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Abstract 

A cancer in general is a multifactorial process. Targeting a single factor may not be optimal in 

therapy for single agents are limited by incomplete efficacy and dose-limiting adverse effects. 

Combination pharmacotherapy or ‘drug cocktail’ therapy has found its appealing value against 

many diseases including cancers. We report an innovative decoy oligodeoxynucleotides (dODN) 

technology that we term complex decoy oligodeoxynucleotides (cdODNs) in which multiple cis-

elements are engineered into single dODNs directed attacking multiple target transcription 

factors, mimicking ‘drug cocktail’ approach. We designed dODNs targeting NF-κB, E2F and 

Stat3 separately, and a cdODN targeting NF-κB, E2F and Stat3 concomitantly. We evaluated 

effects of this cdODN on expression of cancer-related genes, viability of human cancer cell lines 

and in vivo tumor growth in nude mice. The cdODN targeting all NF-κB, E2F and Stat3 together 

demonstrated more than two-fold enhancement of the efficacy and two orders of magnitude 

increases in potency, compared with each of the dODNs or the combination of all three dODNs. 

The cdODN also showed earlier onset and longer-lasing actions. Most strikingly, the cdODN 

acquired the ability to attack multiple molecules critical to cancer progression via multiple 

mechanisms leading to elimination of regression. Real-time RT-PCR revealed that the cdODNs 

knocked down expressions of the genes regulated by the target transcription factors. The cdODN 

strategy offers resourceful combinations of varying cis-elements for concomitantly targeting 

multiple molecules in cancer biological processes and opens the door to ‘one drug-multiple 

targets’ therapy for a broad range of human cancers. 
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Introduction 

Cancers, like most other human diseases, are multifactorial and multistep processes, progressing 

by the accumulation of genetic abnormalities in somatic cells, allowing them to escape from 

control mechanisms involved in cell differentiation, growth, and death. Targeting a single factor 

(molecule) may not be adequate and certainly not optimal in cancer therapy for single agents are 

limited by incomplete efficacy and dose-limiting adverse effects. If related factors are 

concomitantly attacked, better outcomes are expected and the current combination 

pharmacotherapy was developed for this reason, a combination of two or more drugs or 

therapeutic agents given as a single treatment that successfully saves lives. The ‘drug cocktail’ 

therapy of AIDS is one example of such a strategy (Henkel, 1999) and similar approaches have 

been used for a variety of other diseases including cancers (Charpentier, 2002; Konlee, 1998; 

Kumar, 2005; Lin et al., 2005b; Nabholtz and Gligorov, 2005; Ogihara, 2003). However, the 

current ‘drug-cocktail’ therapy is costly and may involve complicated treatment regimen, 

undesired drug-drug interactions and increased side effects as well (Konlee, 1998). There is a need 

to develop a strategy to avoid these problems and ‘one drug−multiple targets’ strategy is highly 

desirable. However, it is nearly impossible to confer single compounds the ability to act on 

multiple target molecules with the traditional pharmaceutical approaches or the currently known 

antigene strategies. 

The decoy oligodeoxynucleotides (dODN) technology involves synthetic double-stranded 

ODN containing a cis-element with high affinity for a target transcription factor (TF) but with 

low affinity for non-target TFs, which can bind the TF after being introduced into target cells and 

attenuate authentic cis-trans interaction, leading to removal of trans-factors from the endogenous 

cis-element with subsequent modulation of gene expression (Morishita et al., 1995 & 1997). It is 
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known that TFs bind to a cis-element in a cooperative manner, where one molecule of TF binds 

weakly, but multiple molecules of the same TF engage in protein-protein interactions that 

increase each of their bindings to the cis-element. To facilitate TF binding to a dODN, one can 

elevate molar concentration of dODNs, but this may well elicit toxicity. Alternatively, one can 

engineer multiple consensus sites into one dODN so that one molecule of dODN could provide a 

number of binding sites for the target TF, even at lower concentrations. For the sake of clarity, 

we name here the originally defined dODN simplex decoy ODN (sdODN) since it generally 

contains only one binding site for a TF, and the dODN that incorporates multiple binding sites 

for multiple TFs complex decoy ODN (cdODN). In this study, we compared the effects of 

sdODNs targeting NF-κB, E2F or Stat3 separately and a cdODN targeting the three oncoproteins 

simultaneously on tumor cell growth and expression of cancer-related genes, and demonstrated 

the superiority of the latter over the former. 

Materials and Methods 

Preparation of decoy ODNs. Single-stranded phosphorothioate oligodeoxynucleotides were 

synthesized by IDT incorporation (Coralville, IA). The ODNs were washed in 70% ethanol, 

dried and dissolved in sterilized Tris-EDTA buffer (10 mM Tris + 1 mM EDTA). The 

supernatant was purified using Micro Bio-spin30 columns (BioRad, Hercules, CA) and 

quantified by spectrophotometry. The double-stranded dODNs were then prepared by annealing 

complementary single stranded oligodeoxynucleotides (Figure 1) by heating to 95oC for 10 min 

followed by cooling to room temperature (RT) slowly over 2 h.  

Cell culture. Human breast cancer cell lines SKBr-3 and MCF-7 were grown in McCoy’s 5a 

medium, and A549 human lung cancer cells were grown in the Ham’s F12K medium (Wang et 

al., 2002). All the cells and media were purchased from ATCC (Manassas, VA). 
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Electrophoresis mobility shift assay (EMSA). The dODNs were labeled by mixing 4 µl 

(50 ng) annealed dODNs with 4 µl T4 kinase buffer (5x), 1 µl DTT (0.1 M), 6 µl γ-p32-ATP, 3 

µl ddHB2BO and 2 µl T4 kinase. The sample was incubated at 37ºC for 1 h and then 80 µl TE (10 

mM Tris-HCL pH 8.0) was added to complete the reaction. The sample was then loaded into the 

G-25 column and centrifuged at 7000 g for 2 min. The nuclear extract of human cancer cell lines 

SKBr-3 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Binding reactions 

were carried out at RT for 15 min in a buffer containing 1.2 µg nuclear extracts in 10 µl HB2BO and 

8 µl of master mix (12x) containing 1 M Tris-HCl (pH7.5), 0.5 M EDTA, 5 M NaCl, 1 M DTT, 

50% glycerol, 100 µg/µl BSA, and 1 µg/µl poly dIdC. For super shift experiment, antibodies (1 

µg; anti-NF-κB/p65 antibody from Santa Cruz, and anti-E2F and STAT3 from Cell Signaling) 

were included in the reaction, and for competition experiments, unlabeled dODNs in 100-fold 

excess of the labeled dODNs were added in the binding reactions. Then, 2 µl (100,000 cpm/µl) 

P

32
PP-labeled dODNs were added to the reaction and incubated for another 15 min at RT, followed 

by addition of 2 µl loading dye. DNA–protein complexes were separated by non-denaturing 

polyacrylamide gel (7.5% in 0.4 x TBE) electrophoresis. Gels were dried and analyzed with 

Typhoon image system (Amersham Bioscience) and quantified with ImageQuant software 

(Version 5.2).  

Decoy ODN transfection. The cells were transfected with different concentrations of 

dODNs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). For viability study, cells were 

seeded in 96-well tissue culture plates. At 50% confluence, the cells were washed with serum-

free medium once and then incubated with 50 µl fresh fetal bovine serum (FBS)-free medium. 

Decoy ODNs of varying concentrations and lipofectamine (0.25 µl) were separately mixed with 

25 µl of Opti-MEM® I Reduced Serum Medium (Gibco, Grand Island, NY) for 5 min. Then the 
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two mixtures were combined and incubated for 20 min at RT. The lipofectamine:dODNs mixture 

was added dropwise to the cells and incubated at 37°C for 5 h. Subsequently, 25 µl fresh medium 

containing 30% FBS was added to the well and the cells were maintained in the culture until use, 

either for cell growth assays or for RNA extraction. 

Subcellular localization of transfected dODNs. The dODNs were labeled with Alexa Flour 

488 using ULYSISP

®
P Nucleic Acid Labeling kits (Invitrogen). The labeled dODNs were purified 

with micro Bio-spin30 columns (BioRad). The cells grown on sterile coverslips in 12-well plate 

were transfected with the dODNs, as described. At the selected post-transfection time points, the 

cells were washed twice with phosphate-buffered saline (PBS) and fixed with 2% 

paraformaldehyde for 20 min. In order to visualize nuclear DNA, the fixed cells were 

equilibrated in 2 x SSC solution (0.3 M NaCl, 0.03 M sodium Citrate, pH 7.0) and incubated 

with 100 µg/ml DNase-free RNase in 2 x SSC for 20 min at 37°C. The sample was rinsed three 

times in 2 x SSC and incubated with 5 µM propidium iodide (PI, Invitrogen) for 30 min at RT. 

The coverslips were mounted onto slides with DABCO medium. The samples were examined 

under a laser scanning confocal microscope (Zeiss LSM 510) with Alexa Flour 488 (excitation at 

492 nm and emission at 520 nm) or with PI (excitation at 535 nm and emission at 617 nm). The 

images were analyzed by Zeiss LSM software suite. 

 Real-time RT-PCR. RNA was isolated with RNeasy® Mini Kit (Qiagen), according to the 

manufacturer’s protocols and treated with DNase I to remove genomic DNA. TaqMan 

quantitative assay of transcripts was performed with real-time two-step reverse transcription 

PCR (GeneAmp 5700, PE Biosystems), involving an initial reverse transcription with random 

primers, as previously described (Pang et al., 2003). Human GAPDH control reagents (Applied 

Biosystems) were used as internal controls.  
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Determination of cell viability. Cell viability was determined by three methods, as 

previously described in detail (Wang et al., 2002; Ji et al., 2004; Lin et al., 2005b). In the first 

method, cells were seeded in 96-well tissue culture plates. At 50% confluence, the growth of 

cells was synchronized in defined serum-free medium for 5 h. The cells were then transfected 

with decoy ODNs as described above. Sixteen hours later, the cells were washed with PBS, 

harvested by trypsinization and suspended in 100 µl medium. Ten µl cell suspension was used 

for manual counting using hemacytometer (Sigma-Aldrich, Horsham, PA) and the counting for 

each sample was performed in duplicate.  

In the second method, cell proliferation was assessed by characterizing the log phase growth 

with population doubling time (PDT) calculated by the equation: 1/(3.32 x (logNBHB − logNBIB)/(tB2B − 

tB1B), where NH is the number of cells harvested at the end of the growth period (tB2B) and NBIB is the 

number of cells at 5 h (tB1B) after seeded (Wang et al., 2002). 

The third method used to determine cell viability in our study was the WST-1 kit (Roche, 

Penzberg, Germany).Briefly, 18 h after treatment with dODNs, cells were washed with PBS and 

grown in 100 µl fresh culture medium plus 10 µl WST-1 reagent for 30 min. The absorbance was 

measured at 425 nm using a Spectra Rainbow microplate reader (TECAN, Austria) with a 

reference wavelength of 690 nm. 

Subcutaneous (s.c.) tumor xenografts and assessment of growth. The procedures were 

similar to previously described (Ji et al., 2004). Four-week-old female BALBc nu/nu nude mice 

(Charles River Laboratories, Willington, MA) were housed five/cage in a pathogen-free 

environment 
Punder controlled conditions of light and humidity in the Animal House of Harbin 

Medical University on a standard sterilizable laboratory diet. Mice were quarantined one week 

before experimental manipulation and at the end of the quarantine SKBr-3 cells (5x10P

6
P) were 
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inoculated subcutaneously (s.c.) to the left dorsal flank of mice. When tumor size reached ~50 

mmP

3
P (about 7 days post-inoculation), animals were randomly divided into five groups and NF-

κB1, E2F1, Stat31, a scrambled ODN, separately, co-application with all three sdODNs or NES 

was administered daily by a single intratumoral injection (20 µl of 100 nM dODNs mixed with 

lipofectamine-2000). Tumor growth was monitored regularly and the volumes (V) of tumors at 

day 7 after dODN treatment was calculated using the formula V = 1/2 x length x (width)2
P. All 

operative procedures and animal care strictly conformed to Guidelines set by the Animal Ethics 

Committee of the Harbin Medical University. 

Measurement of uptake of fluorescent dODNs. One day before treatment, SKBr-3 cells 

were plated in 24-well format with 1 X 105 cells/well in 500 µl. On the day of treatment, the cells 

were incubated with FITC-labeled phosphorothioate ODNs (100 nM and 1 µM), in the presence 

of Lipofectamine 2000 for 4 h. Following incubation, the cells were harvested with PBS-EDTA 

and washed twice with PBS, and then soaked in TBS + 50 mM glycine (10 min). The amount of 

internalized phosphorothioate ODNs was determined by flow cytometry. The concentration of 

ODNs associated with SKBr-3 cells was estimated by interpolation from a standard curve of 

known FITC (Molecular Probes, Eugene, OR).  

For measurement of intracellular cdODN concentration in tumor cells from the nude mice, 

xenograft pieces were dissected from the animals injected with NES (100 nM):lipofectamine mix 

for 3 days and 7 days. The preparation was minced and then digested with 0.5 mg/ml collagenase 

type IV (SIGMA Chemical Co) at 37°C. Cells were dispersed by trituration and washed three 

times with PBS. The amount of cell-associated phosphorothioate ODNs was determined by flow 

cytometry, as described above.  
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Control experiments. For all experiments, negative control (NC) was performed with NC1, 

NC2 or NC3 ODNs (Figure 1). Specifically, for experiments involving sdODNs, NC1 was used 

and for those with cdODNs, NC2 was used. Additional control was carried out with NC3 as 

specified. The data presented were all normalize to their respective NCs. 

Statistical analysis. Group data are expressed as mean ± S.E. Statistical comparisons 

(performed using ANOVA followed by Dunnett’s method) were carried out using Microsoft 

Excel. A two-tailed p< 0.05 was taken to indicate a statistically significant difference. Nonlinear 

least square curve fitting was performed with GraphPad Prism.    

Results 

Design of the cdODN. We designed a series of dODNs with consensus sequences for NF-κB, 

E2F and Stat3 (Figure 1), and evaluated the effects of these dODNs on gene transcription, tumor 

cell growth and in vivo tumor growth. For convenience, we labeled the sdODNs containing only 

one cis-element NF-κB1, E2F1 and Stat31, and the cdODNs containing three identical cis-elements 

NF-κB3, E2F3 and Stat33. We also integrated the cis-elements for NF-κB, E2F and Stat3 together 

into one cdODN molecule which we designated NES. The criteria for selecting these oncoproteins 

for targeting are two-fold. First, these TFs play critical roles in cancer generation and progression 

and the feasibility of dODNs targeting these TFs as therapeutic agents for human cancers have 

been documented (Ahn et al., 2003; T Chan et al., 2004; Dolcet et al., 2005; Leong et al., 2004; 

Mann et al., 1999; Xi et al., 2005; Yokoyama et al. 2005). Use of these TFs should facilitate the 

comparison between the sdODNs and cdODN. Second, more importantly, we aimed to attack 

concomitantly multiple processes determining tumorigenesis and cancer progression. NF-κB is 

known to antagonize apoptosis and promote cell proliferation, E2F is the major factor for the 

regulation of cell cycle progression, and cumulative evidence supports a role for aberrant Stat3 
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activation in transformation and tumor progression partly due to its anti-apoptotic effects via 

repression of p53. By removing the trans-actions of these TF oncoproteins, one expects to 

produce a strong anti-proliferation and proapoptotic thereby anti-cancer profile.  

The rules for designing cdODNs were set to ensure high affinity, high specificity and short 

length principles. First, each of the cis-elements contained 100% homology to the consensus core 

sequences for the target TFs and optimal matrix similarity. Second, multiple cis-elements were 

organized in a way that should produce the least non-specific binding to non-targeted TFs and this 

is one of the reasons that the E2F cis-element was placed to the antisense strand of the cdODN 

(NES, Figure 1). And third, the length of cdODNs was limited to as short as possible without 

affecting TF binding because short ODNs might be easier to enter into the cell and nucleus and 

should have less chance to allow for binding by non-target TFs. This is another reason why in 

NES design, the cis-elements were arranged into both the sense and antisense strands of our NES 

cdODN.  We used the Genomatix™ to predict the specificities towards their respective TFs to 

obtain optimal organization and length of multiple cis-elements in one cdODN. Their ability to 

bind with the target TFs was examined by EMSA as to be described in a later section. Scrambled 

and mutated dODNs were also designed for negative control experiments (Figure 1). 

Concentration-dependence of anti-growth effects. To examine the above notion, we 

evaluated the effects the cdODNs on viability of SKBr-3 human breast cancer cells, as compared 

with those of the sdODNs (Figure 2), since SKBr-3 cells have been shown to express the target 

oncoproteins (Li et al., 2004; Lun et al., 2005). The dODNs produced concentration-dependent 

abrogation of cell numbers, as determined 18 h after transfection of dODNs (see the next section 

for time-dependence of the effects). Both the homomeric (carrying multiple identical cis-

elements) and heteromeric (carrying multiple distinct cis-elements) cdODNs demonstrated 
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remarkably greater efficacies and potencies of actions in suppressing cell growth. These were 

reflected by the downward shifts of dose-response curves with cdODNs relative to with sdODNs. 

Specifically, the cdDNAs had nearly 2-fold greater maximum effects than sdDNAs, and even 

greater intensification (3-fold) was found with NES. The negative controls with scrambled 

ODNs (NC1 and NC2) did not produced any changes, but NC3 (the mutated NES with 

nucleotides substitutions) elicited slight depression of cell growth (p>0.05).  

The ICB50B was reduced by one order of magnitude with the homomeric cdODNs compared 

with their relative sdODNs, and NES further reduced the ICB50B value by another order of 

magnitude to the pico-molar concentration range (Figure 2). This is particularly important 

because the scrambled ODN for negative control (both NC1 and NC2, Figure 1) also 

demonstrated non-negligible though not statistically significant decreases in gene expression 

(10%) and cell viability (15%) at 1 µM, suggesting non-specific and toxic actions of the dODNs 

at higher concentrations. And by reducing the ICB50B from several decades of nano-moles with the 

sdODNs close to the potential toxic concentrations down to 0.8 nM with NES, ~1000-fold lower 

than the line, the heterogeneous cdODN should have substantially smaller toxicity. 

Time-dependence of anti-growth effects.  In addition to concentration-dependence, the 

advantages of cdODNs over sdODNs were also revealed by the time-dependence of the effects 

(Figure 3). First, the onset of effects with the cdODNs was much earlier than with the sdODNs; 

significant diminishment of cell viability took place with cdODNs at around 8 h after 

transfection, well ahead of that with sdODNs which occurred 12 h after transfection. The effects 

of sdODNs were bi-phasic, showing initial time-dependent diminishment of cell viability within 

18 h and subsequent time-dependent revitalization up to 72 h after transfection. By comparison, 

the effects of the homogeneous cdODNs reached the maximum or steady-state levels within 10 
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h. In sharp contrast, the reduction of cell viability in the cells treated with NES developed 

continuously throughout 72 h period and Tbecame TvirtuallyT non-revivable, leading to complete 

elimination of the cancer cells. These results indicate that simultaneously attacking multiple 

targets (NF-κB, E2F and Stat3) remarkably enhances anti-cancer effects as compared with 

attacking only one target (NF-κB, E2F or Stat3). This point was further evidenced by the fact 

that effects produced by combination treatment via co-transfection of NF-κB1, E2F1 and Stat31 

(100 nM for each) were somewhat smaller than those by NES (100 nM) (Figure 2B). It must be 

noted that the total concentration of the combination treatment was 300 nM, 3-fold higher than 

NES, further suggesting the superiority of cdODNs over sdODNs. Improved effects with 

cdODNs are presumably a result of increased affinity of binding to TFs and enhanced stability of 

protein-protein thereby DNA-protein interactions and of increased target versatility. The data 

presented above are from manual counting of the viable cells and the results were confirmed by 

modified MTT and flow cytometry methods (data not shown). All these results were consistently 

reproduced in another two cancer cell lines: A549 and MCF-7, human lung and breast cancer 

cells, respectively (data not shown).  

In vivo anti-tumor effects. To further validate our technology, we tested the effectiveness of 

the cdODNs in inhibiting in vivo tumor growth in nude mice. The mice began to receive daily 

intratumoral injection of lipofectamine 2000-treated ODNs from 7 days after subcutaneous 

inoculation of SKBr-3 cells and the volume of tumors were measured at fixed time points up to 7 

days after drug administration. As depicted in Figure 4A, the growth of tumors was retarded with 

the sdODNs NF-κB1, E2F1, Stat31 alone, relative to administration of a scrambled control ODN 

(NC2). With combination therapy (co-injection of all three different sdODNs), the tumors failed 

to grow and seemed to stabilize. Most strikingly, application of NES resulted in destruction of 
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the tumors, rendering the tumor mass shrunk to a smaller size than what it was before drug 

treatment. Figure 4B demonstrates that the inhibitory effects on tumor growth were clearly in the 

order of NES > co-transfection (N+E+S) >> NF-κB1, E2F1 or Stat31 alone. For instance, NES 

caused ~78% diminishment of tumor volumes, compared to ~35% and ~63% decreases produced 

by E2F1 and N+E+S, respectively. 

Potential mechanisms underlying the anti-tumor effects of cdODNs. In order to 

investigate whether the efficacy of the dONDs is attributable to TF “decoy” effects but not due to 

non-specific cytotoxicity, the following steps were taken. We first verified the ability of the 

dODNs to specifically interact with their corresponding TFs by EMSA in conjunction with 

super-shift methods (Figure 3a) using antibodies directed against NF-κB (p65), E2F and Stat3, 

respectively, with the nuclear extract from SKBr-3 cells. The binding of NF-κB demonstrated 

clear super-shift. Although the band shift was not seen with E2F and Stat3 antibodies, the DNA 

bands were significantly decreased, indicating the specific bindings of the dODNs with their 

target proteins. As expected, the cdODNs demonstrated remarkably greater binding with their 

respective TFs than the sdODNs, as determined by quantification of the bands using ImageQuant 

software. For example, the band density with NF-κB3 was 4450±108 (pixel), 18 times greater 

than that with NF-κB1 (240±18); similarly, E2F3 was ~12 times greater than E2F1 and Stat33 was 

10 times greater than Stat31. NES simultaneously binds to all three target TFs (NF-κB, E2F and 

Stat3), as indicated by the alternate uses of the antibodies (Figure 3a).  

We then went on to confirm the efficiency of transfection and the delivery of these cdODNs 

into the nuclei of cells (Figure 3b). The accessibility of the cdODNs into their major site of action 

is clearly indicated by the overlapping (yellow) of dODN (green) and nucleic (red) fluorescence 

stainings localized to the nuclei. The nucleic staining did not appear until 6 h after transfection, 
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which is consistent with the time course of the cdDNAs on cancer cell growth. The percentage of 

cells with successful taking-up of dODNs was similar between the sdODNs (46%) and the 

cdODNs (42%), determined by counting of cells with clear yellow staining. With time, the 

percentage of uptake increased. Twenty hours after, the uptake reached up to 79% and it took 

around 18 h to reach the plateau level. To further verify the uptake of cdODN into the cell, we 

measured the amount of cell-associated NES with FITC-labeled phosphorothioate NES at two 

different extracellular concentrations ([NES]o=100 nM and 1 µM). The data are shown in Figure 

5D, where the intracellular concentration of NES ([NES]i) is plotted as a function of time after 

transfection. The [NES]i reached a maximum level within approximately 18-24 h and the peak 

[NES]i was 8.1±0.7 nM in the presence of 100 nM [NES]o and 119.5±11.0 nM in the presence of 

1 µM [NES]o, equivalent to ~8% and ~12% of the 100 nM and 1 µM [NES]o, respectively. The 

[NES]i in tumor cells isolated from the xenografts of nude mice was also measured at two time 

points: 3 days and 7 days after daily injection of NES at 100 nM (or [NES]o=100 nM). As shown 

in Figure 5E, administration of NES to tumor mass for 3 days yielded an [NES]i 10.8±2.3 nM and 

for 7 days an [NES]i 11.3±3.1 nM. The data indicate that daily injection of 100 nM NES created a 

stable [NES]i which is comparable to the peak level reached by a single application to SKBr-3 

cells.    

We subsequently studied the gene interference of the dODNs (100 nM) by quantifying 

mRNA levels with real-time RT-PCR 18 h after transfection and the genes studied included Flip 

(Kreuz et al., 2001; Micheau et al., 2001) and Myc for NF-κB (Duyao et al., 1992; La Rosa et 

al., 1994), DHFR(Fry et al., 1999; Park et al., 2003)  and CCNE1 (Yasui et al., 2003; Stanelle et 

al., 2003) for E2F, and p53 (Niu et al., 2005; ) and Bcl-2 (Nielsen et al., 1999; Lin et al., 2005a) 

for Stat3 (Figure 3c). The dODNs knocked down the transcription of their respective genes. Stat3 
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dODNs up-regulated p53 transcription, and so did NES. Strikingly, the cdODNs consistently 

produced more pronounced effects on the transcription than the sdODNs. For example, NF-κB1 

and NF-κB3 reduced Myc mRNA levels by ~13% and ~48%, respectively. Also notably is that 

the heterogeneous cdODN NES affected transcription of all the genes examined in this study 

which are regulated by NF-κB, E2F and Stat3, respectively (Figure 6A). It should be noted that 

overall, the expression down-regulation in this study is to a smaller extent than in many previous 

studies using dODNs; this is because the concentration used in this study is lower (100 nM) than 

in most of the other studies that generally used >1 µM which could well elicit cytotoxicity in our 

conditions. To test this notion, we conducted experiments on concentration-dependent 

downregulation by NES of three selected target gene Myc, NNCE1 and Bcl-2. As illustrated in 

Figure 6B (left panel), the extent of expression depression of the target genes was increased with 

increasing [NES]o and at 10 µM the gene expression was virtually abolished. For negative 

controls, concentration dependence of NC2 (scrambled ODN) and NC3 (mutant NES) on 

expression of the same set of genes was also studied. As shown in Figure 6B (right panel), NC2 

produced minimal effect on gene expression and NC3 elicited certain degrees of gene expression 

inhibition but the effects did not reach statistical significance (p>0.05). 

Discussion 

Major findings of the study. We show here the superiority of simultaneously targeting multiple 

oncoproteins over targeting single oncoproteins in inhibiting tumor cell growth under both in 

vitro and in vivo conditions, in terms of the efficacy, potency, toxicity and duration of actions. It 

is known that the ability of CpG-containing oligos to stimulate the innate immune system can 

yield antitumor efficacy in xenograft tumor models (Kandimalla et al., 2003; Sato et al., 1999). 

We have analyzed the CpG content of our decoy ODNs and found that none of the dODNs 
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contains the PuPuCGPyPy motif. Hence, the in vitro effects of the dODNs, both phenotypically 

and molecularly, are consistent with the in vivo antitumor efficacy, neither do the measurements 

of biological activity strictly correlate with the CpG content of any of the dODNs. The cdODN 

strategy in this study, besides confirming the specificity, simplicity and effectiveness of the 

dODN approach, unravels some novel aspects and extends the applications of the dODN 

technology. In addition, the present study also establishes the combination of NF-κB/E2F/Stat3 

targeting as a potential anti-cancer agent worthy of further studies in preclinical settings. The 

advantages of cdODN are likely ascribed to simultaneous interference of expression of multiple 

genes controlled by the target TFs. The beauty of this cdODN “one drug-multiple targets” 

strategy is that it can be either homogeneous carrying multiple consensus sites corresponding to a 

specific TF to enhance the efficacy and potency of desired effects or heterogeneous with multiple 

distinct cis-elements targeting different TFs.  

Potential implications of the study. During the past decade, the complete genomes of more 

than 140 different organisms have been sequenced and made available in databases. These 

databases provide extremely useful collections of organized, validated data, which are 

indispensable for genomics and proteomics research and the drug discovery process. TFs 

comprise 6% of the human genome ranking the second position for their abundance and have 

recently been considered a new class of candidate targets for drug discovery (Roth, 2005)P. On 

the other hand, the dODN technology using TFs as molecular targets is emerging as a powerful 

strategy for gene therapy of broad range of human diseases (Mann and Dzau, 2000; Morishita et 

al., 2001)P. Conceptually, our cdODN “one drug-multiple targets” strategy mimics the well-

known ‘drug-cocktail’ therapy in principle. Nevertheless, this “one drug-multiple targets” 

strategy is devoid of the weaknesses of the ‘drug-cocktail’ therapy involving complicated 
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treatment regimen, undesired drug-drug interactions and increased side effects as well. The 

cdODN strategy offers resourceful combinations of varying cis-elements for concomitantly 

targeting multiple molecules in particular biological processes. Here we merely tested the 

cdODNs potentially applicable to a wide spectrum of cancers since the target oncoproteins NF-

κB/E2F/Stat3 are not tissue specific. It is worthy of noting that the cdODN strategy has the 

potential of targeting specific types of cancers. For example, a cdODN can be designed to treat 

breast cancer in particular by targeting SNAIL (Martin et al., 2005), ERE (Wang et al., 2003), 

Brn-3b (Budhram-Mahadeo et al., 1999), SLUG (Tripathi, 2005), and EBS. ERE (estrogen 

receptor a responsive element) in the form of decoy has been shown to be effective in 

suppressing breast cancer cell growth. Brn-3b is a repressor of BRCA1 and SLUG is a repressor 

of BRCA2 (down-regulation and/or mutations of BRCA1/2 have been shown to be critical for 

breast cancer development). Moreover, the cdODN strategy can also be applied to other 

disorders in addition to cancer. For instance, TNF-α, GATA-4, FOG-2, and JAK-STAT could be 

a reasonable set of combination for a cdODN aiming to treat heart failure by reducing apoptosis 

(Suzuki and Evans, 2004; Kassiri et al., 2005). A cdODN targeting Irx5, Irx3 and Etv1 may be 

applied to reduce regional heterogeneity of cardiac repolarization so as to minimize 

arrhythmogenesis since these TFs have been shown to be expressed in transmural gradients 

across the ventricular wall (Rosati et al., 2006; Costantini et al., 2006) and to be responsible for 

the transmural difference of a K+ channel (Costantini et al., 2006). Therefore, the cdODN 

technology opens the door to ‘one drug-multiple targets’ intervention, providing promising 

prototypes of gene therapeutic agents for a wide range of human diseases.  

The cdODN technology also opens up new opportunities for creative and rational designs of 

a variety of combinations integrating varying cis-elements for various purposes and provides an 
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exquisite tool for functional genomics analysis related to identification and characterization of 

new and known transcription factors and their functions in gene controlling program. It can also 

be used as a simple and straightforward approach for studying any other biological processes 

involving multiple factors, multiple genes, multiple signaling pathways, etc.  

 Possible limitation of the study. We consider the present work rather preliminary to 

completely validate the cdODN technology as a gene therapy strategy; many important issues 

remain unresolved. It is unknown yet what is the optimal combination of targets for a cdODN. 

Here we tested “three-in-one” cdODNs. In theory, “N-in-one” cdODNs (N could be any number 

of cis-acting elements) can be designed to include more relevant target TFs; however, larger 

cdODNs may hinder their penetration into the cells and nuclei and compromise the effectiveness. 

More rigorous studies are warranted to define the optimal combination of length and 

accessibility of cdODNs to optimize desired effectiveness. This work does not allow us to draw 

any conclusions as to what the optimal organization is for multiple cis-elements to be placed in a 

single cdODN molecule. Nonetheless, the present study lays the groundwork for future 

exploitation on these subjects. Efficient delivery of dODNs into a cell is another challenge to 

using dODNs as therapeutics, as to other nucleotide-based technologies such as siRNA, 

antisense, ribozyme, aptamers, etc. Still another difficulty is to maintain an effective 

concentration of dODN within a cell for a sufficient period of time. At present, investigation on 

modifications of dODNs to enhance efficiency of transfection and to strengthen the stability 

within a cell so as to prolong the duration of actions is an active field of research. Constructing 

cdODN into virus vectors such as adenovirus, lentivirus, etc., might be a reasonable choice to at 

least partially offset the weakness of the nucleotide technologies.   
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Figure Legends 

Figure 1 

The decoy oligodeoxynucleotides (dODNs) sequences designed to specifically target the 

transcription factors (TFs) as specified. The consensus binding sites are italic and underlined, and 

the number of consensus binding sites for the specified TF is indicated by the value within the 

brackets attached to the name of TFs. The substituted nucleotides are indicated by the enlarged 

letters. For convenience, we labeled the negative control ODNs NC1, NC2 and NC3.  

 

Figure 2 

Validation of the cdODN technology as an anti-cancer therapeutic approach in an in vitro model 

using human breast cancer cell line SKBr-3. (A) Concentration-dependent reduction of cell 

viability produced by the dODNs: comparisons among the sdODNs, their respective homomeric 

cdODNs and heteromeric cdODN (NES). Note the downward and leftward shifts of the dose-

response curves by cdODNs, relative to the sdODNs, indicating increased maximum effects (EBmaxB) 

and decreased ICB50B. Symbols are the averaged experimental data and lines represent the fit to the 

Hill equation. The mean EBmaxB and ICB50B values (n=6 independent experiments for each group) are 

indicated and the values were statistically significant between all cdODNs and sdODNs. The ICB50B 

of NES was significantly smaller than all homogeneous cdODNs. All data points were after 

normalization with their negative controls (NCs); i.e. sdODNs normalized to NC1 and cdODNs 

normalized to NC2. For additional control, NC3 was also normalized to NC2. NC1 and NC2 are 

scrambled ODNs and NC3 is a mutated NES with nucleotide substitution in the core sequences of 

the cis-elements (see Figure 1). (B) Comparison of decreases in cell viability produced by NES and 

co-transfection of the three sdODNs (N+E+S) as a combination treatment. ‘N+E+S (100 nM)’ 
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indicates a concentration of 100 nM for each sdODN and 300 nM for the total, and ‘N+E+S (33.3 

nM)’ indicates a concentration of 33.3 nM for each sdODN and 100 nM for the total. *p<0.05 vs. 

NES; n=6 independent experiments for each group. 

 

Figure 3 

Validation of the cdODN technology as an anti-cancer therapeutic approach in an in vitro model 

using human breast cancer cell line SKBr-3. Time-dependent reduction of cell viability produced 

by the dODNs: comparisons among the sdODNs, the homogeneous cdODNs and the 

heterogeneous cdODN. Data shown were all normalized to the initial values at 0 time point (before 

ODN transfection). *p<0.05 vs. NC; n=6 independent experiments for each group.  

 

Figure 4 

Validation of the cdODN technology as an anti-cancer therapeutic approach in an in vivo s.c. 

model of tumors induced by SKBr-3 cells in nude mice. (A) Effects of decoy ODNs on tumor 

growth as a function time (day) with daily injection of the dODNs. *p<0.05, F-test, NES vs. each 

of the sdODNs: NF-κB1, E2F1 or Stat31; +p<0.05, F-test, NES vs. N+E+S. (B) Comparisons of 

tumor volumes at day 7 after daily dODN injection between the mice treated with the sdODNs 

(NF-κB1, E2F1 and Stat31), co-application of the sdODNs (N+E+S) and the cdODN (NES). Eight 

animals were used for each group *p<0.05 vs. NC2; +p<0.05 vs. each of the sdODNs.  

 

Figure 5 

Validation of dODNs’ ability to bind target transcription factors (TFs) and to manipulate 

expression of the target genes. (A) EMSA showing the ability of the dODNs to bind the target TFs. 
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The numbers above each lane indicate the number of consensus cis-elements. The arrows indicate 

the positions of the DNA-protein complexes. NC2: negative control with a scrambled ODN; NEP

―

P: 

nuclear extract minus; Cold: in the presence of unlabeled dODNs; Anti-N (p65), Anti-E and Anti-

S: treated with the antibodies directed against NF-κB, E2F and Stat3, respectively; and Anti-N/-E, 

Anti-E/-S and Anti-S/-N: concomitantly treated with two antibodies, as indicated; WT, wild-type 

NES; MT, mutant NES (Figure 1). Arrows indicate the supershift bands. (B) Subcellular 

localization of transfected the cdODN (NES). The co-staining (yellow) of nuclei with Alexa 

Flour 488 (green) and propidium iodide (PI, red) indicates the accessibility of the dODNs to the 

nuclei. Upper panels: magnification X2000; lower panels: magnification X100. (C) Exponential 

increase in the percentage of cells (n=4 batches of cells) with successful uptake of FITC-labeled 

phosphorothioate NES, determined by flow cytometry. (D) Quantification of intracellular 

concentration of FITC-labeled phosphorothioate cdODN ([NES]i) in SKBr-3 cells (n=3 batches of 

cells) treated with extracellular concentrations of NES ([NES]o) of 100 nM and 1 µM, 

respectively, as a function of time after transfection. (E) Quantification of intracellular 

concentration of NES ([NES]i) in tumor xenografts in nude mice, 3 days and 7 days after daily 

injections of FITC-labeled phosphorothioate NES into the tumor mass.   

 

Figure 6 

Validation of dODNs’ ability to bind target transcription factors (TFs) and to manipulate gene 

expression. (A) Real-time RT-PCR quantification of changes of expression of various genes, 

produced by dODNs (100 nM). Shown are mean data (n=5 independent experiments for each 

group) expressed as relative level of mRNA after normalization to the effects of NC1 or NC2. 

*p<0.05 vs. NC. (B) Concentration-dependent downregulation of the selected genes by NES. 
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Shown are mean data from four independent samples. The data for NES and NC3 were first 

normalized to those for NC2 and then to the lowest concentration of NES or NC3 (0.01 nM), and 

NC2 data were not normalized its lowest concentration (0.01 nM). All data are expressed as 

relative level over control non-treated cells.  
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