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First Annual Report for DAMD17-01-1-0067 

INTRODUCTION 

The proposed research was based on our discovery of novel G-rich oligonucleotides (GROs) that have 
antiproliferative activity against prostate cancer and other malignant cell lines (1). Previously, we had 
demonstrated that the biological activity of GROs was correlated with their ability to bind to a 
multifunctional cellular protein called nucleolin (1). Therefore, we postulated that these oligonucleotides 
work by a novel non-antisense mechanism that involves nucleolin binding. The goal of this study is to 
investigate the molecular mechanism of GRO effects and to examine the interactions between nucleolin 
and GROs. 

BODY 

The progress on each task outlined in the Statement of Work is detailed below: 

Task 1: To examine the effects of GRO treatment on cellular processes, including levels of DNA, 
RNA and total protein synthesis, and cell cycle progression {months 1-17): 

a. Radiolabel incorporation to assess DNA, RNA, and protein synthesis {months 1-6) 
b. Northern blots to assess ribosomal and messenger RNA synthesis {months 7-9) 
c. Flow cytometry for cell cycle analysis of synchronized cells {months 1-6) 
d. Investigation of changes in levels and localization of key cell cycle regulatory molecules 

by western blotting and immunofluorescence microscopy {months 7-17) 

Progress: Parts a. - c. have been completed and the results were published in the Journal of Biological 
Chemistry (2). A reprint of this article containing detailed experimental procedures is attached. 
Immunofluorescent staining of incorporated bromodeoxyuridine (BrdU) or bromouracil were used to 
assess, respectively, DNA and RNA synthesis. Protein synthesis was determined by incorporation of 
35S-methionine. The results showed that DNA replication (incorporation of BrdU) was undetectable at a 
timepoint when RNA and protein synthesis were still ongoing. In addition, GROs were found to inhibit 
the in vitro replication of SV40 DNA, suggesting that they have a direct effect on the components 
responsible for DNA replication. Although, recent studies (3,4) have elucidated the role of nucleolin in 
DNA replication, we were not able to show that GROs were affecting this role. However, we did 
demonstrate that GROs could prevent helicase-mediated unwinding of DNA by SV40 large T antigen, 
which is required for the in vitro replication. Therefore, it is likely that GROs can inhibit the activity of 
cellular helicases, possibly including nucleolin, which is also known as DNA helicase IV(5). We are 
continuing to study the mechanism of helicase inhibition and to investigate the effect of GROs on 
cellular helicases. The proposed flow cytometry studies were carried out in synchronized and 
asynchronous cells, and showed that the apparent S phase cell cycle arrest was a result of a gradual 
accumulation of cells in S phase. Furthermore, our experiments showed that GROs had similar effects 
on cells enriched in either G0/Gi or S phase cells, and that GROs could induce apoptosis (sub- Gi peak) 
in cancer cells but not normal skin fibroblasts. Apoptosis was confirmed by TUNEL assay. For part d, 
several cell cycle proteins have been examined, but no significant changes were detected. Future 
experiments will examine changes in the cyclin-dependent kinase inhibitor p21 in response to GRO 
treatment, in order to determine if GRO effects are related to those reported for other cell cycle 
modulatory oligonucleotides (6). 
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Task 2:    To investigate the effects of GRO treatment on the levels, phosphorylation status, stability and 
activity of nucleolin protein, (months 13-24): 

a. Preparation of nuclear, cytoplasmic and plasma membrane extracts from GRO treated 
and untreated prostate cancer cells (months 13-15) 

b. Western blotting and immunofluorescence microscopy to detect changes nucleolin levels 
and stability (months 16-18) 

c. Detection of phosphorylated nucleolin by immunoprecipitation of 32P labeled protein or 
western blot analysis of immunoprecipitated nucleolin using antibodies against 
phosphorylated amino acids (months 19-24) 

d. Purification of nucleolin from nuclear extracts by HPLC and affinity column 
chromatography (months 16-18) 

e. Binding experiments, stability assays using SDS-PAGE analysis and helicase assays 
using PAGE and circular dichroism spectroscopy (months 19-24) 

Progress: Parts a. and b. have been completed. No significant changes in nucleolin levels or localization 
were consistently observed, and no peptide fragments of nucleolin were induced upon GRO treatment. 
We conclude that GRO binding to nucleolin may affect post-translational modifications or interactions 
with other proteins. 

Task 3:    To identify the GRO binding domain of nucleolin by expressing mutant versions of the 
protein (months 25-36): 

a. Expression and purification of mutant GST-fusion proteins in yeast (months 25-30) 
b. Determine binding constants for mutant proteins binding to GROs using EMSAs (months 

25-30) 
c. Helicase and stability assays for mutant proteins (months 31-36) 
d. Site-directed mutagenesis using Quikchange protocol. Expression purification and 

analysis of mutant proteins (months 31-36) 

Progress: Part a. has been completed. Dr. Eric Rubin kindly provided us with GST-nucleolin constructs 
(7). These were successfully expressed, but did not display binding to GROs. Therefore, we obtained 
alternative constructs from Dr. Nancy Maizels (8). These allowed the expression of the maltose-binding 
protein (MBP)-tagged fragments consisting of the nucleolin RNA binding domains (RBDs) and the 
glycine and arginine-rich C-terminus fragment (RGG) in various combinations. The results of these 
studies are shown in Figure 1. Fusion proteins were inducibly (IPTG) expressed inE. coli (DH5a) and 
bacteria were lysed by sonication. Crude protein extracts were electrophoresed on SDS-polyacrylamide 
(8%) gels. The inducible nucleolin fragments were visualized by Coomassie staining and western 
blotting with anti-MBP antibody. Gels and membrane were subjected to densitometric analysis to allow 
for normalization of inducible protein bands. A membrane containing equivalent amounts of MBP- 
tagged constructs as shown in Figure 1 was southwestern blotted using radiolabeled GR029A. The 
results show that GR029A binds most strongly to constructs RBD12-RGG and RBD1234-RGG. 
GR029A binds with less affinity to RBD34-RGG, RBD1234, RBD12, and RGG, but not at all to 
RBD34 or the control. These results indicate that GRO binding requires both RNA binding domains 1 

-5- 
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and 2 (RBD12) and the C-terminal region (RGG). Addition of RNA binding domains 3 and 4 does not 
seem to greatly increase GRO binding relative to RBD12. Interestingly, this is in contrast to a previous 
study (8) of nucleolin binding to a G-quartet forming sequence from an immunoglobulin switch region. 
We have therefore identified the regions of nucleolin responsible for GRO binding and can now purify 
recombinant peptides (using amylose resin) for future studies. A manuscript describing the identification 
of the GRO binding domain is in preparation. 

Task 4:    To determine binding of GROs to cell surface nucleolin and to assess the significance of this 
binding in GRO uptake and activity (months 7-24): 
a. Chemical crosslinking and capture of surface proteins that bind GROs (months 7-8) 
b. Using flow cytometry, examine nucleolin antibody binding to the cell surface of prostate 

cancer cells, and its inhibition by GROs (months 9-11) 
c. Using flow cytometry and immunofluorescence microscopy, examine the cell surface 

binding and cellular uptake of fluorescently labeled GROs, and its inhibition by nucleolin 
antibody (months 9-11) 

d. Examine the effects on cell growth of crosslinking cell surface proteins to GROs (months 
12-13) 

e. Characterization of plasma membrane nucleolin. Purification and analysis by EMSA for 
GRO binding, SDS-PAGE and Western blotting for stability and phosphorylation status, 
and helicase assays (months 16-24) 

Progress: Part a. has been attempted, but we were unable to detect any proteins that were crosslinked 
using non-cell permeable succinimides as chemical crosslinkers. Alternative crosslinkers and the use of 
oligonucleotides conjugated to non-cell permeable moieties are being tested. The studies described in 
part c. have been initiated, and have led to some interesting observations. The cellular uptake of various 
FITC-labeled oligonucleotides with sequences corresponding to active GROs, inactive GROs, C-rich 
and mixed sequence oligonucleotides were examined. Figure 2 shows that active GROs that could bind 
to nucleolin were much more efficiently internalized than other sequences (C-rich, mixed sequence, and 
inactive G-rich sequences) that did not bind strongly to nucleolin. This provides evidence to support our 
hypothesis that nucleolin is involved in GRO uptake. 

Task 5:    To use proteomics to examine changes in global protein expression in GRO-treated prostate 
cancer cells, and to identify other GRO-binding proteins, (months 1-24): 
a. Preparation of cell extracts from GRO treated and untreated prostate cancer cells (months 

1-3) 

b. Analysis of DU 145 nuclear extracts by 2D electrophoresis and mass spectrometry 
(months 4-8) 

c. Verification of changes in selected proteins by western blotting and immunofluorescence 
microscopy (months 9-12) 

d. Capture of GRO binding proteins from nuclear, cytoplasmic and plasma membrane 

-6- 
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extracts and analysis by 2D electrophoresis and mass spectrometry (months 1-6) 

e.    Proteomics analysis of DU145 cytoplasmic extracts and extracts from other prostate 
cancer cell lines (months 13-24) 

Progress: Part d. of this task has been addressed. At first, the specific GRO complex was excised from a 
mobility shift assay (1) and analyzed by mass spectrometry. However, the presence of abundant non- 
specific proteins (also detected in unshifted extracts) prevented the identification of any specific GRO 
binding proteins. Next, biotin-labeled GROs were incubated with nuclear extracts and captured using 
streptavidin-coated magnetic beads. These experiments were much more successful and we were able to 
detect several protein bands that were precipitated by active GRO (29A) but not inactive GRO (15B) by 
silver staining of one-dimensional SDS-polyacrylamide gels, as shown in Figure 3. We also used an 
alternative approach, in which proteins were separated by two-dimensional electrophoresis (2DE), 
transferred to PVDF membranes, and southwestern blotted by incubating with radiolabeled GR029A or 
control. Specific GRO-binding proteins were then analyzed by mass spectrometry. Nucleolin was among 
the proteins that were unambiguously identified by mass spectrometry in Figure 3. It was not detected in 
the southwestern 2DE experiment, most likely because proteins that migrate above 100 kDa are not well 
resolved by 2DE and are not easily transferred to the membrane. We were able to detect several other 
specific proteins from these two experiments and their identities are now being confirmed by other 
biochemical techniques. Several of these putative GRO-binding proteins contain RNA binding motifs or 
helicase domains. 

Summary of Progress: Task 1 is almost completed, and significant progress has been made on Tasks 2- 
5. Although the order in which the tasks are performed has been changed slightly, at least one third of 
the work has been completed, and additional studies have been carried out in response to some of our 
results. Where problems were encountered, we have successfully resolved them or are currently 
pursuing alternative strategies. We envision no major obstacles to the successful completion of the 
remaining tasks. 

KEY RESEARCH ACCOMPLISHMENTS 

The following is a list of significant results and achievements: 

♦ GROs cause S phase cell cycle arrest and apoptosis in cancer cells but not normal cells (ref. 2). 

♦ Response of prostate cancer cells to GRO is not dependent on their position in the cell cycle (2). 

♦ GROs induce specific inhibition of DNA replication in vitro and in cells (2). 

♦ Antiproliferative activity of GROs correlates with their ability to inhibit DNA replication (2). 

♦ Active GROs inhibit helicase activity (2). 

♦ Binding to GRO requires RNA binding domains 1 and 2, and C-terminal region of nucleolin (Fig. 1). 

♦ Purification of recombinant GRO-binding nucleolin fragments (not shown). 

♦ GROs that bind nucleolin are internalized much more efficiently than other DNA sequences (Fig. 2). 

♦ Identification of nucleolin and several other potential GRO binding proteins by mass spectrometry 
(Fig 3). 

-7- 
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REPORTABLE OUTCOMES 

Manuscripts: 

1. Xu X, Hamhouyia F, Thomas SD, Burke TJ, Girvan AC, McGregor WG, Trent JO, Miller DM, 
Bates PJ (Senior author). Inhibition of DNA replication and induction of S phase cell cycle arrest by 
G-rich oligonucleotides. J. Biol. Chem. 2001, 276,43221-43230. 

2. Dapic V, Bates PJ. Trent JO, Rodger A, Thomas SD, Miller DM. Antiproliferative activity of G- 
quartet-forming oligonucleotides with backbone and sugar modifications. Biochemistry 2002, 41, 
3676-3685. 

Abstracts: 

1. Xu X, Bates PJ. Thomas SD, Miller DM. Inhibition of DNA Synthesis in Prostate Cancer Cells by 
Novel G-Rich Oligonucleotides. American Association of Cancer Research 92nd Annual Meeting 
2001, New Orleans, USA. 

2. Bates PJ. Trent JO, Miller DM, McGregor W, Burke T, Casson L, Castillos T, Dapic V, Girvan A, 
Hamhouyia F, Khan D, Mi Y, Sharma V, Thomas S, Xu X. Development of antiproliferative agents 
targeting nucleolin. Presented at the American Association of Cancer Research Molecular Targets 
Conference, Miami, November 2001. Published in CLINICAL CANCER RESEARCH 7, 157 Suppl. 
S. 

Invited Presentations: 

1. "G-rich oligonucleotides: Activity, mechanism and how they led to a new molecular target". 
Medical College of Georgia, April 2002. 

2. "G-rich oligonucleotides: Novel therapeutic agents that led to a molecular target". 
IMD3 Symposium - From Genomics to Therapeutics, March 2002, Louisville, KY 

3. "G-rich oligonucleotides". 
Cancer Biology Program, University of Arizona, February 2002, Tucson, AZ 

CONCLUSIONS 

The long-term goal of this project is to evaluate the potential of GROs and agents that work by a 
similar mechanism as novel agents for the treatment of prostate cancer. By understanding the 
mechanism of GRO activity, we will be able to develop new agents that work in the same way and may 
be more active or more suited to drug development. The mechanism of GRO activity has not yet been 
fully elucidated, but the observations of cell cycle arrest and induction of apoptosis in androgen- 
independent prostate cancer cells but not normal skin fibroblasts confirms the selectivity and therapeutic 
potential of GROs and similar compounds. The promise of GROs as novel agents for prostate cancer is 
further evidenced by our related studies (DAMD17-98-1-8583 to D. M. Miller, on which the PI is co- 
investigator), which are showing that GROs have strong antitumor effects against prostate cancer 
xenografts in vivo. Identification of the GRO binding domain of nucleolin is also an important step that 
will pave the way for the development of other nucleolin inhibitors by rational design or biochemical 
screening. 

-8 
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(A) MBP-nucleolin fusion constructs: 

1 RBD1234RGG: EMU 

2 Control: H 

3 RBD12RGG: 

4 RBD34RGG: 

5 RBD1234: 

6 RBD12: 

7 RBD34: 

8 #GG: JÜfi RGG 

3     4     5     6     7     8 

(B) Western blot of bacterial extracts using 
anti-MBP polyclonal antibody: 

3     4     5     6     7     8 

(C) Southwestern blot of bacterial 
extracts using 32P-GR029A: 

Figure 1: Identification of GRO binding domain of nucleolin. (A) Constructs for bacterial 
expression of nucleolin domains fused to MBP. (B) Western blot with anti-MBP showing that 
after normalization, the concentration of MBP-fusion proteins is similar in each lane. (C) 
Southwestern blot indicating binding affinity of fusion proteins for GR029A. Constructs 3 and 
1, containing both RNA binding domains 1 and 2 and the RGG domain have optimal binding. 
Constructs containing either RBD 1,2 or RGG (constructs 4,5,6,8) have reduced binding. 

-10- 
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Figure 2: Uptake of FITC-labeled oligonucleotides by DU145 prostate cancer cells. 
Oligonucleotides (10 uM) were added directly to culture medium and incubated for 24 
h. Active GROs with either phosphodiester or phosphorothioate (26B and PS-26B) are 
taken up more efficiently than control inactive oligonucleotides. 

GR015B 

GR029A 

Figure 3: Silver stained SDS-polyacrylamide gel showing proteins captured by 
biotinylated active(29A) or inactive (15B) GRO. Proteins that bind specifically to the 
active GRO are marked with an arrow. Analysis by mass spectrometry identified the 
protein marked by an asterisk as full-length nucleolin. Other proteins identified by 
this technique are currently being investigated for their relevance to the mechanism 
of GRO activity. 

-11- 
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The discovery of G-rich oligonucleotides (GROs) that 
have non-antisense antiproliferative activity against a 
number of cancer cell lines has been recently described. 
This biological activity of GROs was found to be associ- 
ated with their ability to form stable G-quartet-contain- 
ing structures and their binding to a specific cellular 
protein, most likely nucleolin (Bates, P. J., Kahlon, J. B., 
Thomas, S. D., Trent, J. O., and Miller, D. M. (1999) 
J. BioL Chenu 274, 26369-26377). In this report, we fur- 
ther investigate the novel mechanism of GRO activity by 
examining their effects on cell cycle progression and on 
nucleic acid and protein biosynthesis. Cell cycle analy- 
sis of several tumor cell lines showed that cells accumu- 
late in S phase in response to treatment with an active 
GRO. Analysis of 5-bromodeoxyuridine incorporation 
by these cells indicated the absence of de novo DNA 
synthesis, suggesting an arrest of the cell cycle predom- 
inantly in S phase. At the same time point, RNA and 
protein synthesis were found to be ongoing, indicating 
that arrest of DNA replication is a primary event in 
GRO-mediated inhibition of proliferation. This specific 
blockade of DNA replication eventually resulted in al- 
tered cell morphology and induction of apoptosis. To 
characterize further GRO-mediated inhibition of DNA 
replication, we used an in vitro assay based on replica- 
tion of SV40 DNA GROs were found to be capable of 
inhibiting DNA replication in the in vitro assay, and this 
activity was correlated to their antiproliferative effects. 
Furthermore, the effect of GROs on DNA replication in 
this assay was related to their inhibition of SV40 large T 
antigen helicase activity. The data presented suggest 
that the antiproliferative activity of GROs is a direct 
result of their inhibition of DNA replication, which may 
result from modulation of a replicative helicase activity. 

Oligonucleotides can recognize both nucleic acids and pro- 
teins with a high degree of specificity. This is a major reason 
why they have been widely investigated as potential therapeu- 
tic agents for cancer, viral infections, and inflammatory dis- 
eases. Oligonucleotides can achieve target recognition by se- 
quence-specific interactions with nucleic acids or proteins such 
as in the antisense, antigene, or decoy approaches (1-4). Alter- 

* This work was supported by the Department of Defense Prostate 
Cancer Initiative, the National Institutes of Health, and the Common- 
wealth of Kentucky Research Challenge Trust. The costs of publication 
of this article were defrayed in part by the payment of page charges. 
This article must therefore be hereby marked "advertisement" in ac- 
cordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

** To whom correspondence should be addressed: 204B Baxter Bldg., 
570 S. Preston St., Louisville, KY 40202. Tel: 502-852-2432; Fax: 502- 
852-2356; E-mail: paula.bates@louisville.edu. 

natively, target recognition can be due to the specific three- 
dimensional structure of an oligonucleotide, as in the aptamer 
approach (5,6). These aptameric oligonucleotides often contain 
secondary structure elements such as hairpins or G-quartets. 
The formation of G-quartet structures is also thought to con- 
tribute to non-antisense growth inhibitory effects of G-rich 
phosphodiester and phosphorothioate oligonucleotides (7-9). 

Recently, we reported (9) on a novel class of phosphodiester 
G-rich oligonucleotides (GROs)1 that could strongly inhibit the 
in vitro proliferation of tumor cells derived from prostate, 
breast, and cervical carcinomas. The antiproliferative GROs 
were able to form stable secondary structures consistent with 
G-quartet formation. It was determined that these GROs 
bound to a specific nuclear protein and, furthermore, that the 
growth inhibitory activity of the GROs was positively corre- 
lated with their ability to bind to this protein. The specific 
GRO-binding protein was captured using biotinylated GROs 
and was identified by polyclonal and monoclonal antibodies to 
nucleolin. Therefore, we concluded that these potentially ther- 
apeutic oligonucleotides worked by a novel mechanism that 
involved binding to nucleolin or a nucleolin-like protein. Our 
hypothesis was that binding of GROs causes inhibition of 
nucleolin function(s) that results in an arrest of proliferation. 

Nucleolin is an abundant 110-kDa phosphoprotein, thought 
to be located predominantly in the nucleolus of proliferating 
cells. Levels of nucleolin are known to relate to the rate of 
cellular proliferation (10,11), being elevated in rapidly dividing 
cells such as malignant cells. Therefore, nucleolin may be an 
attractive molecular target for cancer therapy. The remarkable 
multifunctionality of nucleolin and its role in cell growth and 
proliferation have been highlighted in recent reviews (12-14). 
The most studied aspects of nucleolin function are its roles in 
ribosome biogenesis, which include the control of rDNA tran- 
scription, pre-ribosome packaging, and organization of nucleo- 
lar chromatin (12,15). It is also thought that nucleolin can act 
as a shuttle protein that transports viral and cellular proteins 
between the cytoplasm and nucleus/nucleolus of the cell (16- 
18). In addition, nucleolin has been implicated, directly or 
indirectly, in other roles including nuclear matrix structure 
(19), DNA replication (20), cytokinesis and nuclear division 
(21), and as a nucleic acid helicase (12, 22). There have been 
numerous reports describing the presence of nucleolin in the 
plasma membrane of cells (9, 23-28), suggesting a further 

1 The abbreviations used are: GROs, G-rich oligonucleotides; BrU, 
5-bromouridine; BrdUrd, 5-bromo-2'-deoxyuridine; DMEM, Dulbecco's 
modification of Eagle's medium; PBS, phosphate-buffered saline; FCS, 
fetal calf serum; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo- 
lium bromide; RPA, replication protein A; TUNEL, terminal transfer- 
ase dUTP nick-end label; NS, nonspecific oligonucleotide. 

This paper is available on line at http://www.jbc.org 43221 
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function of nucleolin as a cell surface receptor. Clearly, inhibi- 
tion of nucleolin function, which we propose is an effect of GRO 
binding, would likely result in inhibition of cell proliferation 
and/or cell death. 

To elucidate further the mechanism of the GRO antiprolif- 
erative activity, we decided to study the effects of GROs on 
cellular processes, such as nucleic acid and protein synthesis, 
and cell cycle progression. We report our findings that GROs 
specifically inhibit DNA replication, and we discuss the impli- 
cations of these results in terms of potential mechanisms for 
GRO activity. 

EXPERIMENTAL PROCEDURES 

Oligonucleotides—Except where indicated, oligonucleotides had 
phosphodiester backbones and 3'-C-3 aminoalkyl modifications. They 
were purchased from Oligos Etc. (Wilsonville, OR) or synthesized on a 
Beckman 1000M synthesizer using 3'-C-3-amine CPG columns from 
Glen Research (Sterling, VA). Oligonucleotides were «suspended in 
water, precipitated with butan-1-ol, washed with 70% ethanol, dried 
and «suspended in sterile 10 mM Tris-HCl, pH 7.5, or phosphate- 
buffered saline (PBS). They were then sterilized by filtration through a 
0.2-fim filter and diluted with sterile buffer to give stock solutions of 
400 or 500 fiM that were stored in aliquots at -20 "C. Each oligonu- 
cleotide was checked for integrity by 5'-radiolabeling followed by poly- 
acrylamide gel electrophoresis. Sequences of oligonucleotides used were 
as follows: GR029A, 5'-TTTGGTGGTGGTGGTTGTGGTGGTGGTGG; 
GR015B, 5'-TTGGGGGGGGTGGGT; GR015A, 5'-GTTGTTTGGGGT- 
GGT; GR026A, 5'-GGTTGGGGTGGGTGGGGTGGGTGGGG; GR026B, 
5'-GGTGGTGGTGGTTGTGGTGGTGGTGG; and CRO, 5'-TTTCCTCC- 
TCCTCCTTCTCCTCCTCCTCC. 

Flow Cytometry Analysis of Cell Cycle—For the experiments shown 
in Figs. 1 and 25, cells were plated in Dulbecco's modified Eagle's 
medium (DMEM, Life Technologies, Inc.) supplemented with 10% (v/v) 
fetal calf serum (FCS, Life Technologies, Inc.) and 1% penicillin/strep- 
tomycin solution (Life Technologies, Inc.) at a density of 10s cells per 
well in a 6-well plate. After incubation at 37 °C for 4 h to permit 
adherence, cells were treated by direct addition of oligonucleotide to the 
culture medium to give a final concentration of 10 /XM. For MDA-MB- 
231 cells only, a second dose of oligonucleotide was added 24 h after the 
first. At 72 h after the first dose, cells were harvested by trypsinization, 
fixed, and stained with propidium iodide using the Cycle Test Plus kit 
(Becton Dickinson). Cells were then analyzed using a FACScan cytom- 
eter. The percentage of cells in G/G,,, S, and G./M were determined 
using the Modfit program or, in a few cases where Modfit was unable to 
assign these parameters, by integrating peak areas using the CellQuest 
program. For the experiments shown in Fig. 25, cells were treated as 
above and harvested at the times shown and analyzed as described. 

Synchronization of Cells—To synchronize by serum starvation, cells 
were plated in complete medium (DMEM, 10% FCS, 1% antibiotic) at a 
density of 5 X 104 per well in 6-well plates and incubated overnight. 
Cells were washed three times with sterile PBS, and the medium was 
replaced with DMEM with 0.1% (v/v) FCS. After incubation in low 
serum medium for 48 h, medium was replaced with complete medium, 
and GR029A was added directly to the medium to give 10 /IM final 
concentration. To synchronize cells in S phase, cells were incubated for 
16 h in complete medium containing 1 jig/ml aphidicolin. Cells were 
released by washing three times with PBS and adding complete me- 
dium. GR029A was then added directly to the medium to give a final 
concentration of 10 IIM. For each method of synchronization, samples 
were prepared in parallel to be harvested for flow cytometric analysis 
before release or 24 h after addition of GR029A. Analysis of cell cycle 
was carried out as described above. 

DNA Synthesis Assay—Cells were plated at a density of 1.5 X 103 

cells per well, in a 48-well plate. Cells were incubated for 16 h and then 
treated by direct addition of oligonucleotide to the culture medium at a 
final concentration of 12 fiM (or untreated samples received an equal 
volume of sterile PBS). A second identical dose was given 60 h after the 
first. 72 h after the first treatment, cells were pulsed by addition of 
BrdUrd (Sigma, final concentration 10 jtM) to the medium for 1 h at 
37 °C. Cells were washed three times with PBS and fixed with methanol 
for 10 min at room temperature. Samples were washed with PBS, 
incubated with 2 M HC1 (to denature DNA) for 10 min on ice, washed, 
and neutralized with 0.1 M sodium borate. The cells were then incu- 
bated with anti-BrdUrd monoclonal antibody (Becton Dickinson, used 
at 1.7 fig/ml) for 30 min at room temperature, washed, and incubated 
with Alexa488-labeled goat anti-mouse IgG (Molecular Probes, used at 

4 /ig/ml) for 20 min at room temperature. After washing, cells were 
viewed with a Nikon Eclipse TS100 microscope with ELWD epifluores- 
cence attachment, and digital images were captured using a Olympus 
DP10 camera. 

RNA Synthesis Assay—Samples shown in Fig. 4B were prepared 
exactly as described for DNA synthesis, and after 72 h of incubation 
with oligonucleotide samples were pulsed by addition of BrU (Aldrich) 
at a final concentration of 1 mM for 1 h at 37 °C. Cells were fixed with 
4% (w/v) paraformaldehyde in PBS, stained as above (1.7 jig/ml anti- 
BrdUrd followed by 4 /tg/ml Alexa488-labeled anti-mouse IgG), and 
photographed as described above. For the samples shown in Fig. 4A, 
cells were treated with 0.1 fig/ml actinomycin D for 1 h at 37 "C prior to 
pulsing with BrU or were incubated with 2.5 mg/ml RNase A for 30 min 
after fixing. 

Protein Synthesis Assay—Samples were prepared exactly as de- 
scribed for DNA synthesis. After 72 h of incubation with oligonucleo- 
tide, cells were washed twice with methionine/cysteine-free medium 
(Life Technologies, Inc.), incubated for 15 min at 37 °C in this medium, 
and then pulsed by addition of [35S]methionine (final concentration 40 
/uCi/ml) for 1 h at 37 °C. After washing, proteins were extracted by 
addition of 100 /d of citrate saline solution and precipitated by addition 
of 400 /il of 10% trichloroacetic acid and 20 mM pyrophosphate. An 
aliquot of this solution was used to quantitate total protein using the 
BCA Protein Assay (Pierce), and the remainder was filtered through a 
glass filter to determine trichloroacetic acid-precipitable counts. Pro- 
tein synthesis was expressed as counts/min per fig of total protein. 
Experiments were performed in triplicate, and error bars represent the 
S.E. 

TUNEL Staining and Cell Morphology—Cells were plated (1.5 x 10" 
cells per well for DU145 or 4 x 10" cells per well for MDA-MB-231) in 
24-well plates containing glass coverslips (Fisher) that had been 
washed and sterilized. Oligonucleotide was added directly to the me- 
dium to a final concentration of 10 /IM at 4 h after plating. Further 
identical doses were given at 24 and 72 h subsequent to the first dose 
(cells shown in Fig. 6A did not receive the third dose). At the appropri- 
ate time, cells were washed with PBS and fixed for 15 min at room 
temperature with 4% (w/v) paraformaldehyde in PBS. Cells were per- 
meabilized by incubation in 0.1% Triton X-100,0.1% sodium citrate for 
2 min on ice. Terminal transferase-mediated labeling of fragmented 
DNA with dUTP was carried out using In Situ Cell Death Detection kit 
(Roche Molecular Biochemicals), according to the manufacturer's in- 
structions. For morphology analysis cells were prepared as above and 
viewed using an Olympus BX60 microscope. 

SV40 DNA Replication Assay—Replication-competent cell extracts 
were prepared from HeLa cells by a modification of the method of Li and 
Kelly (29,30). HeLa cells were grown in DMEM (Life Technologies, Inc.) 
with 10% supplemented calf serum (HyClone) and antibiotics and were 
maintained in logarithmic growth. Briefly, the cells were released, 
combined, and washed once with isotonic buffer (20 mM HEPES, 5 mM 
KC1,1.5 mM MgCLj, 1 mM dithiothreitol, 250 mM sucrose) and twice with 
hypotonic buffer (isotonic buffer without sucrose). Following the second 
hypotonic wash, the cell count was adjusted to 7 x 10' cells/ml, and the 
suspension was placed on ice for 30 min. The cells were gently lysed 
using a Dounce glass homogenizer and a tight-fitting plunger and then 
placed on ice for 30 min. The suspension was centrifuged at 10,000 rpm 
for 10 min at 4 "C, and the supernatant was frozen by dripping it 
through liquid nitrogen. Replication reactions were carried out using 
the M13mp2SV replication template (7406 base pairs), which is an 
M13mp2 molecule containing the SV40 origin of replication (31). Rep- 
licative form templates were prepared from infected recA Escherichia 
coli by standard methods, and covalently closed circular (form I) DNA 
was isolated by two successive CsCl gradients. Template (40 ng) was 
preincubated with water or the oligonucleotide (400 nM final concentra- 
tion) as indicated for 30 min at 37 "C and then added to reaction mixes 
as described previously (32). Replication reactions (25 fil) contained 30 
mM HEPES, pH 7.8,7 mM MgCl^, 4 mM ATP, 200 im each of CTP, GTP, 
and UTP, 100 IIM each of dATP, dGTP, dCTP, TTP, and [a-32P]dCTP 
(6,600 dpm/finol), 40 mM creatine phosphate, 2 jig of creatine kinase, 
and 15 mM sodium phosphate, pH 7.5. The SV40 large T antigen 
(Molecular Biology Resources) was omitted from the negative control 
(Fig. 7,1st lane), and 1 fig was added to all other tubes. After addition 
of cell extract (75 fig of protein) to each tube, the reactions proceeded for 
2 h at 37 °C. At this time, an equal volume of stop solution (2% SDS, 50 
nun EDTA, 2 mg/ml proteinase K) was added, and the samples were 
incubated for an additional 30 min at 37 °C. An aliquot (1/10 volume) 
was taken for determination of [a-32P]dCTP into acid-insoluble mate- 
rial, and picomoles of dCTP incorporated was calculated. The relative 
dCTP incorporation stated in the text represents the average of three 
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independent experiments, and standard errors of the data are shown. 
The DNA was extracted, and aliquots were electrophoresed on 1% (w/v) 
agarose gels containing 0.5 fig/ml ethidium bromide. The dried gels 
were imaged on a Storm Phosphorlmager (Molecular Dynamics), and 
the density of the bands corresponding to covalently closed circular 
(form I) DNA was quantified using ImageQuant software. 

Cell Proliferation Assay—HeLa cells were plated at 10" cells per well 
in 96-well plates. After incubation for 16 h, oligonucleotide was added 
directly to the culture medium to give a final concentration of 12 IM. 
Culture medium was not changed throughout the duration of the ex- 
periment. The relative number of viable cells in each well was deter- 
mined 96 h after addition of oligonucleotides using the MTT assay (33). 
Briefly, 15 fd of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetra- 
zolium bromide (MTT, Sigma) was added to each well. Following 16 h of 
incubation at 37 "C, cells were lysed by addition of 75 jil per well of 10% 
SDS, 10 mil HC1, and after a further 16 h of incubation at 37 "C, 
absorbance at 570 nm was determined using a Molecular Devices mi- 
croplate reader. Experiments were performed in triplicate, and bars 
represent the S.E. 

Helicase Assay—These assays were carried out according to a method 
similar to that of Veaute et al. (34). Oligonucleotide 55A (5'-TGAAGG- 
TTTfiGAATCAOAGGTAGGTGCCCGGCCTCCAACTTQGCGTATTCC- 
TGGT, unmodified phosphodiester, purchased from life Technologies, 
Inc.) was 5'-labeled using T4 kinase and [y-32P]ATP. After removal of 
unincorporated P2P]ATP it was annealed (95 °C for 5 min followed by 
slow cooling to room temperature) to a partially complementary oli- 
gonucleotide 55B (S'-ACCAGGAATACGGCAAGTTGGAGGCCGGGCT- 
GGATGGAGACTAAGCTTTGGAAGT, unmodified phosphodiester, 
purchased from Life Technologies, Inc.) in order to form the synthetic 
replication fork substrate containing a region of 30 base pairs (under- 
lined). Unwinding of this substrate by recombinant SV40 large T anti- 
gen (Chimerx, Milwaukee, WI) was carried out by incubating 10 fmol of 
substrate with 100 ng of large T antigen in the absence or presence of 
competitor unlabeled oligonucleotides in a final volume of 10 yH of HA 
buffer (20 mM Tris-HCl, pH 7.5, 7 mM MgCl2, 5 mM dithiothreitol, 2 mM 
ATP, and 25 fig/ml bovine serum albumin). Large T antigen was pre- 
incubated for 15 mm at 37 °C prior to addition. The reaction was 
allowed to proceed for 15 min at 37 °C before being terminated by 
addition of STOP buffer (200 mM EDTA 40% glycerol, 0.6% SDS, 0.15% 
bromphenol blue, 0.15% xylene cyanol). Samples were analyzed by 
native polyacrylamide electrophoresis on 8% polyacrylamide gels con- 
taining IX TBE (90 mM Tris borate, pH 8.3,2 mM EDTA) with lx TBE, 
0.1% SDS as running buffer. For the assay shown in Fig. 8A, the 
nonspecific competitor oligonucleotide was (NS) (5'-AGGACTG- 
TATACTGTCTTGGA unmodified phosphodiester, purchased from Life 
Technologies, Inc.), and 29A is this assay was also unmodified. For the 
assay shown in Fig. 8B, all oligonucleotides except NS were modified 
with a 3'-C-3 aminoalkyl group. 

Nucleolin-Replication Protein A (RPA) Interaction—Immunoprecipi- 
tation was carried out in 0.5 ml of RIPA buffer (50 mM Tris-HCl, pH 7.5, 
0.5 M NaCl, 0.1 mM EDTA 100 im NaF, 1 mM Na3V04, 1% Nonidet 
P-40,0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl 
fluoride, 1 tiM leupeptin, 10 /XM aprotinin) for 30 min at 37 °C using 25 
Hg of HeLa extracts (as used for in vitro replication) and 5 iig of 
monoclonal antibody to 14-kDa subunit of RPA (Novus Biologicals). 
Antibodies were captured for 1 h at 4 °C using magnetic beads linked to 
goat anti-mouse IgG (Magnabind, Pierce), washed three times with 0.5 
ml of RIPA and eluted by heating the beads for 15 min at 65 °C in a 
buffer containing 2% SDS and 5% 2-mercaptoethanol. To investigate 
the effect of GROs on nucleolin-RPA interaction, the HeLa extracts 
were preincubated for 30 min at 37 "C in the absence or presence of 
oligonucleotides. Precipitated proteins were electrophoresed on 8% 
polyaerylamide/SDS gels, transferred to polyvinylidene difluoride mem- 
brane, Western-blotted using nucleolin monoclonal antibody (Santa 
Cruz Biotechnology, 1:200 dilution) and peroxidase-linked goat anti- 
mouse (Santa Cruz Biotechnology, 1:1000), and visualized by 
chemiluminescence. 

RESULTS 

Accumulation of GR029A-treated Cells in S Phase—-To in- 
vestigate cell cycle perturbations induced by antiproliferative 
G-rich oligonucleotides, flow cytometry analysis of propidium 
iodide stained nuclei was performed. Cell cycle parameters 
were compared for untreated cells and cells that had been 
treated for 72 h with an active GRO (GR029A) or a control 
inactive GRO (GR015B). The cell lines examined were DU145 

(derived from prostate carcinoma), MDA-MB-231 (breast car- 
cinoma), HeLa (cervical carcinoma), and HS27 (normal fore- 
skin fibroblasts). In all of the carcinoma lines, we observed a 
significant increase in the fraction of cells in the S phase of the 
cell cycle for cells treated with GR029A, as shown in Pig. 1. 
This was accompanied by a decrease in the proportion of cells in 
the GQ/G! and GJJ/M phases of the cell cycle, as indicated in Fig. 
1. These changes were specific for GR029A and not simply due 
to the presence of oligonucleotide, because cells treated with 
GR015B were similar to untreated cells. 

We also observed the appearance of a peak corresponding to 
a population of cells with sub-Gl DNA content (marked with an 
asterisk in Fig. 1). This peak, which is indicative of apoptotic 
cells, appeared in the tumor cell samples treated with GR029A 
but was much smaller in the GR015B-treated or untreated 
cells. The induction of apoptosis by GR029A was examined 
further and will be described below. 

In contrast to the malignant cell lines, HS27 cells, which are 
derived from normal skin fibroblasts, showed no major pertur- 
bations in cell cycle in response to treatment with GR029A. 
The HS27 cells were also found to be considerably less sensitive 
to the antiproliferative effects of GR029A than most of the 
tumor cell lines we have examined.2 However, it can be seen 
from the data (Fig. 1, untreated) that the HS27 cells have a 
much lower proportion in S phase (even though they are sub- 
confluent), compared with the tumor cell lines, and proliferate 
at a slower rate. To test whether the response of cells is related 
to the proportion of cells in S phase when GRO is added, we 
partially synchronized DU145 cells and added GR029A when 
the cells were predominantly in S phase (after aphidicolin 
treatment) or G^GQ (after serum starvation). Fig. 2A shows 
that the cells showed similar S phase accumulation, irrespec- 
tive of the proportion of cells in S phase when GRO was added. 
These data suggest that the differential responsiveness of 
HS27 cells is not necessarily related to the lower proportion of 
these cells in S phase, but further studies are required to 
confirm the tumor selectivity of GR029A and investigate the 
mechanism of selectivity. 

Studies of cell cycle progression following partial synchroni- 
zation of tumor cells showed that even when GR029A was 
added in Gx/G0 (following serum synchronization) or early S 
phase (following aphidicolin treatment), a considerable propor- 
tion of the cells were able to progress through S phase and 
Gj/M (data not shown). In fact, the accumulation of cells in S 
phase was found to be a gradual process that occurs over 
several cell cycles, as shown in Fig. 2B for unsynchronized 
DU145 cells treated with GR029A. The gradual arrest of cells 
in S phase may be related to the rate of oligonucleotide uptake, 
which is thought to be relatively slow. We are currently inves- 
tigating the relationship between GRO uptake and cell cycle 
arrest. 

Inhibition of DNA Replication in Cells—The S phase of the 
cell division cycle represents the period in which cells replicate 
their DNA (and thus have a DNA content intermediate be- 
tween that of Go/Gi and G./M cells). In this case, because cell 
proliferation is inhibited by GR029A, it seems unlikely that 
the increase in the S phase fraction represents an increase in 
cells that are actively replicating DNA but more likely an 
accumulation of cells whose progress is arrested in this phase 
of the cell cycle. 

To confirm this hypothesis, we analyzed DNA replication in 
cells treated with GROs. This was achieved by determining 
incorporation of 5-bromo-2'-deoxyuridine (BrdUrd), a nucleo- 

2 P. J. Bates, S. D. Thomas, J. O. Trent, and D. M. Miller, unpublished 
observations. 
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FIG. 1. Flow cytometric analysis of cell cycle parameters following 72 h of treatment with active GR029A or inactive control 
OR015B, compared with untreated cells. The identity of the cell line is indicated on the left, and numbers above each histogram indicate the 
ratio of cells in the GJG0, S, and G./M phases of the cell cycle (data were gated to exclude apoptotic cells for these calculations). The pea* marked 
by an asterisk represents apoptotic cells with sub-G! DNA content. 
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FIG. 2. A, flow cytometric analysis of cell cycle parameters. DU145 cells were partially synchronized by either serum starvation or aphidicolin 

treatment (top panel). Cells were treated with 10 >IM GR029A at the time of release from synchronization and analyzed after 24 h (bottom panel). 
B, graph showing the percentage of cells accumulated in S phase for asynchronous DU145 cells treated with GR029A or control oligonucleotide 
(GR015B). 

side that can be incorporated into cellular DNA in place of 
thymidine. A BrdUrd antibody can then positively stain cells 
that actively synthesize DNA during the BrdUrd pulse. In this 
experiment, DU145 cells were incubated as described in the 
absence or presence of GROs for 72 h, at which time BrdUrd 
was added to the cell culture medium for 1 h. Cells were then 
fixed with methanol, and incorporation of BrdUrd was assessed 
by indirect immunofluorescent staining using a BrdUrd anti- 

body. Fig. 3 shows the results of these experiments. In the 
untreated sample, —40% of cells was found to be positive for 
BrdUrd staining. However, the cells treated with GR029A 
showed an almost complete absence of staining, indicating that 
no de novo DNA synthesis was occurring in these cells. This 
effect was specific for GR029A, because cells treated with the 
control oligonucleotide (GR015B) had similar BrdUrd incorpo- 
ration to untreated cells. 
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Fio. 3. DNA synthesis in untreated DU145 cells and cells 
treated with GR015B (control oligonucleotide) or GR029A (ac- 
tive oligonucleotide). Cells were treated for 72 h and then pulsed 
with BrdUrd. Incorporation of BrdUrd was detected by indirect immu- 
nofluorescence using a BrdUrd monoclonal antibody. 

To confirm that the effects of GR029A on cell cycle and DNA 
synthesis occur in parallel, we carried out one further experi- 
ment. DU145 cells were treated in a 6-well plate, pulsed with 
BrdUrd for 1 h, then collected by trypsinization, and divided 
into 2 aliquots. One aliquot was stained with propidium iodide 
and analyzed by flow cytometry, and the other aliquot was used 
to prepare slides for staining with BrdUrd antibody. The re- 
sults indicated that for the same sample of GR029A-treated 
cells, there was an accumulation in S phase concurrent with an 
inhibition of DNA synthesis (data not shown). 

The time course of inhibition of DNA replication depended on 
a number of factors, including the initial cell density and the 
number and schedule of GR029A doses. When DU145 cells 
were plated at 6.25 X 103 cells per well in a 24-well plate, and 
treated after 17 h with 10 IIM final concentration of GRO, we 
found no significant difference between DNA synthesis in 
treated and untreated cells at 3, 6, and 9 h after addition of 
GR029A. However, at 12 h after treatment, only 28% of cells 
stained positive for BrdUrd in the GR029A-treated sample, 
compared with 41 and 44%, respectively, in the untreated and 
GR015B treated cells. By 24 h after addition of oligonucleotide, 
the GR029A-treated cells were completely negative for BrdUrd 
staining. 

Effect ofGROs on RNA and Protein Synthesis—Because in- 
hibition of any one of DNA, RNA, or protein synthesis is ex- 
pected to lead eventually to inhibition of the other processes, it 
is important to determine which of these functions is arrested 
first. To investigate this, we examined both RNA and protein 
synthesis in parallel with DNA replication, at a time point at 
which DNA synthesis was known to be completely inhibited. As 
described above, DNA replication was assessed by BrdUrd 
incorporation, and a similar method was used to determine 
RNA synthesis. This method has been described previously (35, 
36) and involves detection of incorporated 5-bromouridine 
(BrU) by indirect immunofluorescent staining with a BrdUrd 
antibody (which is cross-reactive for BrU). To ensure that the 
BrU staining represents bona fide RNA synthesis, we carried 
out a preliminary experiment to assess the effects of treatment 
with RNase or actinomycin D, an inhibitor of RNA synthesis. 
Fig. 4A shows that staining in these samples was negative, 
indicating that this technique accurately reflects RNA 
synthesis. 

Fig. 4B shows the effects of GRO treatment on RNA synthe- 
sis in DU145 cells. After incubation for 72 h in the absence or 
presence ofGROs, cells treated with GR029A showed staining 
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PIG. 4. A, DU145 cells were treated with RNase A or actinomycin D 
(an RNA synthesis inhibitor) and compared with untreated cells to 
demonstrate that the staining procedure for RNA synthesis was spe- 
cific. Cells were pulsed with BrU, and incorporation of BrU was de- 
tected by indirect immunofluorescence using a cross-reactive BrdUrd 
monoclonal antibody. B, RNA synthesis in untreated DU145 cells and 
cells treated with GR015B (control oligonucleotide) or GR029A (active 
oligonucleotide). Cells were treated for 72 h and then pulsed with BrU 
and stained as described. 

for BrU incorporation similar to that for untreated and control 
(GR015B)-treated samples. Cells that had been treated in par- 
allel and pulsed with BrdUrd demonstrated negative staining 
for DNA synthesis in the GR029A-treated sample (shown in 
Fig. 3). Therefore, it appears that RNA synthesis is still occur- 
ring in GR029A-treated cells at a time when DNA synthesis is 
arrested. 

To determine global protein synthesis, the incorporation of 
[35S]methionine was examined. Cells were incubated for 72 h in 
the absence or presence of GROs and pulsed with [^Slmethi- 
onine, and radioactivity associated with trichloroacetic acid- 
precipitable material was determined by scintillation counting. 
To normalize the data for differences in the number of cells, the 
total protein* content for each sample was determined by the 
Bradford assay, and protein synthesis was expressed as counts 
per /ig of total protein. Parallel samples were pulsed with 
BrdUrd in place of [36S]methionine to monitor DNA synthesis. 
Fig. 5 shows that there was no significant difference in the 
levels of global protein synthesis between untreated cells and 
cells treated with GR029A or GR015B, whereas DNA synthe- 
sis was completely inhibited by GR029A (Fig. 3). 

Induction of Apoptosis and Changes in Cell Morphology— 
Induction of apoptosis by GR029A was suggested by the ap- 
pearance of cells with sub-Gj DNA content in the flow cytom- 
etry cell cycle analysis (Fig. 1). We confirmed this finding by 
carrying out terminal transferase dUTP nick-end label 
(TUNEL) staining of GRO-treated cells. Fig. 6A shows that 
there was minimal TUNEL staining in untreated DU 145 cells 
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FIG. 5. Protein synthesis to untreated DÜ145 cells and cells 
treated with GR015B (control oligonucleotide) or GK029A (ac- 
tive oligonucleotide). Cells were treated for 72 h, transferred to 
metlüonine/cysteine-free medium, and then pulsed with 35S-labeled 
methionine. Protein synthesis was determined by scintillation counting 
of trichloroacetic acid-precipitable material and was normalized by 
determining the total protein content of the sample and expressing as 
counts/min per /ig of total protein. 
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Fio. 6. A, TUNEL staining to show induction of apoptosis in DU145 
prostate cancer cells by GR029A. Cells were treated for 72 h and 
stained as described. Cells treated with GR015B (not shown) had 
similar staining to the untreated samples. B, phase contrast micro- 
graphs of MDA-MB-231 breast cancer cells to show differences in mor- 
phology induced by treatment with an active GRO (29A) compared with 
the control GRO (15B). 

(and in control 15B-treated samples, not shown). The sample 
treated with GR029A showed a punctate pattern of positive 
nucleoplasmic and perinuclear staining, consistent with end 
labeling of fragmented DNA, an indicator of apoptosis. Al- 
though some of the treated cells had the classic features of 
apoptosis, at longer treatment times some cells had morphol- 
ogy characterized by greatly enlarged nuclei and cytoplasm. As 
shown in Fig. 6B, this was particularly evident in MDA-MB- 
231 breast cancer cells that had been treated for 5 days with 
GR029A The significance of this proportion of enlarged cells is 
unclear at present but is consistent with our observation that 
protein synthesis is ongoing, whereas DNA replication and cell 
division are inhibited. 

Inhibition of DNA Replication in Vitro—-The data presented 

suggest that inhibition of DNA replication is a primary event 
associated with cell response to treatment with antiprolifera- 
tive GRO. In cells, arrest of DNA synthesis can occur as a direct 
consequence of interference with the organization or progress 
of the DNA replication machinery. Alternatively, DNA replica- 
tion could be arrested secondary to other effects, such as alter- 
ations in signaling pathways. 

To elucidate further the mechanism of GR029A-induced in- 
hibition of DNA replication, we examined the effects of GROs 
on replication in an in vitro system (29, 30). This system uti- 
lizes HeLa cell extracts to replicate a plasmid containing the 
simian virus (SV40) origin of replication and requires addition 
of SV40 large T antigen, most probably to facilitate unwinding 
of the template (37, 38). By using this assay, 400 nM GR029A 
was reproducibly found to inhibit DNA replication in vitro by 
about 90% (incorporation of dCTP was 9.1 ± 1.6% compared 
with control), whereas the same concentration of GR015B had 
no effect (97.8 ± 7.1% dCTP incorporation compared with con- 
trol). This assay was then used to examine a series of GROs 
with a variety of antiproliferative activities. These oligonucleo- 
tides have been described previously (9), with the exception of 
GR026B, which is an active analog of GR029A that lacks the 
three 5'-thymidines. Fig. 7A shows representative results from 
the in vitro replication assays. The relative inhibition is shown 
as a percentage of the control below the gel and was determined 
by integration of the bands representing the closed circular 
(form I) replication product. The ability of these same oligonu- 
cleotides to inhibit the proliferation of HeLa cells in culture is 
shown in Fig. IB. Oligonucleotides 29A and 26B were found to 
strongly inhibit cell proliferation, 26A showed intermediate 
inhibitory activity, and 15A, 15B, and CRO had little or no 
activity. (Although we reported previously (9) some antiprolif- 
erative activity in HeLa cells for multiple doses of 15A, there 
was no activity when cells were treated with a single dose.) The 
relative activities of the six oligonucleotides in cells were al- 
most identical to those observed in the SV40 replication assay. 
Therefore, we conclude that the ability of oligonucleotides to 
inhibit cellular proliferation is correlated with their ability to 
inhibit DNA replication and that this blockade of replication is 
due to a direct effect of GRO on the DNA replication machinery. 

Effect of GR029A on RPA-Nucleolin Interaction and SV40 
Large T Antigen Helicase Activity—Inhibition of in vitro DNA 
replication by GR029A most probably occurs because the G- 
rich oligonucleotide interferes with the assembly or progression 
of the complex that carries out the replication process. Many of 
the proteins that are required for efficient replication, both in 
the in vitro system and in cells, have now been identified 
(39-41). Based on the existing literature, we believe the most 
likely replication-associated proteins to be modulated GR029A 
are replication protein A (RPA), which is known to bind to 
nucleolin (20), or the SV40 large T antigen, which can bind to 
G-quartet structures (42). 

RPA is a single-stranded DNA-binding protein that plays a 
pivotal role in DNA replication, repair, and homologous recom- 
bination. It is possible RPA could bind directly to GR029A, but 
simple single strand DNA binding would not explain the in- 
ability of other oligonucleotides (for example, 15B and CRO) to 
inhibit replication. There is also the possibility that GROs can 
modulate the interaction between RPA and nucleolin (the pu- 
tative GRO-binding protein), which was recently reported by 
Daniely and Borowiec (20). These authors demonstrated that 
this interaction occurs in vitro and found that addition of ex- 
ogenous nucleolin protein to the SV40 replication assay 
strongly reduced origin unwinding and DNA replication in this 
system. This was presumed to be a result of nucleolin binding 
to and inactivating RPA, because replication could be rescued 
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FIG. 7. A, effect of various oligonucleo- 
tides on the efficiency of DNA replication 
in vitro. The indicated oligonucleotide 
was mixed with the DNA template, and 
buffer and cell extracts were added. The 
reaction was started by the addition of 
SV40 large T antigen and proceeded for 
2 h at 37 °C. The T antigen was omitted 
from the negative control (far left lane). 
The reaction was stopped after 2 h at 
37 "C. The bands indicated represent co- 
valently closed circular (/), nicked (II), 
and linear (111) forms of DNA, and Rl 
indicates replication intermediates. The 
density of the form I was determined with 
ImageQuant software, and the data were 
used to calculate the percentage inhibi- 
tion of replication compared with the pos- 
itive control (no oligonucleotide added), 
which is shown below each lane. B, graph 
indicating the relative number of viable 
HeLa cells (as determined by the absorb- 
ance at 570 nm following MTT assay) 96 h 
after treatment with a single dose (12 /m) 
of the oligonucleotide indicated. 
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by addition of extra RPA It was also reported that heat shock 
of HeLa cells caused a redistribution of nucleolin from the 
nucleoli to the nucleoplasm, and the authors (20) proposed that 
this redistribution and the resultant binding of nucleolin to 
RPA was a mechanism for repression of chromosomal replica- 
tion in response to cell stress. If binding of nucleolin to 
GR029A caused a conformational change that enhanced the 
affinity of nucleolin for RPA, this would explain the inhibition 
of replication both in vitro and in cells. To test this hypothesis, 
we carried out immunoprecipitation of HeLa cell extracts with 
an antibody to the 14-kDa subunit of RPA in the absence or 
presence of various GROs. In accord with Daniely and Borowiec 
(20), we could detect nucleolin in the immunoprecipitated pro- 
teins by Western blotting (data not shown). However, the pres- 
ence of GROs at 100-1000 nM final concentration (which was 
sufficient to inhibit in vitro replication) did not significantly 
alter the amount of nucleolin precipitated with anti-RPA anti- 
body. Treatment of HeLa cells with GR029A also did not cause 
significant redistribution of nucleolin from the nucleoli to the 
nucleoplasm (as assessed by immunofluorescent microscopy, 
data not shown). Therefore, there is no evidence to support the 
hypothesis that the nucleolin-RPA interaction is modulated by 
GR029A. 

An alternative mechanism for the inhibition of DNA replica- 
tion in the SV40 system is the inhibition of large T antigen 
helicase activity by GR029A. The ability of T antigen to un- 
wind structures containing G-quartets has been documented 
previously (42); therefore, we postulated that the presence of 
an excess of G-quartet containing oligonucleotide could seques- 
ter the helicase activity and prevent template unwinding and 
replication. To test this hypothesis we carried out T antigen 
helicase assays in the presence of various oligonucleotides. 
Because T antigen has a single-stranded DNA binding domain, 

it is important to demonstrate that any inhibition by oligonu- 
cleotides is specific. Therefore, we first compared inhibition of 
helicase activity by an active GRO (29A) and a nonspecific 
oligonucleotide (NS). Fig. 8A shows that GR029A is signifi- 
cantly more active than NS at inhibiting helicase activity. To 
compare the relative ability of the oligonucleotides used in the 
replication assay to inhibit helicase activity, we carried out 
similar experiments with 50 nM final oligonucleotide concen- 
tration (at which there was a clear difference between GR029A 
and NS). Pig. 8J3 shows the results of these experiments. Oli- 
gonucleotides 29A, 26B, and 26A were active in inhibiting 
unwinding by T antigen, whereas 15A, 15B, and CRO were not. 
The inactivity of CRO (which is the same length as 29A) shows 
that inhibition of helicase activity was not simply a function of 
oligonucleotide length. Comparison of the data in Fig. 8B with 
those shown in Fig. 7 indicates a good correlation between 
inhibition of helicase activity, inhibition of ire vitro DNA repli- 
cation, and inhibition of cell growth. 

DISCUSSION 

GROs are a new type of antiproliferative oligonucleotide with 
considerable potential as therapeutic agents for cancer. Al- 
though the activity of GROs is known to correlate with their 
ability to bind to nucleolin protein, the precise mechanism by 
which they exert their antiproliferative effects is unknown. 
Because nucleolin is involved in many aspects of cell growth, 
proliferation, and apoptosis, knowledge of a putative target 
protein does not necessarily identify the processes that are 
affected by GROs. Further information regarding the pathways 
affected by GROs would facilitate the design of agents that act 
by a similar mechanism that may be even more active or have 
improved pharmacological features, compared with oligonu- 
cleotides. Therefore, in this study we proceeded to explore the 
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FIG. 8. A, helicase assay showing un- 
winding by SV40 large T antigen of a syn- 
thetic oligonucleotide substrate repre- 
senting a replication fork. Lanes marked 
SS and DS are markers representing un- 
wound (single strand 56A) and wound 
(partial duplex 55A/B) substrate in the 
absence of T antigen. Nl is a "no incuba- 
tion" control lane containing substrate 
and T antigen without incubation at 
37 °C. In all other lanes, the helicase re- 
action was allowed to proceed for 15 min 
at 37 °C without competitor (0) or in the 
presence of unlabeled competitor oligonu- 
cleotides 29A or NS at the concentrations 
shown. B, helicase assay showing inhibi- 
tion of substrate unwinding by T antigen 
in the presence of 50 nM concentration of 
competitor oligonucleotide, as indicated. 
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mechanism of GROs by examining their effects on cellular 
processes. 

The conclusions of our studies are that treatment of cells 
with antiproliferative GR029A causes an arrest of cell cycle 
progression in S phase and an inhibition of DNA replication. 
Because DNA synthesis is affected before RNA and protein 
synthesis, we have concluded that this is a primary cause of 
proliferation inhibition. Furthermore, because GROs can also 
inhibit DNA replication in a cell-free assay, we infer that the 
action of the GROs results directly from an effect on a protein 
(or proteins) involved in DNA replication. To investigate the 
hypothesis that GRO effects are mediated by an inhibition of 
DNA synthesis, we have used an in vitro DNA replication 
assay. This assay is based on the replication of a 7.4-kilobase 
pair circular genome that contains an SV40 origin of replica- 
tion (ori), originally described by Li and Kelly (29, 30) and 
modified by Roberts and Kunkel (31). The reaction is initiated 
by SV40 large T antigen, which is required to recognize and 
unwind the ori. Proteins in human cell extracts carry out all 
subsequent steps. Inhibition of replication by GR029A could be 
mediated either by damaging the template or by modulating 
the activity of a protein (or proteins) that is required for repli- 
cation. The former mechanism is unlikely, because the replica- 
tion products of damaged templates show severe inhibition of 
form I DNA but relatively greater amounts of nicked and linear 
DNA (32, 43). The GR029A examined in this study severely 
inhibited the synthesis of all forms of DNA, suggesting inter- 
ference with the proper function of the complex that carries out 
DNA replication (known as the replisome or synthesome). 
Therefore, we investigated the effects of GR029A on the repli- 
cation-associated proteins most likely to be modulated. These 
were the SV40 large T antigen, which is known to bind to and 
unwind G-quartet structures (42), and RPA, which is known to 
bind to nucleolin (20), the putative GRO-binding protein (9). 
Although we could observe the interaction between nucleolin 
and RPA, we found that this was not significantly affected by 
the presence of GROs. On the other hand, the ability of T 
antigen to unwind a synthetic substrate representing a repli- 
cation fork was strongly inhibited by GR029A. Moreover, for a 
series of six oligonucleotides, the relative activity in inhibiting 

T antigen helicase mirrored the relative activity in inhibiting 
DNA replication in vitro and also in inhibiting tumor cell pro- 
liferation. Therefore, it would appear that the antiproliferative 
effects of GROs on cancer cells are mediated by inhibition of 
DNA replication, which in turn may be related to inhibition of 
helicase activity. Of course, SV40 T antigen is not normally 
present in human cells, but GR029A could also be an inhibitor 
of a human replicative helicase, which will most likely share 
similar features with the viral T antigen. The identity of the 
human replicative helicase is still not certain, but a hexameric 
complex of proteins known as minichromosome maintenance 
has been reported to have helicase activity in vitro and is 
generally thought to be a good candidate (44,45). The ability of 
this complex to bind to or unwind G-quartets has not yet been 
reported. 

G-quartet unwinding has been described previously (46-48) 
for a number of helicases, but to our knowledge, this is the first 
report that the presence of G-quartet structures can prevent a 
replicative helicase unwinding its double-stranded substrate. 
Inhibition of helicase activity has been reported for several 
DNA-binding agents, including many antitumor antibiotics 
such as anthracyclines (49-56). In these cases, it is most likely 
that inhibition is caused by the formation of a strong complex 
between the DNA-binding ligand and the template DNA, which 
impede the action of the helicase (49). There is considerable 
evidence that inhibition of helicase activity by such compounds 
may play some role in their anticancer activity (57), but the 
effect of helicase inhibition in cancer cells has not been exten- 
sively studied. 

Nucleolin has been identified by us as a GRO-binding protein 
(9), and by several other groups (58-61) as a G-quartet-binding 
protein. Although the results in this paper do not clearly define 
a link between the molecular effects of GROs and their binding 
to nucleolin, they point to an effect by inhibition of helicase 
activity and DNA replication. Therefore, it is interesting to 
note that nucleolin itself has been reported to have helicase 
activity and is also known as DNA helicase IV (12, 22). In 
addition, nucleolin has been shown to interact with at least 
three components of the DNA replisome complex, namely RPA 
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(20), topoisomerase I (62), and poly(ADP-ribose) polymerase 
(63). 

Our future studies will focus on identification of cellular 
helicases that may be inhibited by GR029A, as well as clarifi- 
cation of the role of nucleolin in GRO activity. Such studies 
could lead to valuable insights into the role of nucleolin in DNA 
replication, as well as further elucidation of the molecular 
mechanisms of GRO effects. 
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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-quartct 
formation of a series of guanosine-rich oligonucleotides, which arc analogues of GR029A, 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) J. Biol Chem. 274, 26369-26377]. The 
GR029A analogues include phosphorothioate (PS29A), 2'-0-mcthyl RNA (MR29A), and mixed DNA/ 
2'-0-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 DNA/2'-(9-methyl analogues are able to significantly inhibit proliferation 
in a number of tumor cell lines, while the 2'-ö-mcthyl RNA has no significant effects. Similar to the 
original oligonucleotide, GR029A, 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 
quadruplex formed by this oligonucleotide. Interestingly, all GR029A 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 (ODNs)1 can inhibit 
expression of a particular gene and hold considerable interest 
to researchers as potential therapeutic agents. The strategies 
by which the ODNs can exhibit such an effect include 
antisense [ODN binding to a specific mRNA sequence (/)] 
and antigene, also known as the triplex or triple helix 
approach [ODN binding to a specific DNA sequence (2)]. 

Recent work has shown that ODNs can also exhibit 
biological effects, which are unrelated to their sequence- 
specific interactions with nucleic acids (3). In particular, 
guanosine-rich oligonucleotides are emerging as a new class 
of nonantisense oligonucleotides whose activity can be 

fThis work was supported by NCI Giants ROTCA42664 and 
RO1CA54380 and U.S. Army Prostate Research Initiative PC970218. 

* To whom correspondence should be addressed. Phone: (502) 562- 
4369. Fax: (502) 562-4368. E-mail: donaldmitomlh.org. 

* University of Alabama at Birmingham. 
s University of Louisville. 
" University of Warwick. 
1 Abbreviations: ODN. oligodeoxynucleotides: GRO, G-rich oligo- 

nucleotide; PBS, phosphate-buffered saline: DMEM. Dulbccco's modi- 
fied Eagle medium; FCS, fetal calf serum: MTT, 3-(4,5-dimethylthiazol- 
2-yl)-2.5-diphenyltetrazolium bromide: CD, circular dichroism; PBC. 
periodic boundary conditions; PME. particle mesh Ewald summation: 
HIV, human immunodeficiency virus. 

related to the formation of G-quartet structure. In addition, 
G-quartet-forming sequences are of interest for other reasons. 
First, this structural motif likely has biological significance 
since genomic sequences from telomeric DNA (4), immu- 
noglobulin switch region sequences (5), the fragile X repeat 
sequences (f>), c-myc oncogene (7), and the insulin-linked 
polymorphic region (8) can form G-quartets in vitro. Second, 
there is also considerable interest in the development of 
molecules that interact with telomeres (which may form 
G-quartets in vivo) in order to inhibit telomerase (9, 10), an 
enzyme thought to be a cancer-specific target (11 — 13). 

Recently, Bates et al. (14) reported that a 29-mer. 
3'-modified phosphodiester oligonucleotide (GR029A), ex- 
erts a potent growth inhibitory effect against several cancer 
cell lines in vitro. This oligonucleotide is stabilized by 
G-quartet formation, and its activity appears to be related to 
binding to a cellular protein, possibly nucleolin. It is likely 
that this growth inhibitory activity is caused by GR029A 
inhibition of one or more of the normal functions of the 
protein. Furthermore, it was shown that the GR029A 
specifically arrests the cells in the S-phase of the cell cycle. 
This arrest is characterized by inhibition of the DNA 
synthesis (15). 

10.1021 /biO 119520 CCC: $22.00     © 2002 American Chemical Society 
Published on Web 02/20/2002 
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Table 1: Synthetic Oligonucleotides 

oligo- 
nucleotide sequence properties 

GR029A 5'-TTT GGT GGT GGT GGT TGT GGT GGT GGT GG-3' 

PS29A 5'- TTT GO T 00 T GO T GG T TO T GO T GO T GGT GG-V 

MRdG29A 5'-UUU GGU GGl) GGU GGU UGH GGU GGl) GGU GG-3' 

MR29A 5'-UUU GGU GGU GGU GGU UGU GGU GGU GGU GG-3' 

29A-OII 5'-TTT GGT GGT GGT GGT TGT GGT GGT GGT GG-3' 

TEL 
CHI 

5'-TTA GGCi TTA GGG TTA GGG TTA GGG-3' 
5'-UUU GGU GGU GGU GGU UGU GGU GGU GGU GG-3' 

CH2 5'-UUU GGU GGU GGU GGU UGU GGU GGU GGU GG-3' 

15B 5'-TTG GGG GGG GTG GGT-3' 

PS 15B S'-TTG GGG GGG GTG GGT-3' 

MR15B       5'-UUG GGG GGG GUG GGU-3' 

P2C 5'-TCT AGA AAA ACT CTC CTC TCC TTC CTC CCT CTC CA-3' 

phosphodicster backbone; 3'-aminoalkyl group 
modification; deoxyguanosines and deoxythymidincs; 
original antiproliferative oligonucleotide 

phosphorothioate backbone: deoxyguanonsies and 
deoxythymidines: analogue of GR029A 

2'-0-mcthyluracil and deoxyguanosines (RNA): 
chimeric analogue of GR029A 

2'-Ö-mcthyluracil and 2'-0-mcfhylguanosmes (RNA); 
analogue of GR029A 

phosphodiester backbone: no 3' modifications: deoxy- 
guanosines and deoxythymidines: analogue of GR029A 

phosphodiester backbone; human telomere sequence 
chimeric 2'-0-methyluracil and deoxyguanosinc (RNA); 

G at position 17 was replaced with 2'-0-methyl G in 
studies determining the importance of the loop region 

chimeric 2'-(7-mcthyhiracil and 2'-(7-mcthylguanosine (RNA); 
G at position 17 was replaced with deoxyguanosinc in 
studies determining the importance of the loop region 

phosphodicster backbone: 3'-aminoalkyl group 
modification; deoxyguanosines and deoxythymidincs; 
control G-rich oligonucleotide with negligible 
antiproliferative activity 

phosphorofhioate backbone; deoxyguanosines and 
deoxythymidines: analogue of 15B 

2'-t>-mcthyluracil and 2'-Omcthylguanosincs (RNA); 
analogue of 1 SB 

unmodified phosphodiester oligonucleotide; control 
mixed sequence 

Because phosphodiester oligonucleotides are extremely 
sensitive to nuclease degradation in biological media, they 
are usually considered unsuitable for experiments in vivo 
and in cell culture systems. Most antisense studies have 
therefore been carried out using modified oligonucleotides, 
including phosphorothioate derivatives (16,17). Despite their 
increased stability, toxicities have been observed in animal 
studies. The major toxicities are thought to be due to the 
polyanionic nature of these oligonucleotides, which allows 
them to bind to numerous cellular proteins. In addition, they 
appear to be immunostimulatory, inducing the expression 
of cytokines and chemokines (17—19). However, despite 
their limitations, there have been numerous studies reporting 
sequence-specific effects of phosphorothioate oligonucleo- 
tides, and these have resulted in several clinical trials (20— 
23). These studies have shown that oligonucleotides can be 
safely administered to humans. 

To fully characterize the antiproliferative activity of G-rich 
oligonucleotides such as GR029A, we have examined 
several analogues with modified sugar—phosphate back- 
bones. Here we present the results of our evaluation of the 
antiproliferative activity, protein binding, G-quartet forma- 
tion, and stability in serum-containing medium of these 
analogues. We have demonstrated that phosphorothioate and 
mixed DNA/2'-0-methyl analogues of GR029A exhibit 
strong antiproliferative activity, which is attributed to their 
ability to bind to the cellular protein, nucleolin, as well as 
their ability to form stable G-quartet structures. The formation 
of G-quartets renders these oligonucleotides extremely stable 
against nuclease degradation, and this stability is maintained 
without additional modifications. This is the first reported 
example, to the authors' knowledge, of 2'-0-methyl RNA 
and mixed 2'-Omethyl RNA:DNA forming G-quartet- 
containine structures. 

EXPERIMENTAL PROCEDURES 

Oligonucleotides. All oligonucleotides were purchased 
from Oligos Etc. (Wilsonville, OR). The integrity of the 
oligonucleotides was verified by 5'-radiolabeling followed 
by analysis on denaturing polyacrylamide gels. Oligonucleo- 
tides were resuspended in phosphate-buffered saline (PBS) 
at a concentration of 500 /<M and annealed by boiling for 5 
min and cooling slowly to room temperature. 

Detection of G-Quartets hy U\>' Spectroscopy. Oligonucleo- 
tides were resuspended in Tm buffer (140 niM KCI, 2.5 mM 
MgCb, and 20 mM Tris-HCl, pH 8.0) at a final concentration 
of 2 «M. Oligonucleotides were annealed by the method 
described above and were further incubated at 4 °C overnight. 
Thermal denaturation—renaturation experiments were carried 
out using an Ultrospec 2000 instrument equipped with a 
Peltier effect heated cuvette holder and temperature controller 
(Amersham Pharmacia Biotech). A temperature range of 25- 
95 °C was used to monitor absorbance at 295 nm at a heating/ 
cooling rate of 0.5 °C/min. 

Circular Dichroism Study. Oligonucleotides, at a final 
concentration of 5 MM or 2.5 pM, were resuspended in 10 
mM sodium phosphate buffer, pH 7.0, containing 0.1 M KCI 
(final volume, 1 mL), were boiled for 5 min, and annealed 
at 60 °C for 56 h. Samples were analyzed on a Jasco J-175 
spectropolarimeter. Spectra were collected over 16 scans at 
100 nm/min, 1 s response time, and 1 nm bandwidth. 
Cuvettes, 4 mm wide, with black quartz sides to mask the 
light beam were used for the measurements. 

Cell Growth Assay. Cells were plated at a density of 10-' 
cells/well in a 96-well plate in Dulbecco's modified Eagle 
medium (DMEM) supplemented with 10% fetal calf serum 
(FCS), which has been heat inactivated for 30 min at 55 °C. 
After 4 h to allow adherence of cells, oligonucleotides were 
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added directly to the culture medium to give a final 
concentration of 10 [M. Cells were further incubated at 37 
°C in 10% C02. Seven days after the addition of oligonucleo- 
tides, cell viability was assayed using the MTT assay (24). 
Culture medium was not replaced during the 7 days. The 
experiments were performed in triplicate, and bars represent 
the standard error of the data. 

Electrophorelic Mobility Shift Assay (EMSA). TEL oligo- 
nucleotide was labeled with ,2P using T4 kinase. Labeled 
oligonucleotide (2 x 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. HeLa nuclear extracts (bandshift grade; 
Promega, Inc., Madison, WI) were added, and samples were 
incubated for an additional 30 min at 37 °C. Preincubation 
and binding reactions were carried out in buffer A (20 mM 
Tris-HCI, pH 7.4, 140 mM KCL 1 mM dithiothreitol, 0.2 
mM phenylmethanesulfonyl fluoride, and 8% v/v glycerol). 
Electrophoresis was carried out using 5% polyacrylamide 
gels in TBE buffer (90 mM Tris-borate and 2 mM EDTA). 

Stability of Oligonucleotides in Cell Culture Medium. 
Labeled oligonucleotides (total of 106 cpm of each) were 
incubated in the cell culture medium (DMEM supplemented 
with 10% FCS, heat inactivated at 55 °C for 30 min) at 37 
°C for 0, 4, 48, 72, and 120 h. At each time point, 10 //L of 
sample was removed, briefly centrifuged, and quick-frozen 
by placement in a dry ice/ethanol mixture. Samples were 
stored at -80 °C until analysis. Prior to analysis, samples 
were quickly thawed out at 37 °C, and 10 ,«L of loading 
buffer (98% deionized formamide, 10 mM EDTA, pH 8.0, 
0.025% bromophenol blue, and 0.025% xylene cyanol FF) 
was added to each sample. Samples were boiled for 5 min 
and placed on ice prior to being analyzed by denaturing 
polyacrylamide gel electrophoresis on a 7 M urea/16% 
polyacrylamide gel. 

Stability of Oligonucleotides in Cytoplasmic Extracts. 
Labeled oligonucleotides (5 x 105 cpm of each) were 
incubated in HeLa S-100 [prepared as previously described 
(25)], 2 fig total protein, at 37 °C for up to 8 h. At each 
time point, 10 //L of sample was removed and quick-frozen 
as above. Samples were analyzed in the same way as for 
the culture medium stability experiments. 

Molecular Modeling of GR029A and Its Analogues 
MR29A and MRdG29A. The dimeric chair model of the 
antiparallel GR029A structure was generated using the 
human telomere solution structure (26). This final model 
generated by the protocol below was modified to produce 
the starting model of the analogous structures, which 
consequently were examined using the same protocol. The 
structure was minimized by steepest descents (1000 steps) 
and Polack-Riberie (2000 steps) conjugated gradient meth- 
ods. The AMBER* force field and the GB/SA implicit water 
continuum solvation within Macromodel 7.0 (27) were used 
for all minimization and molecular dynamics calculations. 
The minimized structure was equilibrated at 300 K for 100 
ps (1.5 fs time step) using molecular dynamics. The final 
structure was generated by averaging a further molecular 
dynamics production phase of 1 ns, sampling at 1 ps in the 
last 50 ps, with subsequent minimization. Fully solvated 
molecular dynamics calculations using AMBER 6.0 with 
PBC and PME are ongoing and will be reported separately. 
The molecular surfaces for Figure 5A were generated in 
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FIGURE 2: Electrophoretic mobility shift assay with 5'-labclcd TEL 
oligonucleotide. Radiolabeled TEL was incubated with nuclear 
protein extract alone or in the presence of unlabeled, competitor 
O-rich oligonucleotides and control. Oligonucleotide samples were 
incubated in buffer A (20 mM Tris-HCI, pH 7.4, 140 mM KCL 1 
mM dithiothreitol. 0.2 mM phenylmethanesulfonyl fluoride, and 
8% v/v glycerol) and elecirophoresed on 5% polyacrylamide gels 
in TBE buffer. Band A* represents a complex formed between the 
TEL and the protcin(s). which is competed specifically by active 
GROs. 

1NS1GHTII (2ti). Analysis of the grooves of GR029A, 
MR29A, and MRdG29A was done using GrooveView (29). 
This program generates the molecular surfaces of the region 
of interest and provides cross-section slices (1.6 Ä apart) of 
the surface perpendicular to the groove axis (Figure 5B). 

RESULTS 

Modified G-Rich Oligonucleotides Inhibit Cancer Cell 
Proliferation in Cell Culture. The oligonucleotides were 
tested for antiproliferative activity in three cancer cell lines, 
derived from cervical (HeLa), breast (MDA-MB 231), and 
prostate (DU 145) carcinomas. The structure and modifica- 
tions of all oligonucleotides are described in Table 1. These 
oligonucleotides included a phosphorothioate analogue, a full 
2'-0-methyl RNA analogue, and an analogue with deoxy- 
guanosines and 2'-Omefhyluridines. The original GR029A 
was the only one with 3' amino group modification. We also 
tested 29A-OH, a phosphodiester analogue without the 3'- 
propylamino group, to determine whether 3' modification 
was necessary for oligonucleotide stability. Control oligo- 
nucleotides were analogues of GR015B. which was previ- 
ously found to have very weak antiproliferative activity (14). 

Figure 1A demonstrates the growth inhibitory activity of 
the various oligonucleotides as measured by the MTT assay, 
which determines the relative number of viable cells. In each 
of the cell lines tested, we observed that the GR029A 
analogues PS29A, MRdG29A, and 29A-OH had similar or 
greater growth inhibitory activity compared to GR029A. The 
analogue containing all 2'-0-methyl RNA nucleotides, 
MR29A, was inactive or had only weak antiproliferative 
activity. Of the control oligonucleotides, GROISB had a 
much weaker antiproliferative effect, as expected, and the 
2'-0-methyl RNA (MR15B) control had a similar effect. 
However, the phosphorothioate control (PS15B) had signifi- 
cant antiproliferative effect that equaled or exceeded that of 
PS29A. Possible explanations for this observation will be 
discussed below. 



3680   Biochemistry, Vol. 41, No. 11 2002 

0.16 

©apie et al. 

0.06 4 
25       35       45       55       65       75        85       95 

Temperature (°C) 

25       35       45       55       65       75       85       95 
Temperature (°C) 

0.2 i 

0.18 

§    0.14 

0.12 

0.1 

0.06 
25 

PS29A T_=76.25 

25       35       45       55       65       75       85       95 
Temperature (°C) 

35      45       55      65 
Temperature (°C) 

26       35      45       66      65      75      85      96 
Temperature (°G) 

0.06 \ 
25      35       45      55      65      75       85      95 

Temperature (°C) 

25        35       45        55        65       75       85       95 
Temperature (°C) 

25 35      45      55      65      75 
Temperature (°C) 

FlGURii 3: G-quartet formation of G-rich oligonucleotides assessed by UV thermal renaturation studies. The oligonucleotide name is shown 
in the upper right comer of each graph. Experiments were carried out in Tm buffer (20 mM Tris-HCl, pH 8.0, 140 mM KCI. and 2.5 mM 
MgCl2). ND = not detected. 

We also determined the GLo (50% growth inhibition) for 
the active oligonucleotides. In HeLa cells treated with a 
single dose of oligonucleotide and assayed after 7 days, the 
GIJO values were similar for GR029A, MRdG29A, and 
PS29A (4 /M; see Figure IB). 

Relationship between Growth Inhibitory Activity and 
Protein Binding. It was previously reported (14) that the 
antiproliferative activity of G-rich oligonucleotides correlated 

with their ability to bind to a specific cellular protein, which 
also binds to the human telomere sequence oligonucleotide. 
To test whether the antiproliferative activity of the GR029A 
analogues is also related to binding to this protein, we used 
a competitive electrophoretic mobility shift assay (EMSA). 
5'-Radiolabeled TEL oligonucleotide (a G-quartet-forming 
oligonucleotide) representing the human telomere sequence 
was incubated with HeLa nuclear extracts alone or in the 
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presence of unlabeled competitor oligonucleotide, and the 
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 GR029A ana- 
logues with antiproliferative activity (PS29A and MRdG29A) 
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 GR029A 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 
GR029A 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 
level of nonspecific protein binding compared to phosphodi- 
ester oligonucleotides (17, 19). Because the PS analogue of 
GR029A 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 GR029A-like effects. 

Modified G-Rich Oligonucleotides Form G-Quartets. The 
failure of MR29A, the i'-O-methyl oligonucleotide, to inhibit 
the growth of cells may be a result of a number of factors. 
One explanation would be that the 2'-0-methyl RNA could 
not form G-quartet structures. Alternatively, it may form a 
G-quartet structure, which is significantly different from that 
of GR029A, and therefore would not be a substrate for 
binding to the active GRO-specific protein. 

To investigate the possibility that the 2'-0-methyl RNA 
analogue cannot form G-quartets, we have analyzed G- 
quartet formation of all GR029A analogues. A UV thermal 
denaturation—renaturation method described by Mergny et 
al. (30) was employed for this study. This method is based 
on the fact that dissociation of antiparallel G-quartets (those 
formed in folded dimeric or monomeric molecules) leads to 
decreased absorbance at 295 nm. Figure 3 shows the 
annealing curves for the oligonucleotides tested. G-quartet 
formation is indicated with a clear transition, as seen for 
GR029A. which has a melting temperature of approximately 
63 °C. MRdG29A, MR29A, and PS29A all showed a similar 
profile to the one observed for GR029A, with similar or 
slightly higher Tm. This profile was reversible, with a small 
hysteresis (2—3 °C difference between heating and cooling 
curves). None of the control GR015B analogues exhibited 
transitions consistent with G-quartet formation, even though 
they contain contiguous runs of guanosines. We also tested 
the melting of this oligonucleotide by monitoring the 
absorbance at 260 nm, which would indicate parallel 
tetrameric quadruplet formation, but that also did not show 
the presence of G-quartet structure. 

Circular Dichroism Evaluation of'G-Quarteis. The method 
used to detect Tm for the oligonucleotides has been shown 
to be specific for antiparallel G-quartets. We further wanted 
to test the folding of GR029A and its analogues by 
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FIGURE 4: (A) CD spectra of MR29A. 29A-OH. 29A. MRtlG. and 
PS29A. CD data were obtained with a 5 ,«M strand concentration 
in the presence of 0.1 M KC1 at 25 °C. (B) CD spectra of CRO, 
mix, and 29A oligonucleotides (2.5 «M 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 (.?/). However, we have found (Bates and Rodger, 
unpublished data) that some G-quartets blown to form in 
the antiparallel orientation exhibit the classical parallel 
G-quartet spectra with a positive 264 nm peak. Jing et al. 
reported a similar finding (32), where analysis of a potent 
anti-HIV oligonucleotide T30177 showed CD spectra con- 
sistent with parallel G-quartets. However, this oligonucleotide 
forms antiparallel G-quartets. 

G-rich oligonucleotide 29A appears to fall into this 
category. The CD spectrum (Figure 4A) shows that 29A 
exhibits a strong 264 nm peak characteristic of G-quartets. 
This signature peak is absent in mixed sequence or C-rich 
oligonucleotides (Figure 4B). Figure 4A further shows that 
all of the GR029A modified analogues have negative 
ellipticity minimum at 240 nm and a positive ellipticity 
maximum at 264 nm. MR29A has a slight shift with an 
additional minor peak between 300 and 310 nm. The 
difference is most likely due to the 2'-0-methyl groups 
contributing to the different stacking of G-quartets. 

Molecular Modeling of' GR029A Analogues. To investi- 
gate whether the structure of the G-quartet species formed 
by inactive MR29A was different from that formed by 
GR029A and MRdG29A, we earned out molecular model- 
ing studies. The molecular dynamics simulations produced 
stable models for GR029A, MR29A, and MRdG29A, which 
are consistent with all experimental data (Figure 5A). The 
models were similar with respect to G-quartet stability and 
overall structure but had major differences in their topological 
features. The cross sections of the solvent-accessible surface 
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of the circled regions in Figure 5 A are shown in Figure 5B. 
The quadruplex grooves of GR029A and MRdG29A had 
similar characteristics, whereas in the case of MR29A, the 
depth and shape of the grooves were considerably altered 
by the effect of the 2'-0-methyI sugar substituents of the 
guanosines. The effect of the 2'-0-methyl groups in MR29A 
is to change the nature of the grooves, thus making the four 
grooves significantly different. This is typified by the fact 
that the region of the curve chosen for the analysis does not 
have the 2'-0-methyl groups located in that groove, so the 
narrowing of the groove is not simply due to "filling" the 
groove with the substituents. The average depth of this 
groove region for GR029A and MRdG29A is approximately 
5 Ä whereas the groove in MR29A ranges from 0 to 2 Ä. 

Illl 
6 
a 
o 

MOM Off CM UntaM 

OlBonuclooddeeflOi** 

FIGURE 6: Loop region sradics. Loop region studies were carried 
out with chimcric G-rich oligonuclcotidcs. Base substitutions arc 
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. 

Table 2: Guanosines in the Quartet Core and Loop Regions 

olijionucleotide quartet core loop activity 

GR029A dcoxyguanosincs deoxyguanosines ++++ 
MRdG29A deoxyguanosines 2'-0-methyl RNA ++++ 
MR29A 2'-0-mcthyl RNA 2'-0-mcthyl RNA - 
CHI deoxyguanosines 2'-0-methyl RNA ++++ 
CH2 2'-0-mcthyl RNA deoxyguanosines — 

Study of the Loop and G-Quartet Region of MR29A and 
MRdG29A. To exclude the possibility that the activity of 
MRdG29A was a result of differences in the loop rather than 
G-quartet structure, we designed two chimeric oligonucleo- 
tides, CHI and CH2, where CHI had deoxyguanosines in 
the G-quartet region and 2'-0-methylguanosines in the loop 
region. Both chimeric oligonucleotides were tested in cell 
growth assay (MTT) using the HeLa cell line to determine 
their antiproliferative activity following the substitutions 
(Figure 6). The activity of CHI was not diminished due to 
the change in sequence, while CH2, which had 2'-0- 
methylguanosines in the G-quartet core and deoxyguanosines 
in the loop region, had no antiproliferative activity (see Table 
2). This allowed us to conclude that the loop is unlikely to 
play a direct role in the activity. 

Stability of G-Rich Oligonucleotides in Serum-Containing 
Medium and Cellular Extracts. The poor stability of unmodi- 
fied oligonucleotides in vivo presents one of the major 
obstacles in their development as potential therapeutic drugs. 
Therefore, we investigated the stability of unmodified and 
modified oligonucleotides in serum-containing medium as 
well as in cellular extracts. 

Figure 7A shows that all of the G-quartet-forming oligo- 
nucleotides were stable in serum-containing medium for at 
least 72 h. We also tested 29A-OH, a phosphodiester 
analogue of GR029A without the 3' modification, and 
compared it to a random oligonucleotide P2C, which has no 
detectable secondary structure. The G-quartet forming oli- 
gonucleotide, 29A-OH, was stable for over 5 days while the 
P2C oligonucleotide was degraded within 1 h of being added 
to the serum-containing medium (Figure 7B). Similar indica- 
tions of stability were obtained when oligonucleotides were 
tested in S-100 extracts of HeLa cells (not shown). All 
G-quartet-forming oligonucleotides were completely unde- 
graded after 8 h at 37 °C in the presence of 2 fjg of protein 
extract. 
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It is most remarkable that 29A-OH, an unmodified 
phosphodiester oligonucleotide, is stable for over 5 days in 
serum-containing medium. Since phosphodiester oligonucleo- 
tides (e.g., P2C) are generally degraded within minutes under 
such conditions, it appears that G-quartet formation is 
extremely important for oligonucleotide stability. Presum- 
ably, the folded structure of 29A-OH prevents access by 
nucleases. It is also possible that the novel structure formed 
by these oligonucleotides is unrecognized by any helicases, 
which may unravel them. The high stability of GR029A and 
its analogues also suggests that the intact oligonucleotide, 
rather than a degradation product, is the active species. 

In fact, the potential therapeutic success of any oligo- 
nucleotide therapy will depend on the ability of the oligo- 
nucleotide to remain intact under in vivo conditions. Our 
results suggest that any of the GR029A analogues tested 
would have sufficient stability in vivo to make them 
therapeutically useful. 

Another G-quartet-forming oligonucleotide with a phos- 
phodiester backbone (except for two terminal phosphorothio- 
ate linkages) has also been reported to have a high biological 
stability due to its tertiary structure (33) and is currently being 
tested as an anti-HIV agent (34). 

DISCUSSION 

We have studied the protein binding characteristics and 
cell growth inhibitory effects of G-rich oligonucleotides that 
are backbone-modified analogues of the antiproliferative 
oligonucleotide, GR029A. Previous work has identified the 
protein binding ability of GR029A (74), and more recently, 
it was shown that this oligonucleotide can arrest the cells in 
the S-phase and inhibit DNA replication (75). The results 
of the present studies show that some, but not all, of the 
modified analogue oligonucleotides have strong antiprolif- 
erative effects against several cancer cell types. It is likely 
that these effects are not due to any antisense or antigene 
activity but rather are related to their specific secondary 
structure and its recognition by cellular proteins. 

Previous reports have indicated that the nonantisense 
effects of G-rich oligonucleotides are related to their second- 
ary structure (G-quartets) and protein binding (35, 36). By 
employing UV and CD spectroscopy, we have detected a 
characteristic melting curve, indicating G-quartet formation 
by all modified GR029A analogues tested. To our knowl- 
edge, this is the first report of full 2'-0-methyl RNA and 
mixed 2'-0-methyl RNA:DNA sequences being able to form 
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G-qiiartets. Interestingly, a recent paper showed that mRNA 
sequences involved in synaptic function or dendritic growth 
are capable of forming G-quartets. Moreover, these sequences 
were specifically targeted by the FMRP, a protein absent in 
the fragile X syndrome (57). This suggests a possible in vivo 
role for G-quartet formation by RNA sequences. 

However, the presence of G-quartet formation was not 
sufficient for antiproliferative activity, since MR29A, which 
forms G-quartets, had no significant activity. Significant 
growth inhibitor}' activity was only observed for those 
G-quartet-forming oligonucleotides that could also compete 
for binding to a specific cellular protein(s) in a mobility shift 
assay. This supports our hypothesis that antiproliferative 
activity is mediated by binding to the protein. 

Sequences containing G-quartets have been shown to bind 
to numerous cellular proteins (5, 14, 38-40). This relation- 
ship could be a part of transcriptional regulation, a general 
regulation of gene expression, telomere maintenance, and 
cell growth regulation. The proposed interaction site between 
GR029A and the cellular protein(s) involves the core 
G-quartet region of the dimeric oligonucleotide structure. 
This is based on the structure-activity relationship we have 
developed with a number of substitutions in the G-quartet 
and loop regions. Therefore, a change in the structure of the 
G-quartet region should significantly alter the protein binding 
and antiproliferative activity. This is a possible explanation 
for the inability of MR29A to compete for protein and inhibit 
cell growth. Molecular modeling studies of GR029A, 
MR29A, and MRdG29A demonstrated that the G-quartet 
regions are similar with respect to helical twist, rise, and 
sugar and phosphate backbone conformation, while the nature 
of the groove changes considerably depending on backbone 
type (Figure 5). These results indicate that oligonucleotide— 
protein interaction is highly selective and sensitive to change. 
Although, in this report, we did not specifically identify the 
protein which interacts with the oligonucleotides, there is 
evidence from our previous work that this protein is nucleolin 
(14). Nucleolin has previously been reported to bind to 
G-quartet sequences from telomeres (41), IgG switch regions 
(5, 42) and ribosomal genes (40, 43). as well as GR029A 
(14), but its function as a G-quartet binding protein is not 
yet understood. The mechanism by which GR029A binding 
to nucleolin can inhibit cell growth is still under investigation. 
The results presented in this report, however, confirm the 
importance of the specific G-rich oligonucleotide binding 
protein in the growth inhibitory properties of these oligo- 
nucleotides. 

Our studies have also suggested that phosphodiester 
oligonucleotides may be the most useful backbone type for 
the development of therapeutic agents based on GR029A. 
Although not generally considered to be suitable for in vivo 
use, due to their rapid degradation in serum, the stability of 
phosphodiester analogue of 29A is dramatically increased 
relative to that of non-G-quartet-forming oligonucleotides. 
This most likely reflects the very compact structure, which 
is assumed by these oligonucleotides, which is further 
stabilized by G-quartet formation. 

Phosphorothioate oligonucleotides have been extensively 
tested in vivo and represent an alternative to phosphodiester 
ODNs. Even though PS29A has a similar efficacy compared 
to GR029A, the phosphodiester molecule may have signifi- 
cant advantages over the phosphorothioate due to an expected 
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decrease in nonspecific toxic side effects. The side effects 
seen with phosphorothioate oligonucleotides are most likely 
due to their polyanionic nature and their ability to stimulate 
the immune system (17). These toxicities are expected to be 
significantly reduced for phosphodiester oligonucleotides. 
The activity of the control phosphorothioate PS15B dem- 
onstrates that the mechanism of phosphorothioate effects may- 
be very different (and less specific) from that of GR029A. 

Although full substitution of GR029A with a 2'-(9-methyl 
RNA backbone type abrogates antiproliferative activity, 
substitution of dT bases with 2'-0-methyluridine does not 
significantly reduce activity. Therefore, the mixed backbone 
oligonucleotide MRdG29A may also represent a promising 
molecule for therapeutic development. 

While the exact mechanism of action of GR029A and its 
analogues is still being investigated, it is likely that their 
growth inhibitory activity is related to their ability to bind 
one or more cellular proteins. It is clear that the ability of 
these oligonucleotides to form G-quartets and to bind to the 
cellular protein is related to their profound effects on cancer 
cell proliferation. It is important to stress that both of these 
characteristics are necessary for their activity but neither is 
sufficient by itself. 
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