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Genome-wide DNA methylation patterns are frequently deregulated in cancer. There is considerable interest
in targeting the methylation machinery in tumor cells using nucleoside analogs of cytosine, such as 5-aza-2�-
deoxycytidine (5-azadC). 5-azadC exerts its antitumor effects by reactivation of aberrantly hypermethylated
growth regulatory genes and cytoxicity resulting from DNA damage. We sought to better characterize the DNA
damage response of tumor cells to 5-azadC and the role of DNA methyltransferases 1 and 3B (DNMT1 and
DNMT3B, respectively) in modulating this process. We demonstrate that 5-azadC treatment results in growth
inhibition and G2 arrest—hallmarks of a DNA damage response. 5-azadC treatment led to formation of DNA
double-strand breaks, as monitored by formation of �-H2AX foci and comet assay, in an ATM (ataxia-
telangiectasia mutated)-dependent manner, and this damage was repaired following drug removal. Further
analysis revealed activation of key strand break repair proteins including ATM, ATR (ATM-Rad3-related),
checkpoint kinase 1 (CHK1), BRCA1, NBS1, and RAD51 by Western blotting and immunofluorescence.
Significantly, DNMT1-deficient cells demonstrated profound defects in these responses, including complete
lack of �-H2AX induction and blunted p53 and CHK1 activation, while DNMT3B-deficient cells generally
showed mild defects. We identified a novel interaction between DNMT1 and checkpoint kinase CHK1 and
showed that the defective damage response in DNMT1-deficient cells is at least in part due to altered CHK1
subcellular localization. This study therefore greatly enhances our understanding of the mechanisms under-
lying 5-azadC cytotoxicity and reveals novel functions for DNMT1 as a component of the cellular response to
DNA damage, which may help optimize patient responses to this agent in the future.

DNA methylation is an essential epigenetic modification
required for normal mammalian development, gene regula-
tion, genomic imprinting, and chromatin structure (9). Meth-
ylation occurs at the C-5 position of cytosine within the CpG
dinucleotide and is carried out by a family of DNA methyl-
transferases (DNMTs), DNMT1, DNMT3A, and DNMT3B
(32). DNMT1 acts primarily as a maintenance methyltrans-
ferase by copying existing methylation patterns following DNA
replication (53). DNMT3A and DNMT3B exhibit de novo
methyltransferase activity and are required for establishing
new methylation patterns during embryonic development (72).
Deregulation of the DNA methylation machinery has been
identified in several disease states, particularly cancer (78), and
leads to global DNA hypomethylation of repetitive DNA,
which has been linked to genomic instability (21) and, concom-
itantly, hypermethylation at the promoter regions of certain
genes (tumor suppressors), leading to their aberrant silencing
(43).

The process of cytosine methylation is reversible and may be
altered by biochemical and biological manipulation, making it
an attractive target for therapeutic intervention. Demethyla-
tion and consequent reactivation of tumor suppressor genes

are rational approaches being used in the treatment of cancer
(38, 39, 61). Currently available nucleoside-based DNMT
inhibitors 5-azacytidine (5-azaC), 5-aza-2�-deoxycytidine (5-
azadC), and zebularine (ZEB) are analogues of cytosine that
are believed to have a similar mechanism of inhibition (16, 96).
5-azaC, 5-azadC, and ZEB are metabolically activated in vivo
and readily incorporated into DNA during replication, and as
a result of the chemistry of the methyltransferase reaction, the
DNMT becomes covalently linked to DNA, in effect creating
genome-wide protein-DNA cross-links (16, 57, 61, 103). This
results in depletion of soluble DNMT protein levels, leading to
replication-dependent global demethylation and gene reacti-
vation (15, 100). Both 5-azaC and 5-azadC are used clinically
for the treatment of myelodysplastic syndrome (MDS) and
other leukemias, where the drugs have the approval of the
Food and Drug Administration (38). Clinical trials combining
aza drugs with other agents, such as histone deacetylase inhib-
itors and interleukin-2, have also recently been reported (33,
34). Promising results were observed with hematologic malig-
nancies, particularly MDS. In phase II and III clinical trials,
5-azaC treatment yields a better response rate than supportive
care alone (91). Similarly encouraging results were obtained
with clinical trials using 5-azadC (38).

Although there is considerable literature on the possible
antitumor mode of action of aza drugs, their exact in vivo
mechanism remains unclear. One model for their effects in-
volves the reactivation of aberrantly silenced growth-regula-
tory genes accompanied by cell cycle arrest and/or apoptosis
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(36). A second model for their antitumor activity is related to
formation of covalent DNMT-DNA adducts in aza-containing
DNA, leading to DNA damage and cytotoxicity (44). While the
former model has been extensively studied, the latter has not.
5-azadC treatment is perceived as DNA damage and leads to
activation of the G1 checkpoint regulator p53 (49). Further-
more, 5-azadC treatment results in inhibition of cell prolifer-
ation due to p53-dependent activation of p21Waf1/Cip1 (49,
104). 5-azaC also induces apoptosis, either in a p53-dependent
(88) or p53-independent manner (66). Aside from the role of
p53 and p21Waf1/Cip1, the cellular events activated by 5-azaC,
5-azadC, and ZEB that occur downstream of DNA methyl-
ation inhibition in DNMT-aza-DNA-containing cells are
largely unknown, as is the means by which the cellular DNA
repair machinery recognizes and responds to this form of dam-
age. It is likely that cytotoxicity is, at least in part, mediating the
antitumor effect of aza drugs since clinical responses do not
necessarily correlate with gene-specific or global demethyla-
tion (46, 64, 87). Given the interest in using these drugs as part
of an “epigenetic”-based chemotherapy regimen and their
likely increased use in the clinic, it is essential to better under-
stand how aza-DNA-DNMT adducts mediate their cytotoxic
effects and how this contributes to the overall therapeutic out-
come.

One of the first steps in the response of cells to DNA dam-
age is activation of the phosphatidylinositol 3-kinase (PI3K)
family of high-molecular-weight protein kinases, ATM (ataxia-
telangiectasia mutated) and ATR (ATM-Rad3-related) (90).
ATM is present in an inactive state and, in response to DNA
damage, undergoes auto-phosphorylation at serine 1981 (4).
Activated ATM then phosphorylates many downstream effec-
tors, such as p53, NBS1, BRCA1, and SMC1 (90). Phosphor-
ylation of ATM also results in activation of cell cycle check-
points via the transducing kinases checkpoint kinase 1 (CHK1)
and CHK2, which are substrates of ATR and ATM, respec-
tively (6). There also appears to be active cross talk between
ATM and ATR as ATM function is required for recruitment of
ATR to sites of damage (1). The G1/S checkpoint response is
mediated primarily through a pathway involving ATM/CHK2-
p53/MDM2-p21Waf1/Cip1 (68). ATM directly phosphorylates
p53 at serine 15, contributing to its stabilization and increased
activity as a transcription factor (12), which in turn leads to
activation of a key transcriptional target of p53, the cyclin-
dependent kinase (CDK) inhibitor p21Waf1/Cip1, causing G1

arrest (58, 59). The G2 checkpoint primarily targets the cyclin
B/CDK1 kinase and is mediated by ATM/ATR, CHK2/CHK1,
and/or p38 kinase, which inhibit the CDC25 family of phos-
phatases required for CDK1 activation (11, 68, 101). The re-
cruitment and/or retention of DNA repair factors at sites of
damage is mediated in part by ATM-dependent phosphoryla-
tion of the histone variant H2AX at serine 139 (phospho-
Ser139 H2AX, or �-H2AX), an early event known to occur in
response to DNA double-strand breaks (81). H2AX phospho-
rylation is rapid and extensive, covering megabase chromatin
domains adjacent to the break that are easily visualized as
discrete foci by immunofluorescence microscopy (74, 82).
Phosphorylation of ATM is observed upon radiation-induced
DNA double-strand breaks and through other signal transduc-
tion events and leads to activation of the G2/M checkpoint and
the double-strand break response pathway (4, 90).

Our lack of knowledge of the mechanism of action of 5-azaC
and 5-azadC, in particular the contribution of the cytotoxic
DNMT-aza-DNA adduct to drug efficacy, prevents them from
being used as effectively as possible. We therefore set out to
better characterize the cytotoxic properties of these drugs and
to determine the relative contribution of DNMT1 and
DNMT3B to this process, since these DNMTs mediate, alone
or in combination, most of the DNA methylation in cancer
cells, and they are often aberrantly expressed (76, 80). Our
results indicate that 5-azadC treatment results in growth inhi-
bition, G2 arrest, and reduced clonogenic survival. In addition,
cells lacking functional DNMT1 are markedly deficient in cell
cycle arrest and growth inhibition while DNMT3B-deficient
cells generally show an intermediate effect. 5-azadC treatment
also leads to robust induction of �-H2AX, DNA fragmenta-
tion, and activation of DNA repair proteins in both the ATM
and ATR pathways, such as CHK1 and CHK2, NBS1, BRCA1,
and RAD51, and their relocalization to a focal staining pattern
characteristic of cells with damaged DNA. Interestingly,
DNMT1 hypomorphic mutant cells (1KO) were profoundly
deficient in their ability to induce �-H2AX and also exhibited
altered induction of other DNA repair proteins. Further dem-
onstration of the particularly critical role for DNMT1 was the
finding that DNMT1 strongly colocalized with �-H2AX in
5-azadC-treated cells, demonstrating for the first time the pres-
ence of DNMT1 at sites of DNA damage in 5-azadC-treated
cells. We have also identified a novel interaction between
DNMT1 and CHK1. The defective damage response of 1KO
cells is, at least in part, due to altered subcellular localization
of CHK1 in the absence of functional DNMT1. Furthermore,
other clinically relevant DNMT inhibitors also cause induction
of �-H2AX staining and DNA fragmentation in a manner
roughly proportional to their ability to reactivate aberrantly
silenced genes. These studies therefore greatly enhance our
understanding of how human tumor cells respond to 5-azadC
and also reveal an important new role for DNMT1 as a com-
ponent of the DNA damage response system.

MATERIALS AND METHODS

Cell lines, transient transfection, and quantitative reverse transcriptase PCR
(RT-PCR). HeLa and parental HCT116 cells were purchased from the American
Type Culture Collection. Isogenic HCT116 cell lines with knockouts of DNMT1
(1KO, a hypomorph) and DNMT3B (3BKO) were provided by Bert Vogelstein.
Cells were cultured in McCoy’s 5A medium (Cellgro Mediatech Inc.) supple-
mented with 10% heat-inactivated fetal bovine serum and 2 mM L-glutamine
(Invitrogen) at 37°C in a 5% CO2 incubator. The isogenic cell lines YZ5 and EBS
are simian virus 40-transformed fibroblasts derived from an ataxia telangectasia
patient; EBS cells are ATM deficient, and YZ5 cells stably express full-length
wild-type ATM (105). EBS and YZ5 (Coriell Cell Repositories) were grown in
Dulbecco’s modified Eagle medium (Cellgro Mediatech Inc.) supplemented with
10% fetal bovine serum and 100 �g/ml G418. For immunofluorescence staining
experiments, cells were transfected using the TransIT LT1 transfection reagent
(Mirus) according to the manufacturer’s protocol. Forty-eight hours later, trans-
fected cells were trypsinized and replated at a 1:3 dilution in wells containing
glass coverslips and then treated with 10 �M 5-azadC for 48 h.

For quantitative RT-PCR, 2 �g of RNA was reverse transcribed using Super-
script III reverse transcriptase according to the manufacturer’s protocol (Invitro-
gen). One microliter of cDNA was used per PCR. Real-time PCR was performed
using the Bio-Rad MiniOpticon Real-Time PCR System (Bio-Rad Laborato-
ries). Each 20-�l reaction mixture consisted of 1� Sybr Green PCR Master Mix
(Applied Biosystems) and 200 nM concentrations of forward and reverse primers
for either WIF1 (WIF1F, 5�-CAACCGTCAATGTCCCTCTGCT-3�; WIF1R,
5�-TCCACTTCAAATGCTGCCACC-3�) or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (described previously in reference 97). The cycling condi-
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tions were as follows: 1 cycle at 95°C for 10 min and either 40 (WIF1) or 30
(GAPDH) cycles at 95°C for 30 s, followed by 65°C (WIF1) or 60°C (GAPDH)
for 30 s. The threshold cycle (CT) values were determined using the Opticon
Monitor 3 software (Bio-Rad Laboratories). WIF1 expression was normalized to
GAPDH expression (2[Ct(GAPDH) � Ct(WIF1)]), and relative expression of treated
versus untreated cells was determined by the ratio of normalized expression
values for the treated cells to the normalized expression value of the calibrator
(untreated cells).

Chemicals and plasmids. 5-azaC, 5-azadC, ZEB, bleomycin, hydroxyurea,
doxorubicin, and wortmannin were purchased from Sigma. Plasmids expressing
green fluorescent protein (GFP)-tagged DNMT1 and Dnmt3b1 have been de-
scribed elsewhere (28, 77). The FLAG-CHK1 plasmid was provided by Yolanda
Sanchez. General chemicals were purchased from Sigma. Protease inhibitors
were purchased from Roche. 5-aza, 5-azadC, and ZEB were dissolved in 1�
phosphate-buffered saline (PBS; pH 7.0). Cells were treated with 0.1 to 10 �M
5-azadC or 5-azaC and 50 to 500 �M ZEB for the times and doses described in
Results. For recovery experiments, cells were treated with 5-azadC for 48 h
(fresh drug was added every 24 h), after which the medium was changed. Cells
were fixed or harvested and analyzed every 24 h for up to 4 days after drug
removal. Cells were treated with 10 �g/ml bleomycin for 4 h, the medium was
changed, and the cells were analyzed 20 h later. Wortmannin was used at a final
concentration of 10 �M for 24 h of treatment. Hydroxyurea, doxorubicin, and
bleomycin treatments for cell viability assays are described in Results.

Growth inhibition. Cells were plated, allowed to grow overnight and treated
with 10 �M 5-azadC for 48 h (fresh drug was added every 24 h), and then the
medium was changed. Cell growth was then monitored for 4 days by counting live
cells following staining with trypan blue. Growth inhibition was calculated as the
ratio of the number of viable treated cells versus untreated cells and plotted
against the day posttreatment with 5-azadC as follows: [100 � (number of cells
in treated sample/number of cells in untreated sample)] � 100.

Clonogenic assay. Cells were plated at a density of 200 to 300 cells per dish and
treated with 5-azadC (10�4 �M, 10�3 �M, 10�2 �M, 10�1 �M, 1 �M, and 10
�M) or vehicle only (control) medium for 48 h, with fresh medium added after
24 h. After completion of the treatments all cells received fresh growth medium.
The cells were allowed to grow for the next 10 to 12 days to allow colony
formation; then the medium was removed, and the colonies were stained and
fixed with 0.2% methylene blue in 50% methanol and counted. Each experimen-
tal treatment was performed in quadruplicate.

Cell cycle analysis. Cell cycle profiles were determined by analyzing DNA
content using propidium iodide (PI) staining and flow cytometry. Cells were
treated with various concentrations of 5-azadC (0.1 to 10 �M) for 24, 48, and
72 h. Cells were harvested by trypsinization, washed with 1� PBS, and fixed with
ice-cold 70% ethanol overnight. Fixed cells were washed once with 1� PBS and
resuspended at 1 � 106 cells/ml in PI staining solution (0.1 mg/ml PI, 0.1 mg/ml
RNase, and 0.1% Triton X-100 in PBS) and incubated in the dark at room
temperature for 15 min before analysis. Cell cycle profiles were determined using
fluorescence-activated cell sorting (FACS) with a Becton Dickinson FACSort.
For each sample, 3 � 104 events were recorded. Data were analyzed by ModFit
cell cycle analysis software (Verity) to determine the percentage of cells in each
phase. For quantitative assessment of G2 arrest, a modification of an assay
outlined previously was used (101). Briefly, cells were treated with 10 �M
5-azadC for 48 h; then demecolcine (Sigma-Aldrich) was added to the medium
(0.4 �g/ml final concentration), and cells were incubated for an additional 24 h.
Cells were harvested and fixed in ice-cold 70% ethanol. After fixation, cells were
washed twice in 1� PBS, resuspended in 1 ml of 1� PBS containing 0.25%
Triton X-100, and incubated on ice for 5 min. Cells were collected by centrifu-
gation, and the cell pellet was resuspended in 100 �l of PBS containing 1%
bovine serum albumin and 1 �g of anti-histone H3 phospho-Ser10 (H3 phos-
phorylated on serine 10) antibody (06-570; Upstate Biotechnology). Cells were
incubated with this antibody for 3 h at room temperature, washed, and subse-
quently incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-
rabbit secondary antibody. After a 30-min incubation at room temperature, cells
were washed with PBS, resuspended in PBS containing 25 �g/ml PI and 100
�g/ml RNase A, and incubated for an additional 30 min at room temperature.
Both FITC and PI fluorescence were simultaneously measured by flow cytom-
etry.

Cell viability and apoptosis. To assess cell viability following drug treatment,
a CellTiter 96 AQueous One Solution kit (Promega) was used, and assays were
performed as per the manufacturer’s instructions. Cells were plated in 96-well
plates, and drug treatments were typically initiated 24 h later. For all drugs
tested, parallel cell-free reactions were set up, and the readings from these wells
were used for background correction. For all dose-response experiments mea-
surements were performed in quadruplicate. For time course experiments, par-

allel dishes were set up for each time point for the drug-treated and control cells,
and the results were obtained from eight replicates per treatment per cell line.
The UV treatments were performed with cells seeded in 96-well plates in a
Bio-Rad GS Gene Linker UV chamber (10 mJ/cm2) without removing the
growth medium from the plates. The dishes containing the control cells were
removed from the incubator and kept outside for the same length of time as the
cells receiving the UV treatments. Upon treatment completion, the growth
medium was replaced for both control and UV-treated samples. Apoptosis was
measured with the Annexin V-PI kit according to the manufacturer’s protocol
(Trevigen). Briefly, cells were harvested, washed with cold 1� PBS, and resus-
pended at 1 � 106 cells/ml in 100 �l of annexin V-FITC/PI-containing binding
buffer for 15 min in the dark. Apoptotic cells were determined by FACS using a
Becton Dickinson FACSort. Data were analyzed using Cellquest software.

Analysis of DNA damage. A single-cell gel electrophoresis system (Comet
assay kit; Trevigen) was used to quantitate DNA damage. Briefly, cells were
harvested by trypsinization and mixed with 1% low-melting-point agarose. A
total of 75 �l (500 to 1,000 cells) of the cell suspension was spread on a precoated
glass slide and placed at 4°C for 30 min. Cells were lysed by submerging the slides
in ice cold lysis solution (10 mM Tris, 100 mM EDTA, 2.5 M NaCl, with 1%
Triton X-100 and 10% dimethyl sulfoxide added just prior to use) at 4°C for at
least 1 h. After lysis, the slides were placed in freshly made alkaline buffer (300
mM NaOH and 1 mM EDTA, pH �13.0) for 45 min at room temperature. The
samples were subjected to electrophoresis in 0.5� Tris-borate-EDTA buffer at
0.5 V/cm for 25 min. After electrophoresis, the slides were rinsed gently with 0.4
M Tris-HCl (pH 7.5), and the DNA was stained with Sybr Green (Molecular
Probes). Fluorescently stained nucleoids were scored visually using an epifluo-
rescence microscope (Zeiss Axioplan 3). Images were captured at a magnifica-
tion of �20. The percentage of cells having a comet-like appearance was
calculated by analyzing at least 100 cells from each treatment. The ratio of
comet-positive cells in the 5-azadC-treated versus the mock-treated (1� PBS)
sample was plotted against time posttreatment with 5-azadC. The tail moment,
a measure of the amount of DNA damage, was calculated using CometScore
from TriTek Corporation (a minimum of 50 cells was used for each condition).

Immunofluorescence staining. Cells were grown on 22-mm2 glass coverslips in
six-well plates and treated as described in Results. Treated and mock-treated
cells were fixed with ice-cold methanol for 15 min at �20°C or 2% paraformal-
dehyde in 1� PBS, pH 7.0 (RAD51 and ATR only). Cells were washed with 1�
PBS (pH 7.0), incubated with diluted primary antibody (in 1� PBS with 0.1%
Tween-20 [PBST]) for 1 h at room temperature, washed three times with PBST,
and subsequently incubated with appropriate fluorophore-conjugated secondary
antibody in PBST. Cells were washed and counterstained for nuclear DNA using
Hoechst 33342 (1 �g/ml) for 10 min before being mounted onto glass slides using
Fluoromount G (Southern Biotech). Images were captured using a Zeiss Axio-
plan 3 upright fluorescent microscope and deconvolved using Openlab software.

Antibodies. Antibodies for Western blotting and immunofluorescence by
source include the following: phospho-Ser139 H2AX (�-H2AX), phospho-
Ser1981 ATM, p53, CHK2, BRCA1, and phospho-Ser343 NBS1 from Upstate;
phospho-Ser1981 ATM from Rockland; phospho-Ser15 p53, CHK2 phosphory-
lated at threonine 68 (phospho-Thr68), and phospho-Ser345 CHK1 from Cell
Signaling; phospho-Ser317 CHK1, RAD51, p21Waf1/Cip1, ATR, and DNA-de-
pendent protein kinase (DNA-PK) from Calbiochem; DNMT3A (P16), Ku70,
CHK1 (G-4), PCNA, and RNA polymerase II (Pol II) from Santa Cruz; anti-
FLAG (M2) from Sigma; Mre11 from GeneTex; and GAPDH from Abcam.
Epitope affinity-purified rabbit anti-DNMT3B antibody (number 79/80) (29),
rabbit polyclonal anti-DNMT1 (74 or N1020) (77), and anti-ATM (pAb 354) (5)
have been described previously. Generally, antibodies were used at a 1:50 dilu-
tion for immunofluorescence and a 1:500 to 1:1,000 dilution for Western blotting
(except GAPDH, which was used at a 1:8,000 dilution). FITC-, tetramethyl
rhodamine isocyanate-, and Texas Red-conjugated anti-mouse, anti-rabbit, and
anti-goat secondary antibodies were from Southern Biotech. Horseradish per-
oxidase-conjugated secondary antibodies for Western blotting were used at a
1:2,000 dilution (Santa Cruz).

Immunoprecipitation and Western blotting. Typically, immunoprecipitations
were performed with 1 to 2 mg of HeLa high-salt nuclear extracts or total cell
lysates derived from one 150-mm dish of HeLa cells at 80 to 90% confluence per
reaction. The immunoprecipitation controls were done with species-matched
normal immunoglobulin G (IgG) purchased from Pierce (rabbit and mouse) or
Santa Cruz (goat). Immunoprecipitations and nuclear extract preparations were
performed as previously described (28). Briefly, for immunoprecipitation, the
nuclear extract was supplemented with immunoprecipitation dilution buffer to a
final concentration of 50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, and
0.5% NP-40 plus protease inhibitors. For each reaction, 200 to 300 �l of nuclear
protein (1 to 2 mg) was mixed with immunoprecipitation dilution buffer and

754 PALII ET AL. MOL. CELL. BIOL.



precleared with 20 �l of protein A/G agarose (Santa Cruz Biotechnology) for 30
min at 4°C with rotation, followed by centrifugation and collection of superna-
tants. For DNMT1 immunoprecipitations, each tube received 20 �l of DNMT1
(antibody 74) (79) or 10 �l of CHK1 (G-4; Santa Cruz) antibody, and reaction
mixtures were incubated overnight at 4°C with rotation. Immune complexes were
collected the next day by incubation with 20 �l of protein A/G beads for 2 h at
4°C with rotation. Washes were performed five times in 500 �l of wash buffer (50
mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, protease inhibi-
tors) at 4°C for 5 min each. For whole-cell extracts, cells were washed with cold
1� PBS, and 0.5 to 1 ml of radioimmunoprecipitation assay buffer was added to
each plate. Cells were scraped, collected, and incubated on ice for 30 min. Cells
were then centrifuged at 12,000 rpm for 15 min. The supernatant was collected,
and the protein concentration was determined using the Bio-Rad protein assay
reagent. An equal amount of protein (60 �g) from each sample was loaded on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels,
transferred to polyvinylidene difluoride membrane, and used for Western blot-
ting by standard methods.

Subcellular fractionation. Fractionation was performed as described previ-
ously (60). Briefly, cells were scraped in 1� PBS, collected by brief centrifuga-
tion, and counted. Equal numbers of viable cells were suspended in 100 �l of
solution A (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl2, 0.34 M
sucrose, 10% glycerol, 1 mM dithiothreitol, protease and phosphatase inhibitors)
per 2 � 106 cells. Triton X-100 was added to a final concentration of 0.1%, and
the cells were incubated on ice for 5 min. The cytoplasmic fraction was harvested
by centrifugation at 1,300 � g for 4 min. The nuclear pellet was washed once with
solution A and lysed in 100 �l of solution B (3 mM EDTA, 0.2 mM EGTA, 1 mM
dithiothreitol, protease and phosphatase inhibitors) per 2 � 106 cells by incu-
bating at 4°C with rotation for 15 min. The soluble nuclear fraction was harvested
by centrifugation at 1,700 � g for 4 min. The chromatin pellet (P3) was then
washed once in solution B, centrifuged at 10,000 � g for 1 min, and resuspended
in 100 �l of sample buffer per 2 � 106 cells. The P3 fraction was homogenized
by sonication three times for 30 s each time.

RESULTS

Effects of 5-azadC on DNMT protein levels and cell growth.
The effects of 5-azadC on DNMT protein levels (30, 71, 100)
and cell growth (8, 49, 62, 88) have been examined by others in
several different cell lines and experimental systems. As a start-
ing point for defining the role of individual DNMTs in medi-
ating the cytotoxic effects of 5-azadC, we determined its effects
on soluble DNMT protein levels in HeLa cells. As has been
reported (30, 100), treatment of cells with an increasing con-
centration of 5-azadC (0.1 to 10 �M) resulted in dose-depen-
dent depletion of DNMTs from soluble cell extracts derived
from treated HeLa cells. DNMT1 was affected to the largest
extent, followed by DNMT3A and DNMT3B, which showed
depletion only at the highest 5-azadC doses (Fig. 1A). Similar
results were obtained with HCT116 cells (data not shown).

We next examined the effects of 5-azadC on HeLa cell via-
bility, clonogenic survival, and cell cycle dynamics. HeLa cells
were treated with 0.05 to 10 �M 5-azadC for 48 h (fresh drug
added every 24 h). An MTT [3-(4,5-dimethylthiazol-2-yl)2 2,5-
diphenyl tetrazolium bromide] cell viability assay indicated
that HeLa cells were relatively resistant to the effects of
5-azadC within the treatment period (Fig. 1B). In contrast,
however, long-term survival of HeLa cells was markedly re-
duced by doses of 1 �M 5-azadC and above, as monitored
using a clonogenic survival assay (Fig. 1C). Despite the rela-
tively minor effect of 5-azadC treatment on short-term HeLa
cell viability, identical drug treatment conditions revealed that
5-azadC caused HeLa cells to arrest in the G2/M phase of the
cell cycle (Fig. 1D). Since PI staining and flow cytometry anal-
ysis of cell cycle profiles cannot distinguish between G2 or M
phase arrest, we investigated this issue in greater detail by
staining with an M phase-specific marker, phospho-Ser10 his-

tone H3 (101). HeLa cells were treated with 5-azadC for 48 h,
after which either they were harvested or colcemide was added
to the culture medium. After an additional 24-h incubation,
cells were harvested and double stained for DNA and phos-
pho-Ser10 histone H3 and analyzed by flow cytometry. Treat-
ment with 10 �M 5-azadC for 48 h caused nearly 50% of the
cells to arrest in G2/M, but only about 2% of these cells were
in M phase (Fig. 1E). Colcemide treatment alone led to M
phase arrest in nearly 75% of the cells while only 30% of the
cells treated with 5-azadC plus colcemide progressed to M
phase. These results indicate that cells are arrested in G2 in
response to 5-azadC treatment, a finding observed with many
other traditional DNA damaging chemotherapeutic agents
that do not act directly through DNA methylation-based path-
ways. G2 arrest with minimal cell death also suggests that HeLa
cells may be attempting to repair 5-azadC treatment-induced
DNA damage (discussed later).

Role of individual DNMTs in mediating the growth effects of
5-azadC on human tumor cells. We next sought to extend our
work with HeLa cells to an experimental system in which we
could directly examine the effects of individual DNMTs in
mediating the growth-suppressive properties of 5-azadC. We
chose to use the well-studied HCT116 colorectal cancer cell
line because of the availability of isogenic variants in which the
DNMT1 or the DNMT3B genes have been disrupted by ho-
mologous recombination (76). Recent studies have revealed
that the DNMT1-deficient HCT116 line is actually a hypo-
morph, expressing significantly reduced levels of a DNMT1
protein lacking its PCNA binding domain (22). Previous stud-
ies employed murine embryonic stem cell lines carrying dele-
tions in DNMT genes (44, 71); however, in this study we
specifically sought to determine the effects of 5-azadC on hu-
man tumor cells, the target of a chemotherapeutic regimen
containing 5-azadC. HCT116 parental, HCT116 DNMT1
knockout (1KO), and HCT116 DNMT3B knockout (3BKO)
cells were treated with 0.05 to 10 �M 5-azadC for 48 h (fresh
drug added every 24 h), and cell viability was assessed. Inter-
estingly, while the parental HCT116 and 3BKO lines behaved
similarly to HeLa cells, showing relatively minor reductions in
cell viability; the HCT116 1KO cells displayed significantly
reduced viability (Fig. 1B). The long-term survival of all three
HCT116 lines was reduced with increasing doses of 5-azadC,
and overall all lines were more sensitive to 5-azadC than HeLa
cells. In contrast to previous experiments utilizing complete
genetic knockouts of Dnmt1 in murine embryonic stem (ES)
cells (44), however, we found that cells deficient (or hypomor-
phic) in DNMT1 or DNMT3B were significantly more sensi-
tive to 5-azadC in a clonogenic survival assay (Fig. 1C). Cell
cycle analysis showed that HCT116 parental and 3BKO cells
arrested preferentially in G2, like HeLa cells; however, 1KO
cells were impaired in their ability to arrest in G2 upon 5-azadC
treatment (Fig. 1D). These results suggest that 1KO cells are
markedly defective in their responses to 5-azadC treatment
and that their reduced capacity to arrest in G2 and potentially
repair DNA damage may, in turn, contribute to the reduced
viability of these cells we have observed. Given that reduced
short- and long-term viability and G2 arrest are characteristic
responses of cells treated with traditional DNA damage-induc-
ing chemotherapeutic agents, we next sought to examine in
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more detail the nature of the cellular DNA damage response
to 5-azadC treatment.

5-azadC treatment induces formation of �-H2AX foci, a
marker of DNA double-strand breaks, in an ATM- and
DNMT1-dependent manner. The data presented in the pre-
ceding sections clearly implicate DNMT1 in mediating much of
the survival and cell cycle-related effects of 5-azadC. Interest-
ingly, lack of a major target of 5-azadC, DNMT1, actually
resulted in greater cell death and reduced G2 arrest (Fig. 1),
suggesting that reduced DNMT1 levels and/or the presence of
the truncated hypomorphic form of DNMT1 may result in a
defective DNA damage response. The type of DNA damage
induced in 5-azadC-treated cells and how cells respond to this
form of damage have not been well characterized. In order to

investigate this in greater detail, we analyzed whether 5-azadC
treatment caused induction of a well-known marker of DNA
double-strand breaks, �-H2AX. H2AX is rapidly phosphory-
lated by ATM and other PI3K family members (ATR and
DNA-PK) in response to DNA double-strand breaks due to
naturally occurring endogenous processes, such as V(D)J re-
combination, or exposure to DNA damaging agents from the
environment (75). Treatment of HCT116 cells (Fig. 2A) with
10 �M 5-azadC for 48 h resulted in a large increase in cells
positive for �-H2AX, as monitored by immunofluorescence
staining (cells were scored positive if they contained five or
more �-H2AX foci). 5-azadC-treated cells exhibited intense
�-H2AX staining in highly localized foci, a characteristic of
many agents known to induce DNA double-strand breaks (26,

FIG. 1. Responses of HeLa and HCT116 cells to the DNA methylation inhibitor 5-azadC and the role of DNMT1 and DNMT3B. (A) Effect
of increasing concentrations of 5-azadC on DNMT1, DNMT3A, and DNMT3B protein levels. HeLa cells were mock treated (�) or treated with
0.1, 0.5, 1.0, 5.0, and 10.0 �M 5-azadC for 48 h (indicated by the wedge); then soluble protein extracts were prepared and subjected to SDS-PAGE
followed by Western blotting with the antibodies indicated at the left. GAPDH served as a loading control. (B) Effect of 5-azadC on cell viability.
Cells were treated with indicted doses of 5-azadC for 48 h (fresh drug added every 24 h); the medium was changed, and then cell viability was
determined using the MTT assay. (C) 5-azadC treatment results in decreased clonogenic survival. Cell lines were treated with 5-azadC for 48 h,
followed by replacement of the medium and continued growth for 10 to 12 days. Results are presented as the average of quadruplicate
measurements, and the bar is the standard deviation. (D) Effect of increasing doses of 5-azadC on the cell cycle summarized as the relative increase
in the number of cells (n-fold) arrested in G2/M for each of the cell lines following drug treatment. Experiments were repeated three times and
averaged. (E) HeLa cells treated with 10 �M 5-azadC for 48 h preferentially arrest in G2 as determined by DNA content (PI staining shown on
the x axis) and staining cells with an antibody for the M phase specific marker phospho-Ser10 histone H3 (y axis) followed by flow cytometry.
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82). HeLa and parental HCT116 cells demonstrated a dose-
dependent increase in �-H2AX staining, with foci readily de-
tectable following a 48-h exposure to 1 and 10 �M 5-azadC
(Fig. 2B). Of notable significance, cells deficient in DNMT1 or
ATM were completely devoid of a �-H2AX response upon
5-azadC treatment (Fig. 2B). DNMT3B-deficient cells dis-
played an intermediate reduction in �-H2AX staining when
treated with 5-azadC (Fig. 2B). The lack of �-H2AX staining
we observed in 5-azadC-treated ATM-deficient cells is in keep-
ing with previously published studies on the role of ATM in
phosphorylating H2AX in response to DNA damaging agents
(95). Interestingly, the basal level of �-H2AX staining in un-
treated cells (not exposed to drug and grown under standard
laboratory conditions) varied significantly, with DNMT1- and
ATM-deficient cells showing fourfold or higher levels of stain-
ing compared to the respective line’s wild-type for each of
these proteins (Fig. 2C). In keeping with this result, 1KO cells
also undergo apoptosis under standard growth conditions at
approximately twice the frequency of all other cell lines (Fig.
2C, inset graph), suggesting that 1KO cells may have a chron-
ically elevated level of DNA damage.

The ATM protein kinase is considered the master regulator
of the DNA damage response to double-strand breaks, phos-
phorylating, among many other proteins, p53, H2AX, NBS1,
BRCA1, and CHK2 to activate the G1/S, S, and G2 check-
points as well as to load ATR at sites of DNA damage for the

later phases of the damage response (1, 70, 90, 101). ATM and
the related PI3K-like proteins ATR and DNA-PK regulate
many aspects of DNA damage recognition and repair with
partially overlapping substrates and differential activation ki-
netics (90), and these kinases are inhibited to various degrees
by wortmannin (DNA-PK � ATM �� ATR) (85). The ATM-
defective EBS cell line was completely deficient in induction of
�-H2AX upon 5-azadC treatment, strongly implicating ATM
as the primary mediator of this process (Fig. 2B). To gain
additional support for the involvement of PI3Ks in general, we
treated HeLa and parental HCT116 cells with 10 �M 5-azadC
or 10 �M 5-azadC plus 10 �M wortmannin (added at the same
time) and stained for �-H2AX. Wortmannin completely sup-
pressed �-H2AX induction in response to 5-azadC treatment
in both cell lines (Fig. 2D), lending further support to the
involvement of the PI3Ks in the cellular DNA damage re-
sponse to 5-azadC. Taken together, these results reveal that
5-azadC treatment leads to DNA double-strand breaks, either
directly or indirectly, and that DNMT1 plays a critical role in
this process. It is also noteworthy that cell lines deficient in
�-H2AX staining in response to 5-azadC treatment (DNMT1
KO and ATM-deficient cells) also exhibit elevated basal levels
of �-H2AX and apoptosis, suggesting that these same proteins
have roles in suppressing spontaneously occurring DNA strand
breaks. Indeed, a previous study noted that genetic disruption

FIG. 2. Treatment of cells with 5-azadC results in induction of �-H2AX, a marker of DNA double-strand breaks, that is dependent on DNMT1
and the PI3K ATM. (A) Representative immunofluorescence staining result for �-H2AX (red) and DNA (blue) in untreated and 10 �M
5-azadC-treated HCT116 cells. A magnified view of the boxed cell is shown in the upper left corner of the 5-azadC-treated cells. (B) Dose-
dependent increase in �-H2AX-positive HeLa, HCT116 parental, 1KO, and 3BKO cells treated with 5-azadC (left graph). Induction of �-H2AX
staining in isogenic YZ5 and EBS cell lines following 5-azadC treatment (right graph). Results are plotted as the average relative change in cells
showing five or more �-H2AX foci compared to untreated cells. Data are graphed as the average increase (n-fold) in level of staining, relative to
the respective parental cell lines (set at 1.0). (C) Quantitation of the percentage of �-H2AX-positive cells and level of apoptosis (inset graph) in
each cell line in the absence of any drug treatment (basal levels) showing that cell lines with reduced or absent induction of �-H2AX staining upon
5-azadC treatment (1KO and EBS) exhibit elevated basal levels of �-H2AX expression and apoptosis. (D) PI3Ks are required for H2AX
phosphorylation in response to 5-azadC treatment. HeLa and parental HCT116 cells were mock treated (UT), treated with 10 �M 5-azadC alone
for 24 h (5-azadC), or treated with both 10 �M 5-azadC and 10 �M wortmannin (a general PI3K inhibitor) for 24 h (A�W); then, cells were fixed
and stained with a �-H2AX antibody, and positive cells were quantitated (cells with five or more �-H2AX foci). All values are an average of at
least three experiments, and the error bar is standard deviation from the mean.
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of DNMTs in the HCT116 system leads to increased genomic
instability (48).

5-azadC treatment induces DNA double-strand breaks that
are recognized and repaired differentially in DNMT-proficient
versus -deficient cells. Our previous studies clearly showed that
treatment of HeLa and HCT116 cells with 5-azadC results in
G2 arrest and induction of DNA double-strand breaks. We
therefore wondered if cells may be accumulating DNA damage
and then repairing it. To address this, we treated HeLa and
HCT116 cells as shown in the experimental scheme in Fig. 3A.
Cells were treated with 10 �M 5-azadC for 48 h (fresh drug
added every 24 h), and the medium was changed. In this way,
all cells in the population should have gone through at least
one round of DNA replication in the presence of 5-azadC.
Cells were then allowed to grow for an additional 96 h without
drug, during which time growth inhibition and DNMT protein
levels were measured. Data obtained from cell counting fol-
lowing trypan blue staining of cells revealed that HeLa cells
show a peak of growth inhibition in this treatment scheme at

48 h following 5-azadC removal, while HCT116 cells and the
KO lines peak at 72 h after drug removal (Fig. 3B). HCT116
1KO cells displayed reduced growth inhibition at early time
points (0 to 48 h after drug removal) but caught up to the other
HCT116 lines by 72 h (Fig. 3B). Levels of all DNMT proteins
were heavily depleted after the end of the drug treatment but
recovered to posttreatment levels by 48 h. DNMT1 protein
levels rebounded by 48 h, increased further at 72 h to a level
above the untreated cells, and then returned to posttreatment
levels again by 96 h (Fig. 3C). We next analyzed �-H2AX
staining by immunofluorescence at 24-h intervals after 5-azadC
removal. Both HeLa and HCT116 parental lines showed a five-
to sixfold increase in �-H2AX staining that peaked 24 to 48 h
following withdrawal of 5-azadC from the medium (Fig. 3D).
This level then steadily declined over the remainder of the
experiment to nearly the levels of untreated cells at 96 h,
suggesting that cells are accumulating DNA damage and then
repairing it. The relatively low level of apoptosis, particularly in
HCT116 cells (data not shown), and the 48-h treatment time

FIG. 3. 5-azadC treatment results in formation of DNA strand breaks that are repaired upon drug withdrawal. (A) Experimental scheme used
for the assays in this figure. Cells were treated with 5-azadC for 48 h with fresh drug added each day. The medium was then changed, and the cells
were allowed to recover for 4 days. Numbering in all graphs is relative to the day post-drug withdrawal, which starts at zero hours. (B) Growth
inhibition of all cell lines after removal of 5-azadC. Results are presented as the average percent growth inhibition ([100 � (number of cells in
treated sample/number of cells in untreated sample)] � 100) for quadruplicate experiments. (C) Soluble DNMT protein levels before and during
drug treatment and recovery as monitored by Western blotting. Ku70 served as a loading control. Hrs, hours. (D) Time course (or recovery) of
�-H2AX staining in HeLa cells following withdrawal of 5-azadC (left). Time course of HCT116 parental, 1KO, and 3BKO cells following 5-azadC
withdrawal from the growth medium (right). (E) Representative comet assay result showing formation of DNA strand breaks (formation of a
“comet tail”) in 5-azadC-treated HCT116 cells. The photograph is taken at a magnification of �20. (F) Time course of comet tail formation in
HeLa cells (left) or HCT116, 1KO, and 3BKO cells (right) following withdrawal of 5-azadC from the medium. Results are presented as the relative
change (n-fold) in cells displaying a comet tail compared to untreated cells. Experiments were repeated at least twice, and the results shown are
representative.
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(at least one cell doubling in the presence of drug) support the
notion of repair rather than cell death and repopulation of the
culture by cells that had not incorporated 5-azadC. Interest-
ingly, similar to the results presented in Fig. 2, loss of normal
DNMT1 function resulted in a profound deficiency in �-H2AX
induction following 5-azadC treatment, whereas cells deficient
in DNMT3B showed an intermediate effect (Fig. 3D, right
panel).

To further investigate the nature of the DNA damage in-
duced by 5-azadC and how cells respond to it, we employed the
comet assay. The comet assay is a sensitive fluorescent micro-
scopic method to examine DNA damage and repair at the
individual cell level (92). Treatment of HeLa and HCT116
cells with 10 �M 5-azadC resulted in DNA fragmentation
characteristic of DNA strand breaks, as monitored by forma-
tion of a comet-like tail following single-cell gel electrophoresis
(Fig. 3E). Using the same experimental scheme shown in Fig.
3A, we found that DNA fragmentation (or comet-positive
cells) in HeLa and HCT116 cells increased three- to fourfold,
and like �-H2AX staining, comet-positive cells decreased to
nearly background levels after 96 h (Fig. 3F). The peak of
comet-positive cells differed by approximately 24 h between
HeLa and HCT116 cells. Treated HCT116 parental, 1KO, and
3BKO cultures accumulated nearly equal levels of cells with
DNA damage, but there was a marked difference in the kinet-
ics (Fig. 3F). 1KO and 3BKO cells accumulated DNA damage
more rapidly (24 to 48 h earlier) than the parental HCT116
cells. Interestingly, however, most of the DNA damage ap-
peared to be repaired by the end of the 96-h experiment, as
shown by the return of comet-positive cells to nearly back-
ground levels. Taken together, the results of �-H2AX staining
and the comet assay suggest that 5-azadC treatment results in
formation of DNA double-strand breaks and that cells are
capable of repairing this damage. Furthermore, loss of
DNMT1 function, in particular, results in a profound change in
the DNA damage response, with drastically reduced induction
of �-H2AX and more rapid accumulation of DNA damage (as
measured by the comet assay) following 5-azadC treatment.
The comet assay also demonstrates that the lack of �-H2AX
response in the 1KO cells is not due to decreased DNA strand
breaks in the absence of fully functional DNMT1 protein. The
observation that DNMT1 or DNMT3B depletion in HCT116
cells results in minor changes in doubling time (�30%) (data
not shown) supports the notion that the effects we observe are
not a result of differential incorporation of 5-azadC due to
differences in the time each cell type spends in S phase. These
results also imply that the nature of the 5-azadC-DNMT1
adducts differs from the 5-azadC-DNMT3B adducts in the
structure of the lesion, quantity, or perhaps location within the
genome. 5-azadC-DNMT1 adducts and/or a fully functional
and mobile DNMT1 enzyme are therefore critical for induc-
tion not only of most of the cell cycle and growth inhibitory
effects but also of the cell’s response to these strand breaks in
the form of H2AX phosphorylation.

5-azadC treatment induces a DNA damage response that is
altered in DNMT-deficient cells, particularly in 1KO cells.
Our previous studies strongly implicated ATM in the response
to 5-azadC-mediated DNA damage. ATM is primarily acti-
vated by DNA double-strand breaks caused by ionizing radia-
tion or other radiomimetic agents, whereas ATR is involved in

the damage response to replicative stress or other forms of
damage that result in formation of single-stranded DNA. Both
ATM and ATR phosphorylate a large number of downstream
substrates, such as the CHK2 and CHK1 kinases, respectively,
which initiate the DNA damage response cascade (90). The
exact structural nature of the DNA damage produced in
5-azadC-treated cells is unknown; however, we initiated a
more detailed analysis of the cells’ response to this damage,
which may provide clues as to how cells respond to and repair
it. For this purpose, we treated HCT116 parental, 1KO, and
3BKO cells with 10 �M 5-azadC for 72 h and monitored the
changes in both the absolute levels of key DNA damage sig-
naling molecules and induction of their active, phosphorylated
forms, whenever possible, by quantitative Western blotting.
Equal microgram amounts of protein from all cell lines and
time points were loaded on SDS-PAGE gels, transferred,
probed with a given antibody in a single experiment, and ex-
posed to the same piece of film during Western blotting to
allow for comparison of absolute levels of each protein be-
tween different cell lines. Upon 5-azadC treatment, we de-
tected a time-dependent increase in the active, phosphorylated
forms of ATM (at serine 1981), p53 (at serine 15), and CHK1
(at serines 317 and 345) in HCT116 parental cells (Fig. 4A,
left). We also detected increases in the total levels of p53 and
p21Waf1/Cip1 in 5-azadC-treated HCT116 cells, consistent with
previous studies in HCT116 and other cell lines (49, 66, 88,
104). The active form of CHK2 (phospho-Thr68) was only
weakly induced by 5-azadC treatment. GAPDH levels served
as a loading control. Interestingly, cells deficient in DNMT1 or
DNMT3B exhibited a number of distinct differences in their
DNA damage response compared to parental HCT116 cells.
For example, basal and 5-azadC-induced levels of phospho-
Thr68 CHK2 increased, relative to parental HCT116, in both
the 1KO and 3BKO cells. The 1KO cells stood apart from
parental and 3BKO cells in a number of respects. 1KO cells
displayed reduced levels and/or delayed activation of phospho-
Ser15 p53, phospho-Ser317 CHK1, and phospho-Ser1981
ATM but were constitutively activated for the phospho-Ser345
form of CHK1 (Fig. 4A, middle). The 3BKO cells behaved
similarly to the parental HCT116 cells with regard to these
markers. One response of 3BKO cells to 5-azadC that was
particularly notable was the nearly complete lack of p21Waf1/Cip1

induction despite an apparently normal p53 response. Total
levels of the other PI3Ks, DNA-PK and ATR, were unchanged
upon 5-azadC treatment except for ATR levels in 1KO cells
and DNA-PK levels in 3BKO cells (Fig. 4A). As a control for
these studies, we treated HCT116 cells with bleomycin, an
agent known to induce DNA double-strand breaks and mimic
many of the effects of irradiation (89). For the case of bleo-
mycin-treated cells, all of the phosphorylated forms of the
proteins we studied were robustly induced, and total levels of
p53 and p21Waf1/Cip1 also increased, as would be expected (Fig.
4B). CHK1, although generally considered an ATR target, can
be phosphorylated by ATM (65). We therefore monitored
CHK1 phosphorylation in 5-azadC-treated ATM-negative
EBS cells. Quantitative Western blotting revealed that CHK1
was indeed phosphorylated in ATM-negative cells treated with
5-azadC, further supporting a role for ATR in the 5-azadC-
mediated DNA damage response (Fig. 4C). Taken together,
this analysis reveals that 5-azadC-induced DNA damage acti-
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vates components of both the ATM and ATR pathways, sug-
gesting that it involves the direct or indirect generation of
DNA strand breaks and that other forms of damage or repli-
cative stress are also created. Importantly, this study also dem-
onstrates that DNMT1 (the loss of which blunts both p53 and
alters CHK1 activation) and, to a lesser extent, DNMT3B (the
loss of which enhances the CHK2 response and severely im-
pairs p21Waf1/Cip1 induction) or the adducts they form with
5-azadC play important roles in initiating the DNA damage
response to this drug. Differential activation of proteins like
ATM, CHK1, and CHK2 may also help explain the marked
differences in induction of �-H2AX staining we observed in
5-azadC-treated cells.

Most of the proteins involved in DNA double-strand break
repair, such as �-H2AX and the phosphorylated forms of ATM
and p53, rapidly accumulate in discreet foci, where it is be-
lieved that each focus corresponds to a double-strand break
(25, 27, 82). To gain additional insight into the proteins in-
volved in sensing and repairing 5-azadC-induced DNA dam-
age, we used immunofluorescence microscopy to monitor lo-

calization of key players in the DNA damage response. Two
main pathways contribute to DNA double-strand break repair,
homologous recombination and nonhomologous end joining,
and each pathway makes use of both shared and unique pro-
tein components (70). HeLa cells were treated with 10 �M
5-azadC for 48 h and then fixed and stained. As a control for
focus formation and/or protein relocalization, we also treated
HeLa cells with bleomycin for 4 h and then washed out the
drug and fixed them 20 h later. Results clearly show accumu-
lation of �-H2AX and the phosphorylated forms of ATM,
CHK1, p53, and NBS1, as well as ATR, BRCA1, RAD51, and
Mre11 at discreet foci in 5-azadC-treated cells (Fig. 5, red
staining). We did not detect substantial relocalization of
DNA-PK (Fig. 5) or Ku80 (data not shown) under the same
conditions. Nearly identical results were obtained in bleomy-
cin-treated cells. These results therefore provide further sup-
port that 5-azadC treatment of cells leads to the formation of
DNA double-strand breaks and for the involvement of both
ATM- and ATR-related pathways in responding to the dam-
age. Our data also suggest a role for the homologous recom-

FIG. 4. DNA damage response to 5-azadC, as monitored by quantitative Western blotting, and the role of DNMT1 and DNMT3B. (A) The
HCT116 cell lines indicated at the bottom of the Western panel were treated with 10 �M 5-azadC for 0, 24, 48, and 72 h (with fresh drug added
every 24 h), and whole-cell extracts were prepared. Equal microgram amounts of extract were loaded onto SDS-PAGE gels, transferred to
polyvinylidene difluoride membrane, and probed with the antibodies indicated at the right. Note that all cell lines and treatments were run on gels,
probed with antibody, and exposed to film at the same time to allow for accurate and quantitative comparison between cell lines for a given
antibody. GAPDH served as a loading control. (B) HCT116 cells untreated or treated with 10 �M 5-azadC (aza) for 48 h or 10 �g/ml bleomycin
(bleo) for 4 h. (C) ATM-deficient cells show induction of the active phosphorylated form of CHK1 (phospho-Ser317) in response to 5-azadC
treatment (10 �M), demonstrating involvement of the ATR pathway in response to 5-azadC-mediated DNA damage. Equal microgram amounts
of whole-cell extract from EBS and YZ5 cells treated with 5-azadC for 0, 24, 48, and 72 h were used as described in panel A. pS, phospho-serine;
pT, phospho-threonine. Hrs tx, hours of treatment; untx, untreated.
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bination system in repairing 5-azadC-mediated DNA damage
since we observed formation of RAD51-containing foci, al-
though the involvement of nonhomologous end joining as well
cannot be excluded (99).

DNMT1 colocalizes with sites of DNA damage in 5-azadC-
treated cells. During the course of these studies we noted that,
upon treatment of HeLa (Fig. 6A) and HCT116 cells (data not
shown) with 5-azadC, there was a dramatic relocalization of
GFP-tagged DNMTs within the nucleus. Localization of
DNMT1 and Dnmt3b1 changed from their normal nucleoplas-
mic staining with concentration in DAPI (4�,6�-diamidino-2-
phenylindole)-dense heterochromatic regions (3, 28, 56, 77) to
one where the DNMTs were aggregated into many small and
large foci and little if any of the protein remained in hetero-
chromatic regions (Fig. 6A, compare images with green stain-
ing). This was not due to a generalized disruption in DAPI-
dense heterochromatin regions (Fig. 6B), suggesting that
DNMT relocalization is not a result of nonspecific effects of
5-azadC on nuclear morphology. Similar relocalization in the
presence of 5-azadC and dependence on an active catalytic
domain has been observed for DNMT1 (86).

The punctate pattern of staining for the DNMTs in the
presence of 5-azadC, particularly that of DNMT1, was remi-
niscent of the focal patterns observed with �-H2AX and other
DNA repair proteins in 5-azadC- and bleomycin-treated cells
(Fig. 5). To examine this potential correlation more directly,
we stained GFP-DNMT transfected cells that had been treated
with 10 �M 5-azadC with the �-H2AX antibody. Interestingly,
there was a very high degree of colocalization between
GFP-DNMT1 and �-H2AX in 5-azadC-treated cells. GFP-
Dnmt3b1, while relocalizing from its normal staining pattern
into nucleoplasmic foci due to 5-azadC treatment, exhibited
much weaker colocalization with �-H2AX (Fig. 6A, 5-azadC
frames). We used double staining of 5-azadC-treated cells with
�-H2AX and phospho-Ser1981 ATM as a positive control, and

this revealed nearly complete colocalization of these two DNA
damage markers, as would be expected (Fig. 6C). These results
therefore demonstrate the presence of DNMT1 at sites of
DNA damage that likely correspond to DNA double-strand
breaks. The particularly high degree of colocalization between
DNMT1 and �-H2AX, which was comparable to the colocal-
ization between �-H2AX and activated ATM, further supports
our previous data that DNMT1 is a major mediator of the
effects of 5-azadC on cell growth and induction of the DNA
damage response.

Other clinically relevant nucleoside-based DNMT inhibitors
induce DNA damage. While 5-azadC and 5-azaC have been
used in the laboratory and clinic for some time, renewed in-
terest in their clinical use, particularly for the treatment of
MDS and other leukemias, has increased in recent years (47,
64, 102). ZEB, a related analog, also inhibits DNMTs and
induces expression of aberrantly hypermethylated genes, al-
though it is considerably less potent. ZEB is, however, more
stable in aqueous solution than 5-azaC and 5-azadC; therefore,
there is interest in developing it for clinical use (14, 15, 96).
While the demethylating properties of these agents have been
directly compared (96), their capacity to induce DNA damage
has not. We compared the ability of 5-azaC, 5-azadC, and ZEB
to induce the well-known marker of damaged DNA, �-H2AX,
by immunofluorescence microscopy. Treatment of HCT116
cells with increasing doses of each drug (0.1, 1.0, and 10 �M for
5-azaC and 5-azadC and 50, 250, and 500 �M ZEB) for 48 h
(fresh drug added every 24 h) resulted in a dose-dependent
increase in �-H2AX-positive cells, with 5-azadC being the most
effective of the three drugs (Fig. 7A, left graph). The time
course of �-H2AX induction was also monitored over 3 days
after the addition of 10 �M 5-azaC, 10 �M 5-azadC, and 250
�M ZEB. Treatment of HCT116 cells with each of the three
agents caused a time-dependent increase in �-H2AX staining
that peaked between 48 and 72 h for 5-azaC and 5-azadC while

FIG. 5. 5-azadC treatment induces characteristic relocalization of DNA damage response proteins. Immunofluorescence staining of HeLa cells
that were mock treated (UT), treated with 10 �M 5-azadC for 48 h, or treated with 10 �g/ml bleomycin (bleo) for 4 h. Cells were then fixed and
stained with the indicated antibodies (red staining) and for DNA (blue staining), and representative images were collected on an upright
fluorescence microscope at a magnification of �100. Note the formation of foci in drug-treated cells and the induction of phosphorylated (active)
forms of select proteins.
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ZEB reached its highest level at 72 h of treatment (Fig. 7A,
right graph).

To more directly compare the DNA damage caused by the
three drugs, we measured DNA strand break formation with
the comet assay. As was seen for the �-H2AX staining, 5-azaC,
5-azadC, and ZEB treatment resulted in a dose-dependent
increase in DNA strand breaks, with 5-azadC being the most
effective at the highest dose (Fig. 7B, left graph). The time
course experiment also indicated that the number of cells with
strand breaks accumulated progressively with time, and the
largest number of comet tail-positive cells was observed after
5-azadC treatment (Fig. 7B, right graph). Experiments shown
in Fig. 7B quantitated the numbers of cells showing comet tails,
indicative of DNA fragmentation. To compare the amount of
DNA fragmentation (or DNA damage) in individual cells
caused by each drug, we calculated the tail moment. These
results are summarized in Fig. 7C and reveal that, in general,
5-azadC induced the greatest amount of DNA damage at the
highest dose and that 5-azaC and ZEB induced slightly less
damage and were roughly comparable. The amount of
�-H2AX- and comet-positive cells also roughly correlated with

the efficacy of each drug to reverse aberrant promoter hyper-
methylation of the WIF1 gene, which we have shown to be
densely hypermethylated in HCT116 cells (2). Quantitative
RT-PCR analysis of WIF1 expression revealed that 10 �M
5-azadC most efficiently induced reexpression (	58-fold), fol-
lowed by 10 �M 5-azaC (7.5-fold) and 250 �M ZEB (3-fold) in
HCT116 cells (Fig. 7D). Taken together, these results indicate
that all three nucleoside-based DNMT inhibitors result in in-
duction of DNA strand breaks and that their capacity to do so
roughly correlates with their ability to demethylate aberrantly
hypermethylated genes. Therefore, DNA damage-mediated
cytotoxicity, as well as reexpression of aberrantly silenced
growth regulatory genes, may contribute to the clinical efficacy
of all of these agents.

Defective DNA damage responses in HCT116 1KO cells are
not limited to DNA methylation inhibitors. Our previous ex-
periments indicated that HCT116 1KO cells were defective in
their DNA damage response in a number of ways, including
altered induction of the activated forms of �-H2AX, CHK1,
ATM, and p53, as well as reduced G2 arrest and increased cell
death following 5-azadC treatment. Our observations that

FIG. 6. DNMTs relocalize in the presence of 5-azadC, and DNMT1 colocalizes with �-H2AX DNA damage foci in 5-azadC-treated cells.
(A) HeLa cells were transfected with GFP-DNMT1 or GFP-Dnmt3b1. Cells were then mock treated (untreated) or were treated with 10 �M
5-azadC for 48 h, fixed, and then examined for localization of GFP signal. Both GFP-DNMTs localize diffusely throughout the nucleoplasm and
are also concentrated in DAPI-dense regions corresponding to heterochromatin in untreated cells (particularly Dnmt3b; green staining), as has
been shown previously by us along with other investigators. Upon 5-azadC treatment, DNMT1 and Dnmt3b1 relocalize, becoming aggregated into
more discrete foci and absent from DAPI-dense heterochromatin regions. 5-azadC-treated cells were also stained for �-H2AX (red staining),
showing the formation of characteristic foci in cells with damaged DNA. Overlaid images (far right) of the red and green signals show that DNMT1
is highly colocalized with �-H2AX (yellow signal). (B) DNA staining of untreated and 5-azadC-treated HeLa cells to demonstrate that there is no
gross disruption of heterochromatin or nuclear morphology in 5-azadC-treated cells. (C) Colocalization of activated ATM (phosphorylated at
serine 1981) and �-H2AX in 5-azadC-treated HeLa cells. Bar, 5 �m.
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HCT116 cells lacking a fully functional DNMT1, a major tar-
get of 5-azadC, were actually affected to a greater extent than
parental or 3BKO cells, coupled with the defects just men-
tioned, led us to wonder if there was a more generalized defect
in the DNA damage response in 1KO cells. To test this idea,
we treated HCT116 parental and 1KO cells with four other
well-characterized DNA damaging agents, doxorubicin, hy-
droxyurea, bleomycin, and exposure to UV light and measured
cell viability. Following a 24-h drug exposure, 1KO cells
showed significantly reduced cell viability, relative to parental
HCT116 cells, at doses of 0.3 to 10 �M doxorubicin, 1 to 500
mM hydroxyurea, and 10 to 32 �M bleomycin (Fig. 8A to C).
In addition, 1KO cells demonstrated significantly reduced vi-
ability following exposure to UV light (Fig. 8D). Since our
previous results indicated that activation of CHK1 was mark-
edly altered in 1KO cells after 5-azadC treatment, we used
Western blotting of extracts from doxorubicin-treated cells to
monitor activation of CHK1 (phosphorylation at both serines
317 and 345). This revealed that both phospho-Ser317 and
phospho-Ser345 CHK1 were activated in parental HCT116
cells (Fig. 8E), as would be expected and consistent with the
5-azadC results presented earlier (Fig. 4A). In contrast, 1KO
cells demonstrated constitutively activated phospho-Ser345
CHK1 that actually decreased following doxorubicin treat-
ment, while levels of phospho-Ser317 were elevated, and no
induction upon doxorubicin treatment was observed (Fig. 8E).

We then compared the cell cycle dynamics of HCT116 and
1KO cells following treatment with 1 �M doxorubicin for 24 h.
This experiment revealed that parental HCT116 cells arrested
predominantly in G2 and G1 in response to doxorubicin treat-
ment, consistent with published results (Fig. 8F) (20). 1KO
cells, however, were markedly deficient in both G1 and G2

arrest after the identical doxorubicin treatment conditions and
appeared to accumulate primarily in S phase (Fig. 8F). Taken
together, these results show that the defective DNA damage
response of 1KO cells is not restricted to agents that impact
DNA methylation. Rather, 1KO cells are significantly more
sensitive to other agents that directly or indirectly lead to DNA
double-strand breaks. This increased sensitivity may, at least in
part, be mediated by aberrant activation of CHK1 and subse-
quent defects in cell cycle checkpoints since CHK1 is critical
for G2 arrest in response to doxorubicin and other DNA dam-
aging agents (37).

DNMT1 interacts with CHK1 and influences its subcellular
localization following DNA damage. Aberrant DNA damage
responses and G2 arrest following treatment of HCT116 cells
deficient in DNMT1 function with 5-azadC and other DNA
damaging agents, coupled with recent findings showing that
HCT116 cells completely null for DNMT1 undergo mitotic
catastrophe with minimal losses of DNA methylation (13), led
us to test the hypothesis that DNMT1 interacts with compo-
nents of the DNA damage response or repair machinery. In-

FIG. 7. Other clinically relevant nucleoside inhibitors of DNA methylation induce DNA damage in a manner related to their ability to
demethylate genes. (A) Direct comparison of the ability of 5-azaC, 5-azadC, and ZEB to induce formation of �-H2AX foci in HCT116 cells in a
dose-dependent (left) and time-dependent (right) manner. Doses (indicated by the wedge) of 5-azaC and 5-azadC used were 0.1, 1.0, and 10 �M,
while 50, 250, and 500 �M ZEB was used since it is less potent at inducing demethylation of aberrantly methylated genes. (B) Time- and
dose-dependent induction of strand breaks in HCT116 cells treated with the same three drugs as monitored by comet assay. Values are the average
of three independent determinations. (C) Calculation of the tail moment, a measure of the degree of DNA damage, from the data in panel B. The
upper panel shows the tail moments for the dose-response experiment, and the lower panel shows the tail moments for the time course. �,
mock-treated cells or zero hours. (D) Quantitative RT-PCR analysis for expression of the WIF1 gene, which is densely hypermethylated in parental
HCT116 cells. RNA prepared from HCT116 cells treated with 10 �M 5-azaC, 10 �M 5-azadC, or 250 �M ZEB was reverse transcribed and PCR
amplified with primers for WIF1 and GAPDH. WIF1 expression was normalized to GAPDH expression as described in Materials and Methods,
and relative expression of treated versus untreated cells was determined by the ratio of normalized expression values for the treated cells to the
normalized expression value of the calibrator (untreated cells) All drug treatments are significantly elevated over values of the mock-treated cells
(paired t test, P � 0.04).
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terestingly, loss of CHK1 function also induces mitotic catas-
trophe in certain experimental settings (69). To address this
possibility, we performed immunoprecipitations using HeLa
nuclear extract and an antibody directed against CHK1. Sub-
sequent Western blotting of the immunoprecipitated material
with a DNMT1 antibody clearly showed that DNMT1 coim-
munoprecipitated with CHK1 (Fig. 9A, top panel). Positive
controls included immunoprecipitations with antibodies di-
rected against PCNA and p53, both of which have been shown

to interact with DNMT1 (17, 24), while preimmune IgG served
as a negative control (Fig. 9A). In addition, the DNMT1 an-
tibody used was clearly capable of immunoprecipitating endog-
enous DNMT1 from HeLa cells (Fig. 9B). In a reciprocal
reaction, DNMT1 antibody immunoprecipitated CHK1 but
not CHK2, from HeLa nuclear extract, showing that while
these two kinases have some overlapping functions and inter-
act with some of the same proteins, only CHK1 interacts with
DNMT1 under our experimental conditions (Fig. 9A, bottom

FIG. 8. Altered cellular responses of HCT116 1KO cells when exposed to other genotoxic agents. (A to D) MTT cell viability assays in parental
HCT116 and 1KO cells after exposure to increasing doses of doxorubicin, hydroxyurea, bleomycin, and UV light. All values, presented as the
percent viability relative to mock-treated cells, are the average of quadruplicate experiments, and the error bar is the standard deviation.
Doxorubicin, hydroxyurea, and bleomycin treatments were for 24 h. (E) CHK1 activation following treatment of parental and 1KO HCT116 cells
with 1 �M doxorubicin for the indicated times (in minutes), monitored by quantitative Western blotting. Equal amounts of whole-cell extract were
used at each time point, and Western blotting was performed with the antibodies indicated at the right. Thin and thick arrows denote unmodified
and phosphorylated forms of CHK1, respectively. (F) Representative cell cycle profiles of HCT116 and 1KO cells exposed to 1 �M doxorubicin
for 24 h. The percentage of cells in each phase of the cell cycle is given above the G1, S, and G2/M peaks. Parental HCT116 cells arrest
predominantly in G2/M and also in G1, while the G2/M and G1 checkpoints appear to be defective in 1KO cells after doxorubicin treatment. Untx,
untreated; tx, treatment; Dox, doxorubicin.

764 PALII ET AL. MOL. CELL. BIOL.



panel). Our data showing that endogenous DNMT1 and
CHK1 interact in HeLa cells without exposure to a DNA
damaging agent suggested that the interaction was constitutive;
however, low levels of DNA damage are likely always present
in cell cultures. To determine if DNA damage alters the inter-
action between DNMT1 and CHK1, we first transfected HeLa
cells with GFP-tagged DNMT1 and FLAG-tagged CHK1 in
order to facilitate detection of interactions, followed by treat-
ment with 1 �M doxorubicin for 24 h. Whole-cell extract was
prepared, and immunoprecipitations were performed with an
antibody directed against DNMT1. Subsequent Western blot-
ting with a FLAG antibody revealed that FLAG-CHK1 does
indeed bind to GFP-DNMT1 in untreated cells, consistent with
immunoprecipitations using HeLa nuclear extract, and that
upon treatment with doxorubicin, the interaction between
DNMT1 and CHK1 was markedly increased (Fig. 9C, upper
panel). This enhancement was not attributable to differences in
expression of ectopic DNMT1 and CHK1 (Fig. 9C, lower pan-
els). These results therefore indicate that DNMT1 interacts

with CHK1 but not CHK2 in HeLa cells, revealing a direct
connection between DNMT1 and the DNA damage response
system, and this interaction is enhanced by DNA damage.

We next sought to better understand the interplay between
CHK1 and DNMT1 and to learn why 1KO cells are defective
in CHK1 activation and G2 arrest after exposure to DNA
damaging agents. It has been well established that CHK1 is
associated with chromatin in untreated cells and that, upon
DNA damage, the differentially phosphorylated forms of
CHK1 redistribute to the cytoplasm and/or the soluble fraction
of the nucleus, and this redistribution is essential for CHK1’s
checkpoint functions (42, 93). Since DNMT1 is also associated
with chromatin and interacts with CHK1, we were interested in
determining if normal DNMT1 function contributed to CHK1
relocalization following DNA damage. We therefore per-
formed a subcellular fractionation on untreated and 10 �M
5-azadC-treated (48 h) HCT116 parental and 1KO cells to
isolate cytoplasmic, soluble nuclear, and chromatin-enriched
fractions according to protocols established for monitoring

FIG. 9. DNMT1 interacts with CHK1 and influences its subcellular distribution after DNA damage. (A) Demonstration that DNMT1 interacts
with CHK1 in reciprocal coimmunoprecipitations. In the top panel, a CHK1 antibody (Ab) was used in the immunoprecipitation (IP), followed
by Western blotting (WB) with a DNMT1 antibody. Immunoprecipitation with PCNA and p53 antibodies served as positive controls since they
are known to interact with DNMT1, while preimmune IgG served as a negative control. In the bottom panel DNMT1 was used as the
immunoprecipitating antibody followed by Western blotting with either CHK1 or CHK2 antibody. DNMT1 does not interact with CHK2 under
these conditions. (B) Validation that the DNMT1 antibody used in panel A does indeed immunoprecipitate endogenous DNMT1 from HeLa
nuclear extract. Untreated HeLa nuclear extract was used for panels A and B. (C) The DNMT1-CHK1 interaction is enhanced after DNA damage.
HeLa cells were mock transfected (�) or transfected with GFP-DNMT1 and FLAG-CHK1. After 24 h, doxorubicin (Dox) was added to the
cultures as indicated (�), and whole-cell extract was prepared 24 h later and used in immunoprecipitations with a DNMT1 antibody. CHK1 was
detected in Western blotting with an antibody directed against FLAG (upper panel). Expression levels of DNMT1 and CHK1 were equal between
untreated and drug-treated cultures (input). (D) Subcellular fractionation of untreated and 5-azadC-treated parental (WT) and 1KO HCT116
cells. Each cell line was mock treated (�) or treated with 10 �M 5-azadC for 48 h (�), followed by isolation of the cytoplasmic (S1/Cyto), soluble
nuclear (S2/Nu-S), and chromatin-enriched (P/Chrom) fractions. Each protein fraction was used for Western blotting with the antibodies shown
at the left. (E) Validation of the fractionation protocol for HCT116 cells by showing the expected localization of Ku70, GAPDH, and Pol II in the
nuclear, cytoplasmic, and chromatin-enriched fractions, respectively. Similar results were obtained with the 1KO cells (data not shown).
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CHK1 relocalization (60). For each of the fractions in each cell
line, we monitored localization of total CHK1 and CHK1
phosphorylated at serines 317 and 345. For both parental
HCT116 and 1KO cells, 5-azadC treatment resulted in an
increase in the total CHK1 levels bound to chromatin and
increased CHK1 in the cytoplasmic fraction in parental cells.
CHK1 levels in the soluble nuclear fraction were markedly
increased in both mock-treated and 5-azadC-treated 1KO cells
and did not change with drug treatment (Fig. 9D, upper panel).
Levels of phospho-Ser317 CHK1 were increased in 5-azadC-
treated parental HCT116 cells, and this form of CHK1 relo-
calized to the cytoplasm, consistent with previous reports using
UV light (93). In contrast, there was a slight increase in phos-
pho-Ser317 CHK1 with 5-azadC treatment in the chromatin-
associated fraction and a constitutively elevated level of phos-
pho-Ser317 CHK1 in the cytoplasm of 1KO cells (Fig. 9D).
Western blotting for phospho-Ser345 CHK1 revealed that
there was a low basal level of CHK1 phosphorylated at serine
345 in mock-treated HCT116 cells. After DNA damage, this
form of CHK1 became reduced in the chromatin-associated
fraction and moved to the soluble nuclear phase, consistent
with other studies (42). The pattern of phospho-Ser345 CHK1
in 5-azadC-treated 1KO cells was very different. While basal
levels of this form of CHK1 were nearly equal in mock-treated
parental and 1KO cells in the chromatin-associated fraction,
there was no detectable relocalization of phospho-Ser345
CHK1 to the soluble nuclear or cytoplasmic fractions in
5-azadC-treated 1KO cells (Fig. 9D). As controls for the frac-
tionation procedure, we used antibodies against Ku70,
GAPDH, and Pol II, which are known to localize predomi-
nantly in the soluble nuclear, cytoplasmic, and chromatin-as-
sociated fractions, respectively, consistent with our results and
demonstrating that the procedure was successful (Fig. 9E).
Taken together, these results demonstrate a novel interaction
between DNMT1 and CHK1 and indicate that at least some of
the defects in the DNA damage response we have observed in
cells lacking functional DNMT1 may be due to an inability to
properly relocalize the activated forms of CHK1 to the cellular
compartment where they exert their function. This appears
particularly true of phospho-Ser345 CHK1, which was com-
pletely unable to be released from the chromatin fraction in
1KO cells following DNA damage.

DISCUSSION

In the present study we have conducted a detailed investi-
gation into the cytotoxic action of the antitumor DNA dem-
ethylating drug 5-azadC. 5-azadC has been extensively studied,
and its ability to inhibit cellular DNMTs and mediate reexpres-
sion of aberrantly hypermethylated growth-regulatory genes is
well known (16, 36). Due to its inhibitory mechanism of action
and its incorporation into newly synthesized DNA, 5-azadC
results in covalent trapping of DNMTs, essentially causing
genome-wide protein-DNA cross-links. This very likely con-
tributes to 5-azadC’s ability to inhibit tumor cell growth even at
low doses but has been less well studied. We have shown, using
human tumor cell lines, that 5-azadC treatment causes deple-
tion of DNMT protein from the soluble nuclear phase, growth
inhibition, G2 arrest, and a reduction in clonogenic survival.
These results are in keeping with several previous studies of

the mechanism of action of 5-azadC or 5-azaC (8, 30, 49, 62,
88, 100, 104). In addition, we have investigated how cells re-
spond to 5-azadC in terms of the DNA damage machinery. We
demonstrate that both the ATM and ATR pathways are acti-
vated in response to 5-azadC-mediated DNA damage, as
shown by use of ATM-deficient cells, activation of both CHK1
and CHK2 kinases, and by use of the PI3K inhibitor wortman-
nin to blunt this activation. Induction of �-H2AX by 5-azadC
treatment, along with formation of DNA strand breaks mea-
sured by comet assay, supports the notion that 5-azadC directly
or indirectly leads to formation of DNA double-strand breaks.
We also present evidence, using immunofluorescence micros-
copy, for relocalization of DNA damage response proteins of
the ATM and ATR pathways in 5-azadC-treated cells, as well
as components of the homologous recombination-based repair
machinery, into foci characteristic of cells with damaged DNA.
Significantly, �-H2AX foci, which are thought to represent
sites of DNA strand breaks and are an assembly point for the
DNA repair machinery (70, 82), colocalize highly with GFP-
tagged DNMT1. Other clinically relevant nucleoside-based
DNA demethylating drugs also mediate formation of �-H2AX
foci and DNA strand breaks. Finally, we show for the first time
that cells deficient in normal DNMT1 function are defective in
their response to 5-azadC and DNA damaging agents in gen-
eral. This led us to discover a novel interaction between
DNMT1 and CHK1 and a role for this interaction in regulating
association of CHK1 with chromatin in response to DNA
damage.

During the methylation reaction of cytosine, the DNMT
forms a covalent thioester linkage with the C-6 position of
cytosine, increasing electron flow to C-5 with subsequent at-
tack on the methyl donor S-adenosyl-L-methionine. Proton
abstraction from C-5, followed by 
-elimination, allows for
reformation of the 5-6 double bond and DNMT release. Pres-
ence of the more electronegative nitrogen at the 5 position in
5-azadC permits the normal methylation reaction to begin;
however, it is halted prior to enzyme release, resulting in a
relatively stable covalent DNA-DNMT linkage (16, 84). DNA
damage mediated by 5-azadC could result from chemical in-
stability of the drug or from an enzymatic repair process.
Decay of 5-azadC-DNA-DNMT adducts is thought to yield
predominantly two end products: a ring-open 1-
-D-ribo-
furanosyl-3-guanylurea species and inactivated DNMT formy-
lated at the active site cysteine (7, 16, 41). Spontaneous
decay of 5-azadC in aqueous solution is also thought to yield
the same 1-
-D-ribofuranosyl-3-guanylurea species; however,
given that the vast majority of mutations in 5-azadC-treated
cells occur at CpG sites despite its random incorporation into
the genome during replication, spontaneous decay is unlikely
to play a major role in 5-azadC’s DNA damage-inducing func-
tions (7, 41). Furthermore, alkali-labile sites (indicative of
strand breaks) in DNA from 5-azadC-treated leukemia cells
did not increase linearly with drug incorporation, suggesting
that, rather than simple chemical breakdown of incorporated
5-azadC molecules giving rise to strand breaks, an active and
saturable repair process is involved (55). The fate of 5-azadC-
DNA-DNMT adducts in vivo has not been determined. It is
conceivable that the formylated DNMT is actively targeted for
degradation (30), although our finding that DNMT1 strongly
colocalizes with �-H2AX foci in 5-azadC-treated cells suggests
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that the 5-azadC-DNA-DNMT adducts persist even if the level
of soluble DNMT proteins decreases. Thus, it will be of great
importance to identify the breakdown products of 5-azadC-
DNA-DNMT-containing DNA in vivo to better understand
how these adducts are causing DNA damage.

The DNA damage recognition and repair machinery in
mammalian cells is extensive and mounts a rapid and efficient
response to the myriad forms of damage that occur, depending
on the environmental or endogenous insult. Exactly how cells
repair the damage induced by 5-azadC-DNMT covalently
linked DNA lesions is unknown although our data strongly
support the involvement of double-strand break repair path-
ways. Alternatively, a DNA glycosylase may remove the dam-
aged 5-azadC base degradation product once the inactivated
methyltransferase has been removed from DNA. Whether loss
of covalently bound DNMT occurs spontaneously or also re-
quires an active removal process in vivo mediated by the nu-
cleotide excision repair machinery, which is often required for
removal of bulky adducts from DNA, remains unclear (19).
Our data showing induction of �-H2AX, which colocalizes with
DNMT1 in 5-azadC-treated cells, and activation of many pro-
teins in the double-strand break repair pathway (ATM and
ATR for example) strongly suggest not only that the 5-azadC-
DNA-DNMT adduct leads to DNA strand breaks but also that
the cell is responding to and repairing this damage using pro-
teins in both the ATM and ATR arms of the double-strand
break repair system. Another key factor in determining which
DNA repair pathways respond in 5-azadC-treated cells is
where in the genome it is incorporated. For example, 5-azadC
incorporated at replication foci, where DNMT1 is also local-
ized, may result in defects in the structure of the replication
fork, a finding supported by formation of foci containing ATR
and activation of CHK1 in 5-azadC-treated cells in our study.
Alternatively, the active removal of the 5-azadC-DNA-DNMT
adduct by an unknown mechanism may directly lead to strand
breaks. The expression level of a particular DNMT may also
influence the DNA damage response to 5-azadC. Interestingly,
DNMT1 and DNMT3A are highly overexpressed in chronic
myelogenous leukemia (CML) bone marrow samples (52), and
CML is one of the most 5-azadC-responsive tumor types
known. It will therefore be critical to gain a better understand-
ing of these issues as part of future studies so that human
cancer patients that will respond best to 5-azadC can be iden-
tified and also to potentially exploit this knowledge to further
enhance the antitumor potential of 5-azadC.

Accumulating evidence suggests that DNMT1, DNMT3A,
and DNMT3B methylate the genome with some degree of
redundancy but that there is functional specialization as well
(31, 45, 54). For example, studies using ICF (immunodefi-
ciency, centromeric instability, and facial anomalies) syndrome
cells have demonstrated the particularly prominent role for
DNMT3B in methylating pericentromeric satellite repeats
(23). We examined the role of DNMT1 and DNMT3B, two
DNMTs responsible for the majority of cellular DNA methyl-
ation (76) that are frequently deregulated in human tumor
cells (80), in mediating the response to 5-azadC. Interestingly,
cells deficient in DNMT1 exhibit consistent and markedly dif-
ferent responses to 5-azadC. For example, 1KO cells show
delayed growth inhibition and reduced G2 arrest and clono-
genic survival in response to 5-azadC treatment. DNMT 3BKO

cells generally showed either an intermediate response or re-
sponded similarly to parental HCT116 cells with regard to
most of these properties. Perhaps the most notable difference
in 3BKO cells was the lack of p21Waf1/Cip1 induction, a finding
which may merit further investigation. Results obtained using
the 1KO cells are somewhat paradoxical in the sense that
removal of one of the main targets of 5-azadC, DNMT1, ac-
tually resulted in more severe reductions in short- and long-
term viability and reduced G2 arrest, suggesting a fundamental
difference between human tumor cells and other cell systems
used or a novel function for DNMT1 as a component of the
DNA damage signaling machinery revealed through the use of
hypomorphic 1KO cells (22). For example, a prior study in ES
cells using complete knockout of Dnmt1 showed that reducing
Dnmt1 levels also reduced the cytotoxic effects of 5-azadC (44,
71). Another recent study showed that Dnmt3a and Dnmt3b
played a greater role in mediating the cytotoxic effect of
5-azadC on the growth of murine ES cells (71). Difference in
species or the use of transformed versus normal cells could
account for some of the divergent results; however, the partic-
ularly unique defect in DNMT1 identified in 1KO cells may be
the most significant contributor to the differences, and this will
be discussed further below. We focused our studies on human
tumor cells because they are the intended target of a chemo-
therapeutic regimen utilizing 5-azadC.

We identified a number of other significant differences be-
tween parental and 1KO HCT116 cells while examining the
DNA damage response to 5-azadC. For example, 1KO cells
were completely deficient in induction of �-H2AX foci and
displayed reduced and/or delayed induction of the phosphory-
lated forms of p53, ATM, and CHK1 following 5-azadC treat-
ment. Differences in the damage responses of 1KO cells to
genotoxic agents were not limited to DNA methylation inhib-
itors. 1KO cells were significantly more sensitive to doxorubi-
cin, hydroxyurea, bleomycin, and UV light, and activation of
CHK1 and G2 arrest in 1KO cells treated with doxorubicin was
also defective, indicating that 1KO hypomorph cells have a
generalized defect in the damage response. These results
suggest that DNMT1-aza-DNA adducts are distinct from
DNMT3B-aza-DNA adducts in terms of either location
throughout the genome, quantity, or ability of each lesion to
activate a DNA damage response. For example, localization of
DNMT1 to replication foci is mediated, at least in part, by its
interaction with PCNA (17, 53); thus, this localization may
make DNMT1-aza-DNA adducts more readily recognized by
the repair machinery or cause defects in replication fork struc-
ture. The latter of these possibilities is supported by our data
demonstrating activation of ATR-dependent signaling in
5-azadC-treated cells, since ATR senses stalled or collapsed
replication forks (51), and by a recent publication using
DNMT1 knock-down approaches (98). The prominent role of
DNMT1 in mediating many of the effects of 5-azadC may
therefore be attributable to its function as a maintenance
DNMT responsible for copying methylation patterns through-
out the genome.

Our results also suggest that DNMT1 itself plays an active
role in the DNA damage/repair response, rather than simply
mediating formation of DNA strand breaks in the presence of
5-azadC. For example, DNMT1 KO cells were as deficient for
�-H2AX induction as ATM-deficient cells in response to
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5-azadC, and both lines showed elevated basal levels of
�-H2AX staining. The comet assay clearly showed that 1KO
cells accumulated strand breaks to a level comparable to pa-
rental HCT116 cells. Indeed, a recent study showed that
DNMT1-deficient cells display increased genomic instability
(48), and DNMT1 has been implicated in playing a direct role
in DNA mismatch repair (35, 50). DNMT1 is recruited to sites
of DNA damage caused by UV radiation in a manner depen-
dent on its PCNA interaction domain (63), and it interacts and
cooperates with p53 to repress transcription (24). While p53
appeared to stimulate DNA methylation by DNMT1, an effect
of DNMT1 on p53’s DNA damage/repair functions was not
reported (24). Interestingly, we found an inverse relationship
between �-H2AX staining and the accumulation of comet-
positive cells. For example, 1KO cells showed almost no in-
duction of �-H2AX staining when treated with 5-azadC, yet
they accumulated strand breaks with more rapid kinetics, sug-
gesting that cells lacking DNMT1 (and ATM) have more un-
stable or fragile genomes. This inverse relationship is in keep-
ing with the role of �-H2AX not only as a protein involved in
recruitment and retention of DNA repair proteins at sites of
damage but also as a DNA damage signaling molecule (74, 75,
82). Therefore, the muted �-H2AX induction in 1KO cells
could potentially reflect impaired or delayed recognition of
DNA damage in the absence of DNMT1. Taken together, our
studies show that, in human tumor cell lines, DNMT1 is re-
quired to orchestrate the proper response to 5-azadC-medi-
ated DNA damage.

We show for the first time an interaction between DNMT1
and CHK1 in cells under unperturbed growth conditions, and
this interaction is enhanced upon DNA damage. This supports
our hypothesis that DNMT1 possesses novel functions as a
DNA damage signaling molecule and that the mechanism for
this may be mediated through DNMT1’s ability to regulate
CHK1-chromatin interactions. DNMT1 hypomorphic cells
were defective in their ability to activate CHK1, demonstrating
blunted phosphorylation of CHK1 Ser317 and constitutively
activated phosphorylation CHK1 Ser345 in most cases, and the
phospho-Ser345 CHK1 appeared unable to migrate from the
chromatin fraction to the soluble phase, a process that is es-
sential for CHK1 function (93). The defect in 1KO cells is
actually a small deletion within the N-terminal regulatory do-
main of DNMT1 yielding a protein lacking its PCNA interac-
tion domain that is expressed at markedly reduced levels (22).
Complete knockouts of DNMT1 were recently generated, and
this revealed that HCT116 cells completely lacking DNMT1
led to activation of a DNA damage response involving ATM
and rapid cell death by mitotic catastrophe (13). Interestingly,
depletion of CHK1, which is essential for normal DNA repli-
cation in the absence of DNA damage, stabilizing stalled rep-
lication forks, and arresting damaged cells in G2/M, or muta-
tion of the CHK1 serine 345 phosphorylation site, also led to
mitotic catastrophe. Mutation of CHK1 serine 317 was com-
patible with cell survival but resulted in enhanced genomic
instability (67). We do not at present know exactly how
DNMT1 regulates CHK1 activation, nor if the interaction is
direct, but several scenarios can be envisaged. DNMT1 may
create a particular chromatin state required for CHK1 binding
or recruitment of other CHK1 regulators, such as the 9-1-1
(RAD9-HUS1-RAD1) PCNA-like checkpoint complex (73).

Since hypomorphic 1KO cells and HCT116 cells with complete
DNMT1 knockout lose comparable amounts of genomic DNA
methylation (	20%) with radically different effects on cell
viability, this mechanism seems unlikely. Another possible
mechanism is that DNMT1 may tether CHK1 to chromatin
and or replication forks, and a subsequent modification (e.g.,
phosphorylation) of DNMT1 or other interacting protein al-
lows for CHK1 release upon DNA damage. Current models
suggest that CHK1 activation is regulated in a complex man-
ner; the RAD17-RFC (clamp loader)/9-1-1 complex (clamp)
and ATM/ATR independently accumulate at sites of DNA
damage, followed by recruitment and activation of CHK1 via
the kinase activity of ATR. Interestingly, the 9-1-1 complex is
structurally similar to the PCNA replicative sliding clamp. The
truncated form of DNMT1 expressed in 1KO hypomorph
HCT116 cells lacks its PCNA binding domain and is not effi-
ciently recruited to replication foci or sites of UV-induced
DNA damage (63, 94). It is intriguing to speculate that, if a
similar interaction exists between DNMT1 and the 9-1-1 com-
plex, this may also be disrupted in the 1KO hypomorphs, re-
sulting in reduced DNMT1-CHK1 interaction at sites of DNA
damage culminating in defective CHK1 activation. As we have
suggested previously, this novel function of DNMT1 may be
revealed only through the use of cells expressing an unusual
form of DNMT1 or through the extreme depletion conditions
of a complete genetic knockout of DNMT1 (10). Low levels of
DNMT1 may be able to sustain proper CHK1 activation and
replication fork stability and allow for continued cell division.
Under these conditions, however, genomic DNA demethyla-
tion and reactivation of tumor suppressor genes may occur and
further influence cell growth dependent on cell type, the com-
plement of aberrantly hypermethylated genes, and the integrity
of cell cycle checkpoints.

This work also has implications for the clinical use of
5-azadC and related nucleoside-based DNMT inhibitors.
5-azadC and 5-azaC possess significant clinical efficacy in MDS
and other leukemias, and in the case of MDS, they represent
the only currently available treatment option for many patients
due to their advanced age. Total and complete response rates
varied between 50 to 80% and 10 to 50%, respectively, de-
pending on the study, dose, number of treatment courses, and
method of drug delivery (18, 38, 40, 64, 102). Recent studies
have suggested that lower-dose, longer-term treatment of
MDS patients with 5-azadC improves response rates, reduces
toxic side effects, and maximizes demethylating activity (102).
Treatment of human cancer patients with 5-azadC results in
global, repetitive element, and gene-specific demethylation
(18, 64, 83, 102). Interestingly, however, the correlation be-
tween patient response and degree of demethylation has, in
general, been limited. For example, a study of 5-azadC in MDS
patients revealed that p15Ink4b demethylation correlated with
patient response but also that responses were seen in patients
without p15Ink4b methylation (18). Microarray gene expression
profiling of acute myeloid leukemia and MDS cells before and
after 5-azadC treatment revealed that about 80 genes were
up-regulated; however, the majority of them were not methyl-
ated before or after treatment, suggesting a methylation-inde-
pendent mechanism (87). In a recent study of 5-azadC for the
treatment of CML, hypomethylation correlated with response
rate at low doses of 5-azadC but not at higher doses. The DNA
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methylation status of several frequently hypermethylated
growth-regulatory genes, including HoxA5, H19, and the
p15Ink4b gene, either did not show demethylation or the dem-
ethylation observed did not correlate with clinical response.
This study also showed that patients with hypermethylated
alleles of the p15Ink4b gene were less likely to respond to
5-azadC treatment (102). In another study of MDS patients,
demethylation of the p21Waf1/Cip1 gene was readily evident
upon 5-azadC treatment and increased with the number of
courses of treatment; however, karyotype normalization pre-
ceded DNA demethylation, suggesting that it was not depen-
dent on demethylation (64). The lack of correlation between
gene-specific DNA demethylation and patient response sug-
gests that reactivation of other genes not studied are mediating
5-azadC’s antitumor effects, that cytotoxic effects due to for-
mation of the DNMT-aza-DNA adduct are important even at
the lower doses achieved in vivo, or that other mechanisms
come into play, such as activation of an immune response. All
of these mechanisms are likely to be important, and one may
predominate in a particular cell type or treatment condition. It
should also be noted that we observed induction of �-H2AX
foci and DNA strand breakage following treatment with 1 �M
5-azadC and below (Fig. 2 and data not shown) and that even
a single unrepaired DNA double-strand break is a lethal event.
In addition, DNMT-aza-DNA adducts must be forming in vivo
in cancer patients at all doses of 5-azadC in order for the
observed global and gene-specific demethylation changes to
occur. Therefore, the cellular response to 5-azadC-mediated
DNA damage is likely an important contributor to its antitu-
mor activity, and further characterization of its cytotoxic mech-
anism of action, as well as the interplay between CHK1 and
DNMT1 in mediating the DNA damage response, will be im-
portant to fully understand its clinical effects in cancer patients.
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