothreitol, 0.2 protein extract alone or in the presence of unlabeled, competitor
mM phenylmethanesulfonyl fluoride, and 8% v/v glycerol). G-rich oligonucleotides and control. Oligonucleotide samples were
Electrophoresis was carried out using 5% polyacrylamide incubated in buffer A (20 mM Tri¢iCI, pH 7.4, 140 mM KCI, 1

- . mM dithiothreitol, 0.2 mM phenylmethanesulfonyl fluoride, and
gels in TBE buffer (90 mM Tris-borate and 2 mM EDTA). 8% vl/v glycerol) and electrophoresed on 5% polyacrylamide gels

Stability of Oligonucleotides in Cell Culture Medium. in TBE buffer. Band A* represents a complex formed between the
Labeled oligonucleotides (total of 4@pm of each) were  TEL and the protein(s), which is competed specifically by active

incubated in the cell culture medium (DMEM supplemented GROs.
with 10% FCS, heat inactivated at 36 for 30 min) at 37

"Cfor0, 4, 48, 72, and 120 h. At each time point,00f gl (28). Analysis of the grooves of GRO29A,
sample was removed, briefly centrifuged, and quick-frozen MR29A, and MRAG29A was done using GrooveViee)

by plgcemggtog a qlry |c?/e'FharF])o.I mlxture.l S‘”?“’”P'es v;/ere This program generates the molecular surfaces of the region
stored at— until analysis. Prior to analysis, samples ¢ inarest and provides cross-section slices (1.6 A apart) of

were quickly thawed out at 37C, and 10uL of loading . . ;
buffer (98% deionized formamide, 10 mM EDTA. pH 8.0, the surface perpendicular to the groove axis (Figure 5B).

0.025% bromophenol blue, and 0.025% xylene cyanol FF) ResuLTS
was added to each sample. Samples were boiled for 5 min
and placed on ice prior to being analyzed by denaturing Modified G-Rich Oligonucleotides Inhibit Cancer Cell
polyacrylamide gel electrophoresisia 7 M urea/16% Proliferation in Cell Culture.The oligonucleotides were
polyacrylamide gel. tested for antiproliferative activity in three cancer cell lines,
Stability of Oligonucleotides in Cytoplasmic Extracts. derived from cervical (HeLa), breast (MDA-MB 231), and
Labeled oligonucleotides (5« 10° cpm of each) were  prostate (DU 145) carcinomas. The structure and modifica-
incubated in HeLa S-100 [prepared as previously describedtions of all oligonucleotides are described in Table 1. These
(25)], 2 ug total protein, at 37C for up to 8 h. At each  oligonucleotides included a phosphorothioate analogue, a full
time point, 10uL of sample was removed and quick-frozen 2'-O-methyl RNA analogue, and an analogue with deoxy-
as above. Samples were analyzed in the same way as foguanosines and-®D-methyluridines. The original GRO29A
the culture medium stability experiments. was the only one with'3amino group modification. We also
Molecular Modeling of GRO29A and Its Analogues tested 29A-OH, a phosphodiester analogue without the 3
MR29A and MRAG29AThe dimeric chair model of the ~ propylamino group, to determine whetherrBodification
antiparallel GRO29A structure was generated using the was necessary for oligonucleotide stability. Control oligo-
human telomere solution structur26f. This final model ~ nucleotides were analogues of GRO15B, which was previ-
generated by the protocol below was modified to produce ously found to have very weak antiproliferative activifyy.
the starting model of the analogous structures, which Figure 1A demonstrates the growth inhibitory activity of
consequently were examined using the same protocol. Thethe various oligonucleotides as measured by the MTT assay,
structure was minimized by steepest descents (1000 stepsyvhich determines the relative number of viable cells. In each
and Polack Riberie (2000 steps) conjugated gradient meth- of the cell lines tested, we observed that the GRO29A
ods. The AMBER* force field and the GB/SA implicit water analogues PS29A, MRAG29A, and 29A-OH had similar or
continuum solvation within Macromodel 7.27) were used greater growth inhibitory activity compared to GRO29A. The
for all minimization and molecular dynamics calculations. analogue containing all 'Z>-methyl RNA nucleotides,
The minimized structure was equilibrated at 300 K for 100 MR29A, was inactive or had only weak antiproliferative
ps (1.5 fs time step) using molecular dynamics. The final activity. Of the control oligonucleotides, GRO15B had a
structure was generated by averaging a further molecularmuch weaker antiproliferative effect, as expected, and the
dynamics production phase of 1 ns, sampling at 1 ps in the 2’-O-methyl RNA (MR15B) control had a similar effect.
last 50 ps, with subsequent minimization. Fully solvated However, the phosphorothioate control (PS15B) had signifi-
molecular dynamics calculations using AMBER 6.0 with cant antiproliferative effect that equaled or exceeded that of
PBC and PME are ongoing and will be reported separately. PS29A. Possible explanations for this observation will be
The molecular surfaces for Figure 5A were generated in discussed below.

added directly to the culture medium to give a final g
=

29A
PS29A
MR29A
15B
PS15B
MR15B

A*
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Ficure 3: G-quartet formation of G-rich oligonucleotides assessed by UV thermal renaturation studies. The oligonucleotide name is shown
in the upper right corner of each graph. Experiments were carried out in Tm buffer (20 mCtipH 8.0, 140 mM KCI, and 2.5 mM
MgCl,). ND = not detected.

We also determined the 6I(50% growth inhibition) for with their ability to bind to a specific cellular protein, which
the active oligonucleotides. In HelLa cells treated with a also binds to the human telomere sequence oligonucleotide.
single dose of oligonucleotide and assayed after 7 days, theTo test whether the antiproliferative activity of the GRO29A
Glso values were similar for GRO29A, MRAG29A, and analogues is also related to binding to this protein, we used
PS29A (4uM; see Figure 1B). a competitive electrophoretic mobility shift assay (EMSA).

Relationship between Growth Inhibitory Adty and 5'-Radiolabeled TEL oligonucleotide (a G-quartet-forming
Protein Binding.It was previously reportedld) that the oligonucleotide) representing the human telomere sequence
antiproliferative activity of G-rich oligonucleotides correlated was incubated with HeLa nuclear extracts alone or in the
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presence of unlabeled competitor oligonucleotide, and the A ™
interaction was examined by an EMSA. Figure 2 depicts the
formation of the TEL-protein complex and the ability of
the unlabeled oligonucleotides to compete for binding to the
protein(s). The experiment shows that the GRO29A ana-
logues with antiproliferative activity (PS29A and MRAG29A)
were able to compete with TEL for binding with the protein,
whereas the inactive analogue, MR29A, was not able to
compete for binding. This is indicated by the reduced
intensity of band A when active analogues were included.
Of the control oligonucleotide analogues, none were able to
compete significantly for protein binding. This indicates that
the protein is specifically recognizing some characteristic of
active GRO29A analogues, rather than simply binding to
G-rich oligonucleotides. The obvious exception to the
observed correlation between biological activity and binding
to the specific protein is PS15B, which has high antiprolif-
erative activity but does not compete for protein binding.
We conclude from this that this oligonucleotide is exerting
its effect via a mechanism that is different from that of
GRO29A and its active analogues. This is unsurprising in
light of what is known of the nonspecific effects of
phosphorothioate oligonucleotides, which have a much higher

—— MR29A
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260 300
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220 240

level of nonspecific protein binding compared to phosphodi-
ester oligonucleotidedl{, 19). Because the PS analogue of
GRO29A is able to compete for protein binding, it seems
likely that the activity of PS29A stems from a combination
of both nonspecific effects and specific GRO29A-like effects.
Modified G-Rich Oligonucleotides Form G-Quartethie
failure of MR29A, the 2-O-methyl oligonucleotide, to inhibit
the growth of cells may be a result of a number of factors.
One explanation would be that the@-methyl RNA could
not form G-quartet structures. Alternatively, it may form a
G-quartet structure, which is significantly different from that

Ficure 4: (A) CD spectra of MR29A, 29A-OH, 29A, MRdG, and
PS29A. CD data were obtained with a«M strand concentration
in the presence of 0.1 M KClI at 28C. (B) CD spectra of CRO,
mix, and 29A oligonucleotides (2/5M strand concentrations).

employing circular dichroism (CD) measurements. It is
generally thought that parallel-type G-quartets, when ana-
lyzed by CD, have a positive ellipticity maximum at 264
nm and a negative ellipticity minimum at 240 nm, while the
antiparallel G-quartet structures have a strong positive
maximum between 290 and 295 nm and a minimum at 265
nm (31). However, we have found (Bates and Rodger,

of GRO29A, and therefore would not be a substrate for
binding to the active GRO-specific protein. the antiparallel orientation exhibit the classical parallel
To investigate the possibility that thé-@-methyl RNA G-quartet spectra with a positive 264 nm peak. Jing et al.
analogue cannot form G-quartets, we have analyzed G-reported a similar finding32), where analysis of a potent
quartet formation of all GRO29A analogues. A UV thermal anti-HIV oligonucleotide T30177 showed CD spectra con-
denaturatior-renaturation method described by Mergny et sistent with parallel G-quartets. However, this oligonucleotide
al. (30) was employed for this study. This method is based forms antiparallel G-quartets.
on the fact that dissociation of antiparallel G-quartets (those  G-rich oligonucleotide 29A appears to fall into this
formed in folded dimeric or monomeric molecules) leads to category. The CD spectrum (Figure 4A) shows that 29A
decreased absorbance at 295 nm. Figure 3 shows theexhibits a strong 264 nm peak characteristic of G-quartets.
annealing curves for the oligonucleotides tested. G-quartetThis signature peak is absent in mixed sequence or C-rich
formation is indicated with a clear transition, as seen for oligonucleotides (Figure 4B). Figure 4A further shows that
GRO29A, which has a melting temperature of approximately all of the GRO29A modified analogues have negative
63°C. MRAG29A, MR29A, and PS29A all showed a similar ellipticity minimum at 240 nm and a positive ellipticity
profile to the one observed for GRO29A, with similar or maximum at 264 nm. MR29A has a slight shift with an
slightly higherT. This profile was reversible, with a small  additional minor peak between 300 and 310 nm. The
hysteresis (23 °C difference between heating and cooling difference is most likely due to the'-®©-methyl groups
curves). None of the control GRO15B analogues exhibited contributing to the different stacking of G-quartets.
transitions consistent with G-quartet formation, even though  Molecular Modeling of GRO29A Analogu€Ro investi-
they contain contiguous runs of guanosines. We also testedgate whether the structure of the G-quartet species formed
the melting of this oligonucleotide by monitoring the by inactive MR29A was different from that formed by
absorbance at 260 nm, which would indicate parallel GRO29A and MRAG29A, we carried out molecular model-
tetrameric quadruplet formation, but that also did not show ing studies. The molecular dynamics simulations produced
the presence of G-quartet structure. stable models for GRO29A, MR29A, and MRAG29A, which
Circular Dichroism Evaluation of G-QuartetsThe method are consistent with all experimental data (Figure 5A). The
used to detecT, for the oligonucleotides has been shown models were similar with respect to G-quartet stability and
to be specific for antiparallel G-quartets. We further wanted overall structure but had major differences in their topological
to test the folding of GRO29A and its analogues by features. The cross sections of the solvent-accessible surface

unpublished data) that some G-quartets known to form in



3682 Biochemistry, Vol. 41, No. 11, 2002 Papicet al.

16
1.41:
12 ‘
"
o8-
06
0.41
02
0 . - ' ' —
cH2 Untreated

204 MRAG28A MR29A CHt

OD 570 nm

Oligonucleotides (10 1M
FIGURE 6: Loop region studies. Loop region studies were carried

out with chimeric G-rich oligonucleotides. Base substitutions are

indicated in Table 1. Activity was assayed using the MTT assay.

Experiments were performed in triplicate, and bars represent the
standard error of the data.

GRO29A MR29A MRdG28A

B T T T T T T T

Table 2: Guanosines in the Quartet Core and Loop Regions

oligonucleotide quartet core loop activity

GRO29A deoxyguanosines  deoxyguanosines+—+++
MRdG29A deoxyguanosines '-@-methyl RNA ++++
MR29A 2-O-methyl RNA  2-O-methyl RNA —
CH1 deoxyguanosines '-B-methyl RNA ++++
CH2 2-O-methyl RNA  deoxyguanosines —

Study of the Loop and G-Quartet Region of MR29A and
MRdAG29A.To exclude the possibility that the activity of
MRdAG29A was a result of differences in the loop rather than
G-quartet structure, we designed two chimeric oligonucleo-
~o tides, CH1 and CH2, where CH1 had deoxyguanosines in
/T ’ the G-quartet region and-B©-methylguanosines in the loop
i | Mo~ region. Both chimeric oligonucleotides were tested in cell
b ‘ growth assay (MTT) using the HelLa cell line to determine
— U their antiproliferative activity following the substitutions
Fot ! o (Figure 6). The activity of CH1 was not diminished due to
,_/\ ~ ) the change in sequence, while CH2, which hadO2

methylguanosines in the G-quartet core and deoxyguanosines
e Q_ﬂ ] in the loop region, had no antiproliferative activity (see Table
2). This allowed us to conclude that the loop is unlikely to
; L L play a direct role in the activity.

L {
.gRoozg,:\o .1:I|R;9A10 ;I:tdc(;291,: Stgbility of G-Rich Oligonucleotides in S_erum-Containing
Medium and Cellular ExtractsThe poor stability of unmodi-
EGiJRE I51 Stff'UCtura| StUdietSt.Of G_rficthh 0|i90|nUC|F0tideSd ?A) ffied oligonucleotides in vivo presents one of the major
olecular surface representations o € maolecular models O i i i i

CRESSR, TIRESh, and IRJoain. (5] Cros estor o tho OLeS 1 UEF evelpriet o poen(e herapeutc s
solvent-accessible surface of the circled regions of (A) generated = ' : . o -

by GrooveView R9). modified oligonucleotides in serum-containing medium as

well as in cellular extracts.

of the circled regions in Figure 5A are shown in Figure 5B.  Figure 7A shows that all of the G-quartet-forming oligo-
The quadruplex grooves of GRO29A and MRAG29A had nucleotides were stable in serum-containing medium for at
similar characteristics, whereas in the case of MR29A, the least 72 h. We also tested 29A-OH, a phosphodiester
depth and shape of the grooves were considerably alteredanalogue of GRO29A without the' 3nodification, and

by the effect of the 20-methyl sugar substituents of the compared it to a random oligonucleotide P2C, which has no
guanosines. The effect of the@-methyl groups in MR29A detectable secondary structure. The G-quartet forming oli-
is to change the nature of the grooves, thus making the fourgonucleotide, 29A-OH, was stable for over 5 days while the
grooves significantly different. This is typified by the fact P2C oligonucleotide was degraded witHi h ofbeing added
that the region of the curve chosen for the analysis does notto the serum-containing medium (Figure 7B). Similar indica-
have the 20-methyl groups located in that groove, so the tions of stability were obtained when oligonucleotides were
narrowing of the groove is not simply due to “filling” the tested in S-100 extracts of HelLa cells (not shown). All
groove with the substituents. The average depth of this G-quartet-forming oligonucleotides were completely unde-
groove region for GRO29A and MRAG29A is approximately graded afte8 h at 37°C in the presence of 2g of protein

5 A whereas the groove in MR29A ranges from 0 to 2 A. extract.
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A GRO29A PS29A MRdAG29A MR2SA

| 1 | 1| [ |
Time (h) 1 24 48 T2 1 24 48 72 1 24 48 72 1 24 48 72

Intact
Oligonucleotide

B 29A-OH P2C
Time (h) ’J 4 4 72 120'% 1 4l

Intact R
Oligonucleotide

Ficure 7: Stability of G-rich oligonucleotides in serum-containing medium. (Al&beled oligonucleotides were incubated for the times
indicated in the presence of culture growth medium (DMEM supplemented with 10% FCS, heat inactivaté@ &530 min). Samples
were analyzed on a denaturing (7 M urea) 16% polyacrylamide gel. '(Batieled G-rich oligonucleotide 29A-OH and an unmodified,
phosphodiester oligonucleotide, P2C, were incubated for the times indicated in the presence of culture growth medium.

It is most remarkable that 29A-OH, an unmodified DISCUSSION
phosphodiester oligonucleotide, is stable for over 5 days in ) o o
serum-containing medium. Since phosphodiester oligonucleo- We have studied the protein binding characteristics and
tides (e.g., P2C) are generally degraded within minutes undercell growth inhibitory effects of G-rich oligonucleotides that
such conditions, it appears that G-quartet formation is @re backbone-modified analogues of the antiproliferative
extremely important for oligonucleotide stability. Presum- Oligonucleotide, GRO29A. Previous work has identified the
ably, the folded structure of 29A-OH prevents access by Protein binding ability of GRO29A¥4), and more recently, -
nucleases. It is also possible that the novel structure formedit was shown that this oligonucleotide can arrest the cells in
by these oligonucleotides is unrecognized by any helicasesthe S-phase and inhibit DNA replicationd). The results
which may unravel them. The high stability of GRO29A and ©f the present studies show that some, but not all, of the
its analogues also suggests that the intact oligonucleotide Modified analogue oligonucleotides have strong antiprolif-
rather than a degradation product, is the active species. €rative effects against several cancer cell types. It is likely

In fact, the potential therapeutic success of any oligo- that these effects are not due to any antisense or antigene
nucleotide therapy will depend on the ability of the oligo- activity but rather are related to their specific secondary
nucleotide to remain intact under in vivo conditions. Our Structure and its recognition by cellular proteins.
results suggest that any of the GRO29A analogues tested Previous reports have indicated that the nonantisense
would have sufficient stability in vivo to make them effects of G-rich oligonucleotides are related to their second-
therapeutically useful. ary structure (G-quartets) and protein bindit3%,(36). By

Another G-quartet-forming oligonucleotide with a phos- employing UV and CD spectroscopy, we have detected a
phodiester backbone (except for two terminal phosphorothio- characteristic melting curve, indicating G-quartet formation
ate linkages) has also been reported to have a high biologicaby all modified GRO29A analogues tested. To our knowl-
stability due to its tertiary structur88) and is currently being  edge, this is the first report of full'20-methyl RNA and
tested as an anti-HIV ager34). mixed 2-O-methyl RNA:DNA sequences being able to form
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G-quartets. Interestingly, a recent paper showed that mRNAdecrease in nonspecific toxic side effects. The side effects
sequences involved in synaptic function or dendritic growth seen with phosphorothioate oligonucleotides are most likely
are capable of forming G-quartets. Moreover, these sequenceslue to their polyanionic nature and their ability to stimulate
were specifically targeted by the FMRP, a protein absent in the immune systeni{). These toxicities are expected to be
the fragile X syndrome37). This suggests a possible in vivo  significantly reduced for phosphodiester oligonucleotides.
role for G-quartet formation by RNA sequences. The activity of the control phosphorothioate PS15B dem-

However, the presence of G-quartet formation was not onstrates that the mechanism of phosphorothioate effects may
sufficient for antiproliferative activity, since MR29A, which  be very different (and less specific) from that of GRO29A.
forms G-quartets, had no significant activity. Significant  Although full substitution of GRO29A with a'20-methyl
growth inhibitory activity was only observed for those RNA backbone type abrogates antiproliferative activity,
G-quartet-forming oligonucleotides that could also compete substitution of dT bases with'-®-methyluridine does not
for binding to a specific cellular protein(s) in a mobility shift  significantly reduce activity. Therefore, the mixed backbone
assay. This supports our hypothesis that antiproliferative oligonucleotide MRAG29A may also represent a promising
activity is mediated by binding to the protein. molecule for therapeutic development.

Sequences containing G-quartets have been shown to bind While the exact mechanism of action of GRO29A and its
to numerous cellular protein§,(14, 38—40). This relation- analogues is still being investigated, it is likely that their
ship could be a part of transcriptional regulation, a general growth inhibitory activity is related to their ability to bind
regulation of gene expression, telomere maintenance, andone or more cellular proteins. It is clear that the ability of
cell growth regulation. The proposed interaction site between these oligonucleotides to form G-quartets and to bind to the
GRO29A and the cellular protein(s) involves the core cellular protein is related to their profound effects on cancer
G-quartet region of the dimeric oligonucleotide structure. cell proliferation. It is important to stress that both of these

This is based on the structuractivity relationship we have

characteristics are necessary for their activity but neither is

developed with a number of substitutions in the G-quartet sufficient by itself.

and loop regions. Therefore, a change in the structure of the

G-quartet region should significantly alter the protein binding REFERENCES
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