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Abstract

Aberrant hypermethylation at CpG sites within the CDKN2A gene is associated with silencing and 

has been proposed as a target for reactivation using both DNA methylation and histone 

deacetylation inhibitors. This study investigates the role of selecting tumor samples with a silenced 

as compared to deleted CDKN2A locus when assessing the efficacy of DNA methyltransferase 

inhibitor, zebularine, combined with the HDAC inhibitor, depsipeptide. Non-small cell lung cancer 

cell lines with defined CDKN2A status were analyzed by MTS assay to determine the effect of 

zebularine or zebularine combined with depsipeptide on tumor cell growth. We observed that 

zebularine treatment resulted in inhibition of cell growth in 11 out of 12 lung cancer cell lines with 

silenced CDKN2A, but no cell growth inhibition was detected in the 7 lung cancer cell lines tested 

with deleted CDKN2A (p>0.001). In addition, we found that the combination of 30 μM zebularine 

and 6 or 7 nM depsipeptide resulted in a synergistic inhibition of cell growth in tumor cells with 

silenced CDKN2A (p<0.001, CI=0.70 and 0.57, respectively) but not in tumor cells with deleted 

CDKN2A. In conclusion, tumor cells with methylated CDKN2A are more sensitive to zebularine 

than cell lines with deleted CDKN2A and the combination of zebularine/depsipeptide results in a 

synergistic effect on cell growth inhibition that is also linked with the presence of silenced 

CDKN2A. Thus, combination of DNA methyltransferase and HDAC inhibitors may be a potential 

treatment for lung cancer patients, but careful selection of patients will be needed to optimize the 

benefit of this regimen.
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Introduction

Aberrant hypermethylation at regulatory CpG sites in cancer genes is associated with both 

gene silencing and tumori-genesis (1,2). In addition, the observation that CDKN2A 

hypermethylation is mutually exclusive with somatic retinoblastoma (RB) or CDKN2A 

mutations in tumor samples suggests that hypermethylation is functionally comparable to 

somatic point mutations for cancer gene pathway inactivation (3). In contrast to acquired 

gene mutation, silenced genes may also serve as targets for reversible reactivation by DNA 

methylation inhibitors that efficiently re-induce mRNA and protein expression. For example, 

one of the most widely used drugs to inhibit DNA methylation and reactivate silenced genes 

is 5-aza-2’-deoxycytidine (DAC) (3,4). DAC is activated by deoxycytidine kinase (5) and is 

incorporated into newly synthesized DNA where it forms a covalent complex with DNA 

methyltransferase (DNMT) (6,7). Several studies have shown that incubation with DAC 

results in the reactivation of different bona-fide hypermethylated cancer genes including 

CDKN2A, MLH1, p15, p73, E-cadherin and VHL (3,8–12). While DAC has been used to 

treat a variety of leukemia, myelodysplastic diseases and solid tumors (13–16), it is rapidly 

inactivated in vivo by cytidine deaminase, decreasing its pharmacologic activity and its 

inhibitory effect (17). In addition, the use of DAC in patients has been complicated because 

of instability in solution and significant hematopoietic toxicity (18). Finally, the lack of a 

suitable biomarker to optimally pre-select patients for treatment may have contributed to the 

lack of efficacy of DNA demethylating agents in earlier clinical trials studying lung cancer 

(16).

In searching for a more stable and less toxic DNA methylation inhibitor, zebularine, a new 

synthetic analog of cytidine originally designed as a cytidine deaminase inhibitor because of 

a missing amino group at the C4 of the pyrimidine ring, was identified (19). Zebularine 

requires phosphorylation and conversion to its deoxynucleotide base before it is incorporated 

into DNA. Once incorporated it is paired with guanine forming a tight complex that can lead 

to inhibition of DNA methylation (20). Zebularine is stable in both acidic and neutral 

aqueous solutions and appears less cytotoxic in vitro than other DNA methylation inhibitors, 

thus allowing for continuous low-dose treatments (21,22). It has been shown that continuous 

treatment of T24 bladder cells with zebularine results in promoter demethylation of the 

CDKN2A gene and induction of its mRNA (23). Continuous zebularine treatment has also 

resulted in complete depletion of the DNMT1 enzyme required for maintaining methylation 

(21,24). In addition, oral or intra peritoneal administration of zebularine into nude mice with 

EJ6 xenograft tumors showed inhibition of tumor growth without significant animal toxicity 

(23), and appears to preferentially target cancer cells compared to normal cells with regard 

to growth inhibition, demethylation of the promoter region and DNMT1 depletion (24).

It has also been shown that DNA methylation inhibitors such as DAC can interact 

synergistically with histone deacetylase (HDAC) inhibitors to suppress cell growth (25,26). 

Histone deacetylation has been associated with both gene silencing and transcriptional 

repression, and HDAC inhibitors have been studied for their role in the reactivation of 

suppressor genes to inhibit tumor cell growth (1,27). The HDAC inhibitor, depsipeptide, is 

one of several HDAC inhibitors that has been shown to inhibit tumor cell growth by 

arresting cell cycle progression (28,29) and by inducing apoptotic cell death in many tumor 
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types including lung cancer (30–32). For example, treatment of lung cancer cells with DAC 

followed by treatment with depsipeptide resulted in a significant enhancement of 

cytotoxicity and apoptosis over depsipeptide alone (30). In addition, enhanced 

CDKN2A/p16 protein expression was observed with this drug combination as compared to 

DAC treatment alone (33).

Since it is important to define the optimal subset of tumor samples for targeted therapies, in 

this report we investigated the effect of the DNA methylation inhibitor, zebularine, on the 

growth of lung and breast cancer cell lines with either homozygously deleted or with 

hypermethylated and silenced CDKN2A gene status. We observed that lung cancer cell lines 

with hypermethylated/silenced CDKN2A were more sensitive to zebularine treatment than 

cells with deleted CDKN2A suggesting that the ability to re-induce p16 protein expression 

correlates with cytotoxicity of the drug. We also observed that zebularine in combination 

with the HDAC inhibitor, depsipeptide, showed a synergistic effect on inhibition of tumor 

growth, which was also associated with reactivation of silenced CDKN2A. Moreover, we 

observed that the concentration of depsipeptide sufficient to enhance the zebularine effect 

was 1000-fold lower than the maximal tolerated dose administered to patients (34,35). These 

observations suggest that the use of DNA methylation inhibitors in combination with sub-

toxic concentrations of HDAC inhibitors may prove to be beneficial for the subset of patients 

with silenced CDKN2A status.

Materials and methods

Cell culture and reagents.

Lung carcinoma cell lines were maintained in RPMI-1640 media supplemented with 10% 

FBS, 1% glutamine and 1% penicillin/streptomycin. MDAMB231 and MDA-MB435 breast 

cancer cells were maintained in DMEM media supplemented with 10% FBS, 1% gluta-mine 

and 1% penicillin/streptomycin. All lung cancer cell lines were obtained directly from a 

repository of lung cancer cell lines stored and developed at the Naval National Medical 

Center, NCI. All of these cells are available from ATCC. The two breast cancer cell lines 

were obtained from the Laboratory of Molecular Pharmacology, NCI. All cell lines were 

tested for mycoplasma and all cell lines were authenticated at the time of the experiments 

validating the status of p16 expression by immunoblot analysis and also by PCR analysis for 

confirmation of the homozygous deletion of the CDKN2A locus. In addition, the cells with 

silenced CDKN2A locus were further tested by DAC treatment followed by immunoblot 

analysis to show induction of the p16 protein. DAC (Sigma, St. Louis, MO) was dissolved in 

DMSO at a stock concentration of 20 mM and aliquots frozen at −20°C. Zebularine and 

depsipeptide were obtained from the NCI repository at the Developmental Therapeutics 

Program (DTP, NSC no. 309132) and were dissolved in water at a stock concentration of 

200 and 10 μM, respectively.

Zebularine treatment, protein isolation and immunoblot analysis.

Zebularine was added 24 h after plating 2×106 cells into duplicate 100 cm2 dishes at a final 

concentration of 30 μM. Control and zebularine-treated cells were harvested after 5 days of 

drug treatment. A second set of the control and zebularine-treated cells was trypsinized and 
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2×106 cells were plated onto duplicate 100 cm2 dishes with zebularine added to the 

pretreated cells to maintain a final concentration of 30 μM. This process was repeated again 

on day 10. Cell pellets were harvested for protein lysate on day 0, 5, 10 and 15 of zebularine 

treatment.

Protein extracts were isolated as described previously (36). Briefly, cells were harvested in 

EBC lysis buffer supplemented with 0.5 mM DTT and a mix of protease inhibitors 

(Complete Mini, Roche cat no. 04693124001). Protein extract (30 μg) was resolved on a 4–

20% SDS-PAGE, and immunoblotting was performed with p16 antibody (BD Biosciences, 

CA) at a concentration of 1.5 μg/ml overnight at 4°C as described previously (37,38). After 

washing with PBSTween the blot was incubated with goat anti-mouse secondary antibody 

(BioRad no. 172–1019, Hercules, CA) at room temperature for 1 h. Protein bands were 

detected using an ECL Western blotting detection kit (GE Healthcare, Piscataway, New 

Jersey).

Real-time RT-PCR analysis of CDKN2A expression.

For RNA isolation, cells were plated and treated with 15 or 30 μM zebularine as described 

above for extract preparation; and the cell pellet was used to isolate RNA using TRIzol 

reagent (Invitrogen, Carlsbad, CA). Real-time RT-PCR analyses were performed in 

triplicates with the iCycler iQ real-time PCR detection system (BioRad Laboratories) using 

the TaqMan EZ RT-PCR CORE Reagent kit (Applied Biosystems, Foster City, CA) 

according to the manufacturer’s recommendation. For quantitation of gene expression, the 

endogenous reference 18s rRNA was used to normalize the difference between each sample. 

Specific hybridization probes for mouse 18s rRNA, and the CDKN2A gene labeled with 5-

FAM-reporter dye were purchased from Applied Biosystems.

MTS cell proliferation assays.

Cells (1×104) were plated onto a 96-well microtiter plate and 18 h after plating, cells were 

treated with zebularine at a final concentration of 10, 30, 50, or 100 μM for 4 or 5 days, or 

cells were treated with depsipeptide at a final concentration of 1, 3, 5, 7, or 9 nM for 4 or 5 

days. MTS assay was performed using the CellTiter 96 Aqueous One Solution kit as 

described by the manufacturer (Promega, Madison, WI). For DAC treatment, drug was 

added at a final concentration of 0.25, 0.5, 1, 2, or 3 μM 4 h after plating the cells and the 

media with fresh drug was changed every 24 h for a total of 72 h. The cells were then 

incubated without the drug for an additional 24 h before performing the MTS assay.

For combination studies with zebularine and depsipeptide, cells were pretreated with 

zebularine for 6 days before addition of depsipeptide. Cells (2×105) were plated in a 25 cm2 

flask and zebularine was added to the cells 24 h after plating at a final concentration of 30 

μM. After 4 days of incubation cells were re-plated into a 100 cm2 dish with fresh 

zebularine, incubated for an additional two days and then plated in triplicate into a 96-well 

dish at a density of 1×104 cells per well. Depsipeptide was added (4 h following cell plating) 

to either untreated control cells or to zebularine-pretreated cells maintaining 30 μM 

zebularine in the medium. The cells were incubated for an additional 4 or 5 days and 

assayed for cell growth and viability using the MTS assay.
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For combination studies with DAC and 3 nM depsi-peptide, 1×104 cells were plated into a 

96-well dish and both drugs were added 4 h later. Media with fresh depsipeptide or DAC 

were added every 24 h for a total of 72 h combined drug treatment. Cells were then 

incubated for an additional 24 h in drug-free medium before performing the MTS assay. For 

DAC and 50 nM depsipeptide combination treatment, 1×104 cells were plated into a 96-well 

dish and DAC was added 4 h later. Media with fresh DAC were added every 24 h for a total 

of 72 h. Cells were then incubated for additional 18 h in drug-free medium at which point 

depsipeptide was added at a final concentration of 50 nM and incubated for additional 6 h 

before performing the MTS assay.

Statistical, median effect and combination index analysis.

All experiments were carried out at least three times. For statistical analysis an average 

percentage of surviving cells after zebularine treatment was used from 11 cell lines with 

methylated CDKN2A gene (excluding the H1725 cells which were not responding to 

treatment) vs the 7 cell lines with a deletion in the CDKN2A gene. The statistical 

significance of the experimental results was determined by t-test and One-Way analysis of 

variance (Holm-Sidak method) using SigmaPlot software (San Jose, CA). Drug interactions 

were analyzed using CalcuSyn software (Biosoft, Cambridge, UK). Determination of 

synergy or antagonism was based on the multiple drug-effect equation of Chou and Talalay 

(39,40) and was quantified by the combination index (CI). CI<1 indicates synergy, CI=1 

indicates additive effect and CI>1, antagonism.

Results

Inhibition of cell growth by zebularine is linked to re-induction of silenced CDKN2A.

Since zebularine has been previously shown to demethylate the CDKN2A gene in several 

distinct tumor cells (23,24), we investigated the effects of zebularine on cell growth, 

CDKN2A/p16 mRNA induction, and p16 protein expression in different lung cancer lines 

that have varying CDKN2A gene status. The H719 and H865 cells are hypermethylated in 

the 5’-promoter region resulting in silencing of the CDKN2A gene, while the H226 and 

H2228 cell lines have a deletion of the CDKN2A gene (41). Treatment of these 4 lung 

cancer cell lines with zebularine at concentrations ranging from 10 to 100 μM for 4 days 

resulted in a significant difference in the dose-response effect among the two groups of lung 

cancer cells (Fig. 1A). The H719 and H865 cells were sensitive to zebularine treatment, with 

an IC50 of 75 μM. In contrast, H226 and H2228 cells, with a deleted CDKN2A gene, were 

insensitive to zebularine treatment with an IC50 greater then 200 μM (Fig. 1A and data not 

shown). The H719 and H865 cells with a silenced CDKN2A gene showed a significantly 

greater cell killing following 4 days of treatment with 100 μM zebularine than the H226 and 

H2228 cells with deleted CDKN2A (65% killing vs 15%), p<0.001 (Fig. 1A). A statistically 

significant difference was also observed when the lung cancer cell lines were treated with 50 

μM zebularine (p<0.001) as well as with 30 μM zebularine (p<0.001 and p<0.05) comparing 

H865 and H719 cells to H226 and H2228 cells, respectively (Fig. 1A).

We also tested if DAC, another DNA methylation inhibitor that is known to efficiently 

reactivate a silenced CDKN2A gene (3,33), had a similar effect as zebularine on tumor cell 
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growth and CDKN2A status. Cells were exposed to concentrations of DAC ranging from 0.5 

to 3 μM for 48 h and then harvested 96 h after the initial drug incubation. We again observed 

inhibition of cell growth in the H719 and H865 cells with hypermethylated CDKN2A gene, 

while no effect on cell growth was detected in either H226 or H2228 cells with a deleted 

CDKN2A gene (p<0.001, H719 and H865 vs H226 and H2228) (Fig. 1B). Thus, these 

results suggest that two distinct demethylating agents, zebularine and DAC, can inhibit lung 

tumor growth in cells with silenced but not deleted CDKN2A.

To confirm whether inhibition of cell growth by zebularine treatment correlated with the 

status of CDKN2A, 15 additional lung tumor cell lines were treated with zebularine. Ten of 

these cell lines (H23, H358, H441, H727, H1299, H1355, H1725, H2077, H2250, H2347) 

had a silenced CDKN2A locus, while 5 cell lines (H125, H460, H1264, H1944, H2122) had 

a deletion in CDKN2A gene (3,41). Of 12 cell lines with silenced CDKN2A locus tested, 11 

were sensitive to zebularine treatment (Fig. 2A) (one cell line, H1725 was not sensitive to 

zebularine treatment and was not included in Fig. 2A). In contrast, growth inhibition was not 

detected in any of the 7 cell lines tested with deleted CDKN2A (Fig. 2B). Using a t-test 

analysis the difference between the tumor cells with silenced vs deleted CDKN2A were 

statistically significant with p<0.001 and p<0.05 at 100 and 50 μM of zebularine, 

respectively. To further test if the sensitivity to zebularine treatment depends on the status of 

the CDKN2A gene, we also examined the effect of zebularine on the breast cancer cell line, 

MDA-MB231 which has a deleted CDKN2A gene, and MDA-MB435 with low p16 

expression that can be induced to higher levels by DAC (data not shown). The MDA-MB435 

cells were sensitive to zebularine treatment with a calculated IC50 value of 75 μM, while the 

growth of the MDA-MB231 cells with deleted CDKN2A was unaffected by zebularine 

treatment (IC50 >100 μM) (Fig. 1C). These observations suggest that induction of p16 

through CDKN2A demethylation may be linked with the ability to render the cells sensitive 

to zebularine treatment.

Synergistic effect of zebularine and depsipeptide on the inhibition of cell growth is linked 
to re-induction of silenced CDKN2A gene.

It has been shown that DNA methylation inhibitors such as DAC can interact synergistically 

with histone deacetylase (HDAC) inhibitors such as depsipeptide to suppress growth of lung 

cancer cells (25,26). To study the effect of zebularine in combination with depsipeptide, we 

chose 30 μM zebularine since that concentration can be safely achieved in murine plasma 

following a daily dose of 5 mg/ml in drinking water (unpublished data). We have also shown 

that 30 μM zebularine alone exhibits minimal cell growth inhibition in vitro (Fig. 1A). To 

test if 30 μM zebularine treatment is sufficient to re-induce CDKN2A gene expression, we 

isolated RNA from H719 cells 3, 6, 9 and 10 days after treatment. We found that 30 μM 

zebularine treatment was sufficient to induce both CDKN2A mRNA (Fig. 3A) and p16 

protein levels (Fig. 3B, lanes 3, 6 and 7) in H719 cells, however, this was the minimal 

effective concentration as we detected only negligible CDKN2A mRNA levels and p16 

protein when 15 μM zebularine was used (Fig. 3A and B). To determine the effect of the 

length of treatment on the induction of p16 protein expression, we treated H719 cells with 

30 μM zebularine for 5, 10 and 15 days. Immunoblot analysis detected p16 protein levels in 

the H719 cells after 10 days of zebularine treatment that remained constant through day 15 
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of treatment (Fig. 3B, lanes 6 and 7), while exposure for only 5 days did not result in 

detectable expression of p16 protein in these cells (Fig. 3B, lane 5). These data suggest that 

a continuous prolonged exposure to zebularine is required for re-induction of a silenced 

CDKN2A gene.

To determine whether depsipeptide could enhance the ability of 30 μM zebularine treatment 

to inhibit cell growth in tumor cells with a silenced CDKN2A gene, we first used a dose 

titration to establish the concentration of depsipeptide that would not inhibit cell growth 

after 4 days of treatment. Using the MTS assay, we observed a dose-dependent cell killing 

with depsipeptide in the hypermethylated tumor lines, H719 and H865 with a IC50 of 7.5 

nM and 6.5 nM respectively and in the CDKN2A deleted tumor cell lines H226 and H2228 

with with IC50 > 12 nM (Fig. 4A and data not shown). The H719 and H865 cells showed a 

steep decrease of cell growth within a narrow range of 5 to 7 nM (Fig. 4A). In addition, we 

observed a dose-dependent effect of depsi-peptide on growth inhibition of two breast cancer 

cells (MDA-MB435 and MDA-MB231) with IC50 values = 4.5 and 5.0 nM, respectively 

(Fig. 4B).

To investigate the effect of 30 μM zebularine in combination with depsipeptide we examined 

whether 30 μM zebularine combined with depsipeptide at 3, 5, 6 and 7 nM would 

synergistically or additively inhibit cell growth in lung cancer cells. Since a prolonged 

zebularine exposure was required to reactivate CDKN2A expression (Fig. 3), we pretreated 

cells with 30 μM zebularine for 6 days before depsipeptide was added for an additional 4 

days of treatment (Fig. 4C). Control cells were treated with either zebularine alone for 10 

days, depsipeptide alone for 4 days, or left untreated. We found that in H719 cells with 

silenced CDKN2A gene, the combination of either 6 or 7 nM depsipeptide with 30 μM 

zebularine resulted in a synergistic inhibition of cell growth (Fig. 4D) while concentrations 

less or equal to 5 nM depsipeptide combined with 30 μM zebularine showed a negligible 

effect on cell growth inhibition (data not shown). For the combination of either 6 and 7 nM 

depsipeptide with 30 μM zebularine treatment the percent of tumor cell growth adjusted to 

untreated control cells was 21±5 and 24±9, respectively, which is significantly different from 

the percent of tumor cell growth for zebularine alone (90±10) and either 6 and 7 nM 

depsipeptide treatment alone (57±10 and 51±16) with a p<0.001. CalcuSyn analysis 

confirmed a synergistic effect on the inhibition of growth of lung cancer H719 cells treated 

with a combination of 30 μM zebularine and either 6 or 7 nM depsipeptide, with CI of 0.70 

and 0.57, respectively (Fig. 4F).

To investigate the effect of 30 μM zebularine in combination with depsipeptide on the 

growth of MDA-MB435 cells, we used 2 and 3 nM depsipeptide to test whether 

concentrations which are not cytotoxic to these cells are sufficient to inhibit cell growth (Fig. 

4E). While the percent cell growth inhibition for 30 μM zebularine alone or 3 nM 

depsipeptide alone was 82±17 and 92±8, respectively, the combination of 30 μM zebularine 

with 3 nM depsipeptide was 38.5±5, p<0.001 (Fig. 4E). Using 2 nM depsipeptide alone, and 

zebularine combined with 2 nM depsipeptide, the percent growth inhibition of the 

combination therapy was reduced as compared to inhibition with the 3 nM depsipeptide 

combination, but still statistically significant, p<0.05 (Fig. 4E). Using CalcuSyn software 
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(BioSoft) we found that combination of zebularine with either 2 or 3 nM of depsipeptide 

yielded an additive growth inhibitory effect with CI of 0.93 and 0.92, respectively (Fig. 4G).

Since zebularine alone did not affect the growth of H226, H1264 and MDA-MB231 cells 

with a deleted CDKN2A gene, we asked whether the combination of zebularine with 

depsipeptide would have any growth inhibitory effect on these cells. We treated the H226, 

H1264 and MDA-MB231 cells with 30 μM zebularine in combination with a range of 3 to 

14 nM depsipeptide. While depsipeptide enhanced the effect of 30 μM zebularine in H719 

and MDA-MB435 cells, we did not detect an increase in growth inhibition of H226, H1264 

and MDA-MB231 cells, as compared to either drug treatment alone (Fig. 5A–C). Since the 

IC50 for H226 cells treated with depsipeptide is higher than for H719 cells (14 vs 7.5 nM), 

we also investigated the effect of zebularine on H226 and H1264 cells combined with 14 nM 

depsipeptide and again did not observe any enhancement of growth inhibition as compared 

to either drug alone (Fig. 5A and C).

To compare the effect of zebularine with another demethylating agent, DAC, we tested 3 nM 

depsipeptide in combination with either 0.5 or 1 μM DAC and measured growth inhibition of 

tumor cells by MTS assay after 72 h of drug treatment. To confirm the previously published 

synergy of 50 nM depsipeptide combined with 1 μM DAC (3,42), we also treated H719 cells 

with 1 μM DAC for 72 h followed by a 6 h incubation with depsipeptide. We observed a 

significant enhancement of growth inhibition by DAC in combination with either 3 or 50 nM 

depsipeptide as compared to either drug alone, (p<0.001) (Fig. 6A). We also observed that 

the lower 0.5 μM DAC concentration in combination with 3 nM depsipeptide was sufficient 

to detect enhancement of growth inhibition as compared to either drug alone (Fig. 6B) 

(p<0.001). CalcuSyn analysis of H719 cells treated with 0.5 or 1 μM DAC in combination 

with 3 nM depsipeptide indicated a strong synergistic growth inhibitory effect with CIs of 

0.31 and 0.22, respectively (Fig. 6C).

Since treatment of the H226 cells (deleted CDKN2A), with combined depsipeptide and 

zebularine did not show enhanced tumor growth inhibition (Fig. 5A), we investigated 

whether these cells would also show resistance to the combination of depsipeptide and DAC. 

Treatment with 0.5 or 1 μM DAC in combination with 3 nM depsipeptide or treatment with 

1 μM DAC in combination with 50 nM depsipeptide did not show an enhanced effect on cell 

growth inhibition (Fig. 6D). It was previously shown, however, that treatment with 0.1 μM 

DAC for 3 days followed by a 6-h incubation with 50 nM depsipeptide of lung cancer cell 

line H460, with a deleted CDKN2A, resulted in synergistic inhibition of cell growth as 

compared to treatment with either drug alone (43). Since we observed that cells with deleted 

CDKN2A do not respond to DAC/depsipeptide treatment (Fig. 5), we treated the H460 cells 

with 1 μM DAC for 3 days and 50 nM depsipeptide for 6 h as previously described; and we 

did not observe any inhibition of cell growth (Fig. 6E). In addition, we treated the H460 cells 

similarly to the H226 cells (as described in Materials and methods) and as expected, no 

inhibition of cell growth was observed (Fig. 6E).
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Discussion

Zebularine, an inhibitor of DNA methyltransferase, has demonstrated activity in vitro and in 
vivo in several distinct cancer cell types (24,44,45). Although inhibition of cell growth in 
vitro and tumor growth in mouse xenograft models following zebularine treatment was 

accompanied by re-induction of CDKN2A gene expression (21,23), this agent is predicted to 

effect global genome hypomethylation (47). To address if CDKN2A re-expression is an 

important biomarker for response to zebularine, we set out to determine whether tumor cells 

with a silenced CDKN2A gene would respond preferentially to zebularine treatment as 

compared to tumor cells lacking the CDKN2A gene due to homozygous gene deletion. We 

demonstrated that all 7 non-small cell lung cancer (NSCLC) tumor lines with a deleted 

CDK2A gene showed no or minimal inhibition of cell growth upon zebularine treatment, 

while 11 out of 12 NSCLC tumor lines (91.6%) with silenced CDKN2A gene were sensitive 

to zebularine treatment. These results suggests that re-induction of CDKN2A gene by 

demethylating agents may be an important bio-marker to predict response of cells to 

zebularine treatment. CDKN2A, however, is not the only gene that can be regulated by 

zebularine treatment. For example, microarray analysis identified approximately 20 genes 

that can be differentially regulated in bladder, colon and pancreatic cancer cell lines(24). 

Thus, it remains to be established whether other gene products may cooperate with the 

CDNK2A/p16 to exert cytotoxic effect on lung cancer cells following zebularine treatment.

Prior studies using zebularine at 100 and 500 μM concentration showed consistent re-

induction of CDKN2A mRNA in vitro (21), however, subsequent animal studies 

demonstrated that 30 μM was the limit for achievable concentrations of zebularine in mouse 

plasma (46 and unpulished observation). In this study we show that 30 μM zebularine was 

sufficient to re-induce both silenced CDKN2A mRNA and the encoded p16 protein. 

However, since 30 μM of zebularine was only minimally cytotoxic to cells in vitro, we 

combined zebularine with the HDAC inhibitor, depsipeptide, and tested whether this 

combination could enhance inhibition of tumor cell growth as compared to either drug alone. 

In this study we demonstrated enhanced inhibition of tumor cell growth with combined 

zebularine and depsipeptide treatment in both lung cancer and breast cancer cell lines with 

hypermethylated and silenced CDKN2A. In addition, we demonstrated that combination 

treatment enhanced the inhibition of tumor cell growth in cells with silenced CDKN2A 

(H719 and MDMB435), while combining zebularine or DAC with depsipeptide had no 

effect on the inhibition of cell growth in cell lines (H226, H1264 and MD231) with a deleted 

CDKN2A gene.

One exception to this model was the previous report that H460 lung cancer cells, that carried 

a CDKN2A gene deletion, showed inhibition of cell growth with the combination of DAC 

and depsipeptide treatment (43). In our experiments, however, treatment of these cells with 

combined DAC and depsipeptide or with zebularine alone did not inhibit H460 cell growth. 

In addition, a 10-fold higher concentration of DAC (1 μM) that was previously reported did 

not result in cell growth inhibition consistent with our data on other tumor cell lines with 

deleted CDKN2A.
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Zebularine has been tested for safety and pharmacokinetics in mice, rats and primates (44). 

Although repetitive administration at high dose in primates resulted in toxicity in an NCI, 

DTP study (unpublished observation), recent animal studies suggest that zebularine works 

best after prolonged administration at lower doses, capable of reaching a minimal plasma 

concentration after continuous oral administration in drinking water (47). Depsipeptide, 

however, has been extensively tested in patients at micromolar concentrations and we 

estimated that the dose of 17.8 mg/m2 of depsipeptide administered to patients (34,35) is 

equal to 2.1 μM concentration of which is approximately 1000-fold higher than the 

nanomolar concentration of depsipeptide required in our study to achieve a synergistic effect 

on cell growth inhibition when combined with either zebularine or DAC. Our data suggest 

that combination of DNA methyltransferase and HDAC inhibitors may be a potential 

treatment for lung cancer patients with silenced CDKN2A status, but selection of patients 

may be needed to optimize the benefit of this regimen. For example, a recent phase II trial in 

lung cancer using 5-azacitidine and an experimental HDAC-inhibitor, entinostat 

(SNDX-275), observed a low response rate (<10%) in non-small cell lung cancer, however, 

two patients experienced a drastic tumor reduction, including one complete remission 

(Juergens et al, ASCO, Abst. 8055, 2009). Our data strongly support the importance of 

prospective pre-selection of patients in future clinical trials and suggests CDKN2A status as 

a key biomarker for demethylation/HDAC inhibition studies.
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Figure 1. 
Tumor growth inhibition by zebularine and DAC in cells with silenced but not deleted 

CDKN2A. (A) Effect of zebularine on growth of lung cell lines H2228, H226 with deleted 

and H719 and H865 with silenced CDKN2A following a four-day treatment. (B) Effect of 

DAC on growth of lung cell lines H2228 and H226 with deleted and H719 and H865 with 

silenced CDKN2A. Lung cancer cells were treated with DAC (0.25–3.0 μM) for 72 h 

followed by 24 h incubation without drug. The data shown represent the mean ± SD of 3–5 

experiments. (C) Effect of zebularine on growth of breast cancer cell lines MDA-MB231 

with deleted and MDAMB435 with silenced CDKN2A following a four-day treatment.
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Figure 2. 
Tumor cell growth inhibition by zebularine in a panel of lung cell lines with silenced but not 

deleted CDKN2A. (A) A panel of eleven cell lines with silenced CDKN2A that respond to 

four days of zebularine treatment. (B) A panel of seven cell lines with deleted CDKN2A that 

do not respond to four days of zebularine treatment.
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Figure 3. 
Zebularine treatment can reactivate silenced p16 mRNA and protein levels. (A) Real-time 

RT-PCR analysis of CDKN2A mRNA isolated from zebularine-treated H719 cells. (B) 

Immunoblot analysis of p16 expression in zebularine treated H719 cells; (15–30 μM) for 10 

days (lane 2 and 3) and 30 μM for 5–15 days (lanes 5–7). p16 protein and tubulin are 

indicated by arrows.

CHEN et al. Page 15

Int J Oncol. Author manuscript; available in PMC 2019 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Enhanced growth inhibition by combined zebularine and depsipeptide treatment in lung and 

breast cancer cells with hypermethylated CDKN2A. (A) and (B) Effect of depsipeptide on 

growth of lung and breast cancer cells. (A) Lung cancer (H226, H2228, H865 and H719) 

and (B) breast cancer (MDAMB231, MDA-MB435) cell lines were treated with the 

indicated concentrations of depsipeptide as described in Materials and methods. Inhibition 

of cell growth measured by MTS assay was determined as compared to untreated cells. Data 

shown represent the mean ± SD of 3–5 experiments. (C) Schematic representation of 

continuous zebularine and depsipeptide treatment. (D) H719 and (E) MDA-MB435 cells 

were treated with zebularine (Zeb) alone, depsipeptide (Depsi) alone, or a combination at the 

concentrations indicated as described in Materials and methods. Inhibition of cell growth is 

presented as comparison to the untreated controls. (F) CalcuSyn analysis of drug 

combination in H719 cells showing synergistic drug interaction where no. 1 corresponds to 
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30 μM zeb and 6 nM depsipeptide and no. 2 corresponds to 30 μM zebularine and 7 nM 

depsipeptide (G) CalcuSyn analysis of drug combination treatment in MDA-MB435 cells 

showing additive effect where no. 1 corresponds to 30 μM zebularine and 2 nM depsipeptide 

and no. 2 corresponds to 30 μM zebularine and 3 nM depsipeptide.

CHEN et al. Page 17

Int J Oncol. Author manuscript; available in PMC 2019 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Lack of enhanced growth inhibition by combined zebularine and depsipeptide treatment in 

lung and breast cancer cells with deleted CDKN2A gene. (A) H226 and (B) H1264 lung 

cancer cell lines and (C) MDA-MB231 breast cancer cell line were treated with zebularine 

(Zeb) alone, depsipeptide (Depsi) alone, or a combination at the indicated concentrations. 

The amount of cell growth was measured by MTS assay and the growth inhibition of treated 

cells is presented as a percentage of surviving cells as compared to untreated controls.
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Figure 6. 
Enhanced growth inhibition with combined DAC and depsipeptide in cells with 

hypermethylated but not deleted CDKN2A. (A) DAC (1 μM) combined with 50 or 3 nM 

depsipeptide (Depsi) enhanced inhibition of cell growth in hypermethylated H719 cells. (B) 

DAC (0.5 μM) combined with 3 nM depsipeptide enhanced inhibition of cell growth in 

H719 cells. (C) CalcuSyn analysis of drug combination in H719 cells showing synergistic 

drug interaction where no. 1 corresponds to 0.5 μM DAC and 3 nM depsipeptide and no. 2 

corresponds to 1 μM DAC and 3 nM depsipeptide. (D) Lack of enhanced growth inhibition 

in H226 cells with deleted CDKN2A with indicated concentrations of DAC and depsipeptide 
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in combination. (E) Lack of enhanced growth inhibition with 7, 14 or 50 nM depsipeptide 

combined with 1 μM DAC in CDKN2A deleted H460 cells.
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