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Introduction

5-Aza-2'-deoxycytidine (decitabine) targets the epigenetic insta-
bility of tumors.1,2 When administered at low doses, which favor 
its inhibition of DNA methyltransferase enzymes (DNMT) over 
its clastogenic effects, decitabine can slow progression of myelo-
dysplastic syndrome (MDS) and chronic or acute myeloid leuke-
mias (CML, AML).2-4 In contrast, decitabine has poor efficacy 
against solid tumors.2 The reasons for this are unclear but cur-
rent hypotheses implicate slower growth rates,2,5,6 more frequent 
dysregulation of the p53 tumor suppressor7-9 and pleiotropic resis-
tance in solid tumors.10

Decitabine relies on incorporation of its metabolite, 5-aza-
2'-deoxycytidine triphosphate (ZdC), into DNA for its effi-
cacy. ZdC is a “suicide” substrate which covalently inactivates 
DNMT.11-13 Fusion of DNMT1 with ZdC-DNA has two con-
sequences. First, it depletes the DNMT1 enzyme from cells, 
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which leads secondarily to replacement of 5'MeCpG with 
CpG.11,13 It is axiomatic that replacement of genomic 5'MeCpG 
with CpG eventually requires S-phase duplication of hemi-
methylated DNA.14-16 However, we hypothesized that the pre-
requisite depletion of DNMT1 enzyme might not be replication 
dependent. Reports that anti-mitotic agents have inconsistent 
effects on ZdC-mediated disposal of DNMT lend support 
to this hypothesis. For example, hydroxyurea prevents loss of 
DNMT in cells exposed to decitabine,11 whereas aphidicolin 
has no effect,17 or only a partial effect.18 Furthermore, DNMT1 
associates with chromatin in G

2
/M, as well as S-phase of the cell 

cycle,19 and DNMT1 is recruited to DNA repair sites in arrested 
cells, where it may play a role in restoring epigenetic informa-
tion.20 The influence of cell cycle progression on decitabine-
mediated disposal of DNMT1 enzyme merits further study, 
because of its potential implications for treatment of indolent, 
solid tumors.
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Results

Cell cycle progression is unnecessary for depletion of DNMT1 
enzyme in HCT 116 cells exposed to decitabine. In growing 
HCT 116 cells, 0.1–5.0 μM Decitabine caused dose-dependent 
depletion of DNMT1 enzyme. The half-maximal effect (EC

50
) 

occurred with ~300 nM decitabine, a clinically achievable serum 
level with minimal adverse effects.22

The time course for depletion of DNMT1 varied as a function 
of the metabolic and replication state of the cells, but it was not 
absolutely dependent on cell cycle progression (Fig. 1). Half lives 
(t½), calculated from immunoblots of DNMT1 enzyme in HCT 
116 cells exposed once to 300 nM decitabine showed that deple-
tion was fastest in confluent cells, with t½ = 1.4 h (metabolically 
active/slow replication, 11% S-phase at the start of experiment); 
intermediate in the growing cells, with t½ = 2.5 h (metabolically 
active/fast replication, 29% S-phase at the start of experiment); 
and slowest in serum-starved cells, with t½ = 10.1 h (metaboli-
cally quiescent/slow replication, 12% S-phase at the start of 
experiment) (Fig. 1A and B). These t½ did not correlate with the 
fraction of cells in S-phase (Figs. 1B), e.g., serum-starved and 

We compared the kinetics of DNMT1 depletion in growing, 
confluent and serum-starved HCT 116 isogenic cell lines that dif-
fered with respect to their p53 genotype (wild type versus null). 
Our results show that the cell cycle dependence of decitabine is 
not absolute. As expected, its secondary, epigenetic effects were 
replication dependent—changes in global and promoter specific 
CpG methylation and re-expression of the somatically silenced 
MAGE-A1 gene occurred at 24–48 h after a single exposure to 
300 nM decitabine. In contrast, its primary effect—DNMT1 
enzyme depletion—occurred immediately with elimination half-
lives that were unrelated to the fraction of cells in S-phase, but 
inversely related to [3H] thymidine uptake. Thus, the rates of 
DNMT1 depletion varied as a function of the metabolic and rep-
lication state of the cells, but they were not absolutely cell cycle 
dependent. A p53 null genotype slowed depletion of DNMT1 
by ~5-fold, in both growing and confluent HCT 116 cells, com-
pared to a p53 wild type genotype. Our results suggest that DNA 
repair and remodeling activity in arrested, confluent cells may be 
sufficient to support the primary molecular action of decitabine, 
while its secondary, epigenetic effects require cell cycle progres-
sion through S-phase.

Figure 1. Cell cycle progression is unnecessary for depletion of DNMT1 enzyme in HCT 116 cells exposed to decitabine. (A) Western immunoblots of 
DNMT1 enzyme and β-tubulin. Serum-starved, growing or confluent HCT116 p53+/+ cells were treated once with 300 nM decitabine or 1 μM 6-azacyti-
dine. DNMT1 was detected in the cell lysates by western immunoblotting. β-tubulin served as a loading control. The blots are representative of five 
experiments for the growing and confluent cells and two experiments for the starved cells. (B) Time course of DNMT1 depletion by decitabine. Plots 
of the relative depletion of DNMT1 versus time were based on the densitometry of DNMT1 immunoblots normalized to β-tubulin. *Denotes statisti-
cal significance (p < 0.05), error bars are 1 SD (n = 5 confluent and growing, n = 2 starved). The Table shows the t½ ± SD of DNMT1 depletion for each 
experimental condition and the corresponding percentage of the cell population in s-phase.
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of DNMT1 enzyme via immunoblots. S-phase and non-S phase 
cells (G/M) expressed appreciable DNMT1 protein, consistent 
with reports by others11,18-20 (Sup. Fig. 1).

Cells import and use nucleosides for processes other than 
chromosomal duplication during S-phase. For example, DNA 
repair occurs during cell cycle arrest and DNMT1 is recruited 
to DNA repair sites in arrested cells.20 Therefore, to supple-
ment our flow cytometry experiments we also measured [3H]
thymidine uptake by HCT 116 cells treated with decitabine. 
Confluent, growing and starved cells assimilated 21, 15 and <5%, 
respectively, of added [3H]thymidine, during their exposure to  
300 nM decitabine. This index of nucleoside utilization corre-
lated inversely (r = -0.99) with the corresponding t½ of 1.4 , 2.5 
and 10.1 h for DNMT1 depletion.

The p53 tumor suppressor genotype influences the rate of 
depletion of DNMT1 in HCT 116 cells exposed to decitabine. 
Because the p53 tumor suppressor modulates the cytotoxicity of 
decitabine in HCT 116 cells7 we examined its influence on the 
depletion of DNMT1 in HCT 116 cells. The time course for 
DNMT1 depletion varied as a function of their p53 genotype in 
both confluent and growing HCT 116 isogenic cell lines (Fig. 2). 
Half lives (t½), calculated from immunoblots of DNMT1 enzyme 
in confluent HCT 116 cells exposed once to 300 nM decitabine 

confluent HCT 116 cells treated once with 300 nM decitabine 
each had ~10–12% of cells in S-phase prior to the addition of 
decitabine, but a 7-fold difference in their DNMT1 half lives—
10.1 h versus 1.4 h, respectively. If the responses to decitabine 
were solely or mainly, attributable to the sub-populations of 
S-phase cells, one would predict uniform elimination kinetics, 
coupled with variable levels of DNMT1 enzyme expression at 
the start of the experiment. However, we found the opposite: 
the t½ of DNMT1 enzyme depletion varied and the baseline 
expression of DNMT1 enzyme at t = 0 was equivalent among 
growing, confluent and serum-starved HCT 116 cells (Fig. 1A). 
There was no detectable recovery of DNMT1 enzyme expression 
in HCT 116 cells up to 72 h after a single exposure to 300 nM 
decitabine (data not shown). From the same membranes depicted 
in Figure 1A there was no change in DNMT3a enzyme levels, 
but DNMT3b levels showed a moderate drop by 6 h (data not 
shown). As expected, 6-azacytidine used as a procedural con-
trol did not cause depletion of DNMT1 enzyme levels (Fig. 1A) 
because its metabolite cannot bond covalently with DNMT1 to 
generate DNA-DNMT1 adducts.

To affirm that HCT 116 cells expressed DNMT1 at different 
stages of the cell cycle, not just S-phase, we used flow cytom-
etry to sort the cells and then measured the respective content 

Figure 2. The p53 tumor suppressor modulates the rate of depletion of DNMT1 in HCT 116 cells exposed to decitabine. (A) Immunoblots of DNMT1 
enzyme and tubulin Confluent HCT 116 cells that were wild type p53+/+ or null p53-/- were treated once with 300 nM decitabine. DNMT1 enzyme levels 
and β-tubulin loading control were detected by western immunoblotting. The blots are representative of five experiments for the wild type p53+/+ and 
two experiments for null p53-/- HCT 116 cells. (B) Time course of DNMT1 depletion by decitabine. Plots of the relative depletion of DNMT1 versus time 
were based on the densitometry of the DNMT1 immunoblots normalized to β-tubulin. *Denotes statistical significance, error bars are 1 SD. The table 
shows the t½ ± SD of DNMT1 depletion for each experimental condition and the corresponding percentage of the cell population in s-phase.
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declined only in growing cells, but not confluent cells (Table 1). 
Likewise, the MAGE-A1 gene was released from “silencing” and 
its mRNA was expressed only in growing cells, but not in conflu-
ent cells (Fig. 3). However, if these confluent HCT 116 cells were 
released from growth arrest; then allowed to replicate, they too 
showed declines in genomic DNA methylation and MAGE-A1 
promoter methylation, coincident with increased expression of 
MAGE-A1 mRNA, all of which were quantitatively equivalent to 
that measured in growing cells (Table 1 and Fig. 3). Evidently, 
confluent HCT 116 cells could import decitabine and incor-
porate its metabolite, ZdC, into DNA which caused a prompt, 
cell cycle independent depletion of DNMT1 enzyme (Figs. 1  
and 2); followed 24–48 h later—only after they were released 
from arrest—by cell cycle dependent epigenetic effects (Table 1 
and Fig. 3).

In wild type p53(+/+) HCT 116 cells the time course of the 
p53 response, and index of DNA damage, and the epigenetic 
effects corresponded closely. Accumulation of p53 protein levels 
increased by 2-, 2.4- and 3-fold, respectively, at 24, 36 and 48 h 
post-treatment with decitabine in growing HCT 116 (Fig. 4A). 
There was no accumulation of p53 protein from 0–72 h in con-
fluent HCT 116 cells (Fig. 4B).

Discussion

Our results show that depletion of DNMT1 enzyme from HCT 
116 cells treated once with 300 nM decitabine is not abso-
lutely dependent on mitosis and cell cycle transit. Expression of 
DNMT1 mRNA is reportedly greatest in S-phase cells;23 never-
theless, some studies contradict this point, and several others show 
that DNMT1 enzyme expression is not restricted to S-phase. For 
instance, DNMT1 mRNA and protein levels did not correlate 
with proliferation markers in normal and malignant uroepithelial 
cells;24 and DNMT1 enzyme expression in HCT 116 cells was 
unchanged after radiation treatment, even though such treatment 
typically causes cell cycle arrest.18 Our results also support numer-
ous studies that consistently show DNMT1 enzyme expression 
during G

2
/M and G

1
 arrest.11,18-20,25,26 Importantly, our results did 

not originate solely from the sub-populations of S-phase cells pres-
ent in growing, confluent or serum starved conditions, before their 
exposure to decitabine. If expression and subsequent depletion of 
DNMT1 were attributable to the S-phase cells, one would expect 
uniform elimination kinetics (similar t½) and different starting 
levels of DNMT1 enzyme at t = 0 in our experiments. This expec-
tation is opposite that shown in our data (Figs. 1 and 2).

While the t½ for DNMT1 protein depletion did not corre-
late with the proportion of cells in S-phase at the start of the 

showed that depletion was faster in p53 wild type (+/+) cells, with 
t½ = 1.4 h (metabolically active/slow replication, 11% S-phase at 
the start of the experiment) and slower in the p53 null (-/-) cells, 
with t½ = 6.4 h (metabolically active/slow replication, 12% S-phase 
at the start of the experiment) (Fig. 2A and B). These t½ values 
did not correlate with the fraction of cells in S-phase (Fig. 2B),  
e.g., confluent cells with p53 (+/+) wild type and p53(-/-) null gen-
otype each had ~10–12% of cells in S-phase prior to exposure to 
decitabine, but ~4.5-fold difference in DNMT1 half-lives. Results 
were comparable in growing HCT 116 isogenic cells, with ~4-fold 
difference in DNMT1 half-lives, i.e., faster depletion with t½ = 
2.5 h in growing p53 wild-type (+/+) cells and slower depletion, 
with t½ = 9.5 h in growing p53 null (-/-) cells.

Epigenetic effects of decitabine in HCT 116 cells are 
cell cycle dependent and coincide with a p53 DNA damage 
response. As a control, we measured the secondary, epigenetic 
effects of decitabine. As expected, detectable replacement of 
genomic 5'MeCpG with CpG required replication and S-phase 
duplication of hemi-methylated DNA in HCT 116 cells exposed 
to decitabine. At 24–48 h after treatment, genomic DNA methyl-
ation and promoter-specific demethylation of the MAGE-A1 gene 

Table 1. Epigenetic effects of eecitabine are replication dependent

Genomic 5'MeC content (%C) MAGE-1 promoter methylation

HCT 116 Cells % Control % Decline % Control % Decline

Control 100% 100%

Growing + decitabine 79 ± 8% -21 ± 8% 72 ± 8% -28 ± 8%

Confluent + decitabine 110 ± 8% None 120 ± 3% None

Confluent + decitabine released from arrest 74 ± 12% -26 ± 12% 67 ± 9% -33 ± 9%

Figure 3. Epigenetic effects of decitabine in HCT 116 cells are cell cycle 
dependent: MAGE-A1 re-expression is s-phase dependent. Reverse 
transcription PCR and ethidium bromide detection of MAGE-A1 mRNA 
expression at 24 and 48 h after a single exposure to 300 nM decitabine 
in growing, confluent or confluent HCT 116 cells released from arrest. 
GAPDH and actin were used as procedural controls. Agarose gels shown 
are representative of three experiments.
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maintain wild type p53 protein at a low basal level by degrading 
it at the proteasome. Various stresses, e.g., DNA damage, pro-
voke post-translational modifications of p53 protein that slow 
its degradation, and enhance its nuclear localization as a homo-
tetramer that modulates transcriptional activation of its target 
genes. Our results (Fig. 2 and related text) show that the rate of 
DNMT1 depletion is influenced by the p53 genotype—but in a 
time frame that precedes any significant induction of p53 pro-
tein. Notably, p53-regulated proteins often occur at appreciable 
basal levels and p53 is responsible for maintaining basal tran-
scription of its downstream genes in some cell types, especially 
epithelial cell lines and fibroblasts. This has important implica-
tions for nucleotide excision repair (NER) because NER normally 
occurs within ~3 h after DNA damage. This time frame seldom 
allows for full induction of p53-regulated genes; instead, basal 
transcription of p53-regulated genes, in a p53-dependent man-
ner facilitates temporal coupling between the p53 pathway and 
cellular NER.33 Likewise, the presence or absence of p53 affects 
DNA polymerase β (β-pol), an enzyme involved in base excision 
repair (BER) synthesis. In fact, β-pol repair synthesis in vitro 
was affected by p53, even when p53 was added as a recombinant 
protein.34 Lastly; recent discoveries show that p53 can modulate 
cellular stress pathways via mechanisms that do not rely solely on 
its role as a transcription factor, but on its direct interactions with 
mitochondria and other cellular proteins.35

In summary, most of the efforts to relate decitabine function 
with gene re-expression have focused on methylation-dependent 

experiment, it did correlate well (r = -0.99) with their uptake 
of [3H] thymidine, an index of nucleoside import and utiliza-
tion for DNA repair processes, as well as mitosis during their 
exposure to decitabine. Fastest depletion of DNMT1 and high-
est uptake of [3H] thymidine occurred in confluent cells; while 
slowest depletion of DNMT1 and lowest uptake of [3H] thymi-
dine occurred in serum-starved cells. These results align with 
the reported downregulation of DNA repair genes by serum 
deprivation;27 upregulation of DNA repair machinery by con-
fluence28 and regulation of DNA repair by the p53 tumor sup-
pressor.29 While speculative, a connection between DNA repair 
processes and decitabine-mediated DNMT1 depletion is com-
patible with the active recruitment of DNMT1 to DNA repair 
sites in arrested cells, where it may play a role in restoring epi-
genetic information.19 DNA repair processes might also factor 
into the contrasting effects of anti-mitotic agents—hydroxyurea 
and aphidicolin—on DNMT1 depletion. Hydroxyurea, which 
inhibits DNA excision repair in non-cycling quiescent cells,30 
fully antagonized decitabine-mediated depletion of DNMT1.11 
Conversely, aphidicolin, which preferentially inhibits S-phase 
duplication of DNA, failed to block or only partially blocked, 
decitabine mediated DNMT1 in HeLa17 and HCT 116 cells.18

Generally, our results and conclusions agree with those of 
Karpf et al.7 linking the p53 tumor suppressor genotype and 
decitabine pharmacology; however, they diverge from Jutterman 
et al.13 and results recently reported by Patel et al.18 The kinetics of 
p53 accumulation reported by Karpf et al.7 were nearly identical 
to ours—p53 protein levels rose appreciably by 24 h and contin-
ued to rise gradually for 48 (Fig. 4) or 120 h.7 Mechanistically, a 
p53 response could reflect DNA damage derived from DNMT1-
DNA adducts;7,13 or genomic demethylation;31 or both. In this 
regard our results align better with the genomic demethylation 
hypothesis31 since rapid depletion of DNMT1, without demeth-
ylation, in confluent HCT 116 cells did not provoke a detect-
able p53 response, at least at the 300 nM dose of decitabine 
we used. However, in growing HCT 116 cells the slow, pro-
longed p53 response coincided with epigenetic demethylation at  
24–48 h, which followed the complete elimination of DNMT1. 
It is worth noting that Jutterman et al.13 used murine embry-
onic stem cells, which do not rely on normal p53 checkpoints to 
manage DNA damage;32 this may have influenced their results 
and conclusions. While the p53 genotype modulated the rate of 
DNMT1 depletion in our experiments, it did not do so in experi-
ments recently reported by Patel et al.18 Since we and Patel et al.18 
each used isogenic HCT 116 cell lines the differences may relate 
to our emphasis on depletion kinetics of DNMT1 as a function of 
the cell cycle, at a single concentration of decitabine; versus their 
emphasis on dose-response at a single time point. Otherwise, it is 
difficult to explain this discrepancy. We chose to study decitabine 
at a concentration of 300 nM for two main reasons. Firstly,  
300 nM was the concentration causing half-maximal deple-
tion of DNMT1 in our dose-response experiments. Secondly, it 
approximates the serum steady-state concentration which had the 
least adverse effects in human clinical trials.22

Our observation of a relationship between p53 genotype 
and DNMT1 depletion kinetics is interesting. Ordinarily, cells 

Figure 4. A p53 response to DNA damage coincides with the epigenetic 
effects of decitabine. (A) Immunoblot of p53 tumor suppressor protein 
and tubulin in growing cells. Growing wild-type p53+/+ HCT116 cells 
were treated once with 300 nM decitabine. p53 Protein and α-tubulin 
loading control in cell lysates were measured at 12 h intervals by west-
ern immunoblotting. (B) Immunoblot of p53 tumor suppressor protein 
and tubulin in confluent cells. Confluent wild-type p53+/+ HCT116 cells 
were treated once with 300 nM 5decitabine. p53 Protein and β-tubulin 
loading control in cell lysates were measured at 12 h intervals by west-
ern immunoblotting.
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were allowed 24 h to grow, then trypsinized and seeded again at 
9 x 105 per well and allowed to re-grow for the indicated times. 
These cells are designated confluent-released from arrest. All cells 
were treated once with 300 nM decitabine, 1 μM 6-azacytidine 
or phosphate buffered saline (PBS) vehicle. Cells were harvested 
at various time points shown in the results.

Western immunoblotting. After treatment with 300 nM 
decitabine, 1 μM 6-azacytidine or vehicle, HCT 116 cells were 
washed in ice cold PBS and harvested at 0, 45, 90, 180, 360 min 
and 12, 24, 48 and 72 h in cell lysis buffer with protease inhibi-
tors. Cells were flash frozen, then allowed to thaw on ice and 
centrifuged at 17,900x g for 10 min at 4°C. Protein concentration 
was determined spectrophotometrically. Lysates (15 μg) were 
fractionated using 8% denaturing tris-glycine gels and transferred 
onto a polyvinyl difluoride (PVDF) membrane. Membranes were 
blocked with 5% non-fat dry milk powder in TBST, incubated 
overnight at 4°C with primary antibody, followed by incuba-
tion with horseradish peroxidase (HRP)-conjugated secondary 
antibody (1:4,000). Antigen-antibody complexes were detected 
with enhanced chemiluminescence (ECL) reagents. Protein band 
intensities were estimated by scanning the blots with the Kodak 
Image Station.

Cell cycle analysis. FACS analysis of the cell cycle in grow-
ing, confluent and serum-starved cells was done to determine the 
relative content of cells in S-phase and G

2
/M before any exposure 

to decitabine. 106–107 cells were washed in ice cold PBS, trypsin-
ized, centrifuged at 400x g for 5 min, and re-suspended into a 
single cell suspension in 1 ml ice cold PBS. Two ml of methanol 
(-20°C) were slowly added while vortexing. Cells were incubated 
at 4°C for a minimum of 2 h then centrifuged at 400x g for  
5 min. The supernatant was removed and cells were gently re-
suspended in 1 ml of freshly made 50 μg/ml propidium iodide/ 
10 μg RNase A/0.1% triton-X. Cells were then incubated for 30 
min at 25°C in the dark before being analyzed using a cell lab 
quanta cytometer (Beckman Coulter, Brea, California). Live cells 
were resuspended in PBS, stained with Vybrant DyeCycle Violet 
and sorted using a FACSVantage SE Turbo. [3H] Thymidine 
incorporation by confluent, growing and serum-starved cells was 
also measured by washing cells, extracting their DNA and quan-
tifying [3H]-thymidine via scintillation counting. In contrast to 
the FACS analysis, the measurement of [3H]-thymidine uptake 
was done in cells exposed to decitabine. When [3H]thymidine 
and decitabine were added together the rate of [3H]-thymidine 
uptake is a proxy for the rate of decitabine uptake, and reflects 
the rate of uptake in the presence of cell cycle arrest and DNA 
damage.

Global methylation analysis. The cellular content of 2-deox-
ycytidine and 5-methyl-2-deoxycytidine was quantified by high 
performance liquid chromatography (HPLC).5 Treated and 
untreated HCT116 cells were harvested and genomic DNA 
extracted using the DNeasy® kit, following the manufacturer’s 
protocol. Genomic DNA (10 μg) was sheared and treated with 
nuclease P1 and bacterial alkaline phosphatase. Digested DNA 
samples (150 μl in duplicate for each experiment) were analyzed 
using a Beckman System Gold HPLC system equipped with a 
Phenomenex Synergi Max-RP C12, 250 x 4.6 mm column and 

processes alone2,5,22,36-39 which do require S-phase transit. Our 
results reinforce the hypothesis that the genotype of the p53 
tumor suppressor, plus the replication and metabolic status of 
malignant cells are likely to have complex effects on solid tumor 
responses to decitabine. DNMT1 and p53 coordinately regulate 
gene expression via methylation-dependent and -independent 
pathways. DNMT1 can also directly repress transcription of 
some genes, thus its depletion might translate into re-expression 
of some genes, without requiring S-phase transit.

Materials and Methods

Materials. We used cell culture media and antibiotics (Gibco®, 
Invitrogen, Carlsbad, CA); fetal bovine serum (FBS) (Hyclone 
Media, Logan, UT); 5-aza-2'-deoxycytidine and 2-deoxycyti-
dine (Sigma-Aldrich, St. Louis, MO, #A3656 and #D3897 
respectively); 6-azacytidine (Developmental Therapeutics 
Program NCI/NIH, Bethesda, MD); 5-methyl-2-deoxycytidine 
(#PY7635, Berry & Associates Inc., Dexter, MI); [3H]-thymidine 
(#MT 846W, Moravek Biochemicals and Radiochemicals 
Inc., Brea, CA); antibodies to detect DNMT1, DNMT3a and 
DNMT3b (Novus Biologicals, Littleton, CO, #NB100-264, 
#NB100-265, #NB100-266, respectively); β-tubulin antibody 
(Invitrogen, Carlsbad, CA #32-2600); goat anti-human p53 
FL393 antibody, donkey anti-rabbit HRP and donkey anti-goat 
HRP (Santa Cruz Biotechnology, Santa Cruz, CA, #SC-6243, 
#SC-2077, #SC-2020, respectively); DNeasy®, RNeasy® and 
Qiaquick® DNA clean up kits (Qiagen, Valencia, CA, #69504, 
#74104, #28106 respectively); nuclease P and alkaline phospha-
tase (Sigma #N8630 and #P4252 respectively); HpaII restriction 
endonuclease (New England Biolabs, Ipswich, MA, #R0171S); 
2x LightCycler 480 SYBR Green I Master mix (Roche Applied 
Science, Indianapolis, IN, #04 707 516 001); first strand cDNA 
synthesis kit (Fermentas Inc., Glen Burnie, MD, #K611); XTT 
cell growth assay kit (Roche Applied Science, #11 465 015 001); 
8% precast tris-glycine gels (Invitrogen #EC60185); enhanced 
chemiluminescence (ECL) reagents (Amersham Pharmacia, 
Piscataway, NJ #RPN2132) and Vybrant DyeCycle Violet 
(Molecular Probes®, Invitrogen #V35003). Nucleoside analogs 
were freshly prepared in sterile water before each experiment 
and the concentrations were determined spectrophotometrically, 
using the extinction coefficient of ε = 8,767 (Merck Manual). 
Cell lysis buffer consisted of 50 mM of Tris, pH 7.4, 0.1 M 
NaCl, 2 mM EDTA, 1% SDS, 1% deoxycholate, 1 mM NaF,  
1 mM sodium orthovanadate and 1x complete protease inhibi-
tors (Roche Applied Science, #04 693 124 001).

Cell culture. HCT116 p53+/+ (ATCC, Manassas, VA, # CCL-
247) and HCT 116 p53-/- cells21 were propagated in McCoy’s 5A 
with penicillin/streptomycin (50 U/ml), 1 mM sodium pyruvate, 
2 mM glutamine and 10% v/v FBS at 37°C in a humidified incu-
bator with 5% CO

2
. Cells were seeded at 3 x 105 or 9 x 105 per 

well and allowed to grow for 24 h before treatments. These are 
designated as growing and confluent cells, respectively. Cells were 
seeded at 6 x 105 per well, allowed to grow for 24 h, then FBS 
was removed 24 h prior to any treatments. These are designated 
serum starved cells. Lastly, confluent cells treated with decitabine 
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Using a first strand cDNA synthesis kit with the oligo(dT) 
primer, 2.5 μg of RNA was converted to cDNA. PCR was then 
performed on 2 μl of the resulting cDNA using the following 
primers for MAGE-A1. Forward AGA GGC AAC CCA GTG 
AG, reverse CAG CCA CCT TCT TAG TGA T. PCR param-
eters were 95°C for 2 min, followed by 35 cycles of 95°C for 30 
seconds, 60°C for 30 seconds, 72°C for 1 min. Actin or GAPDH 
primers were used as controls.

Statistics. Statistical significance was assessed by analysis of 
variance (ANOVA) with Bonferroni’s post-hoc test for compari-
sons among groups.
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a photodiode array detector. Samples were assayed in duplicate 
and the experiment done in triplicate. Results are presented as 
mean ± SD.

MAGE-A1 promoter methylation assay by qPCR. Genomic 
DNA (2 μg) from the same samples used in the global methyla-
tion assay were analyzed for MAGE-A1 promoter methylation as 
described.5 Samples were digested using HpaII, a methylation-
sensitive restriction enzyme. Digested samples were purified 
using a DNA clean up kit. Two primer sets are used; CDS20/
EPD4 serves as the methylation sensitive primer set, while 
CDS21/EPD4 serves as a control set. PCR parameters were 94°C 
for 10 min, followed by 35 cycles of 94°C for 15 seconds, 61°C 
for 15 seconds, 72°C for 20 seconds and plate read. Copy num-
bers were calculated using the software provided with the instru-
ment (Opticon Chromo4 thermocycler, Eurogentec, Fremont, 
California). Samples and standards were in a 2x LightCycler 480 
SYBR Green I Master mix. For each sample, the copy number 
obtained from the test reaction (using CDS20/EPD4 prim-
ers) was divided by the copy number derived from the control 
reaction (CDS21/EPD4 primers) to generate a ratio. This ratio 
directly reflects the average methylation state of the MAGE-A1 
promoter HpaII sites. Samples were assayed in triplicate and 
the experiment done in triplicate. Results are presented as  
mean ± SD.

MAGE-A1 re-expression assay. RNA was extracted from 
HCT 116 cells using the RNeasy® kit following the manufac-
turer’s protocol, with on column DNA digestion performed. 
Total RNA concentration was measured spectrophotometrically.  
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