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DNA methyltransferase (DNMT)-inhibiting nucleoside analogs reactivate the expression of tumor suppressor genes and

apoptosis-related genes silenced by methylation, thus favoring the induction of apoptosis in tumor cells. Moreover, induction

of DNA damage seems to contribute to their antitumor effect. However, the apoptotic signaling pathway induced by these

demethylating drugs is not well understood. Here, we have investigated the induction of apoptosis by two nucleoside DNMT

inhibitors, decitabine and zebularine, in leukemic T cells. Both inhibitors induced caspase-dependent apoptosis in Jurkat,

CEM-6 and MOLT-4 leukemia T cell lines, all with mutant p53, whereas resting and activated normal T lymphocytes were

highly resistant to these demethylating agents. Although decitabine and zebularine showed different ability to induce

apoptosis and cell cycle arrest among the three cell lines, they similarly activated the intrinsic apoptotic pathway by inducing

mitochondrial alterations such as Bak activation, loss of transmembrane potential and generation of reactive oxygen species

(ROS). Accordingly, Bcl-2- and Bcl-xL-overexpressing Jurkat cells, as well as caspase-9-deficient Jurkat cells, were resistant to

apoptosis induced by decitabine and zebularine. Interestingly, ROS production seemed to be necessary for the induction of

apoptosis. Apoptotic events, such as Bak and caspase activation, started as soon as 20 hr after treatment with either

decitabine or zebularine. In addition, progression of apoptosis triggered by both DNMT inhibitors was paralleled by the

induction of DNA damage. Our results suggest that the mitochondrial apoptotic pathway activated by decitabine and

zebularine in p53 mutant leukemic T cells depends mainly on the induction of DNA damage.

Abnormal DNA methylation of CpG sequences is one of the
most common epigenetic modifications observed in tumors.
Hypermethylation of promoter regions of tumor suppressor
genes causes their silencing, thus favoring tumor progres-
sion.1–3 This has focused attention on drugs that reactivate
methylated cancer genes as a promising antitumor strategy.

The cytosine nucleoside analogs 5-azacytidine and 5-aza-
20-deoxycytidine (decitabine) are the best known demethylat-
ing agents.4 These compounds are metabolized and phospho-
rylated inside the cell and then incorporated into DNA,
where they are recognized by DNA methyltransferases

(DNMTs), the enzymes responsible for DNA methylation.
The covalent complexes formed by the abnormal bases and
DNMT result in degradation of the trapped enzymes.5 Both
DNMT inhibitors have been approved by the Food and Drug
Administration for the treatment of myelodysplastic syn-
dromes (MDS), despite being quite toxic and unstable.5,6

Another cytidine analog, zebularine, although originally
described as a cytidine deaminase inhibitor, also has DNA
demethylating activity. In vitro and in vivo studies have dem-
onstrated that zebularine is highly stable and shows minimal
toxicity.7,8 It exhibits selective activity against various cancer
cells when compared to normal fibroblasts.9

Tumor cell exposure to demethylating agents causes the
upregulation of cell cycle-associated genes, such as p14, p15
or p16, and genes related to the induction of apoptosis, such
as caspase-8 or Apaf-1, that are silenced by hypermethyl-
ation.3,10–13 As a consequence, demethylating agents induce
cell cycle arrest and apoptosis in tumor cells and sensitize
them to other chemotherapeutic drugs.12,13 On the other
hand, nucleoside DNMT inhibitors are able to form com-
plexes with DNA-DNMT that induce DNA damage and cy-
totoxicity,14,15 which suggests that these DNMT inhibitors
may exert their antitumoral effects by both mechanisms,
dependent and independent of their demethylating action.
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Several reports have discussed the contribution of these two
mechanisms of action, hypomethylation and DNA damage,
the involvement of the tumor suppressor protein p53 and the
role of the mitochondria in the induction of apoptosis by
decitabine, particularly in myeloid leukemias.15–18 In contrast,
much less is known about the signals involved in zebularine-
induced apoptosis.

Aberrant DNA methylation has been reported to be associ-
ated with gene silencing in T-cell acute lymphoblastic leuke-
mia.19–21 Moreover, the methylation status of several genes
seems to correlate with the tumor response to treatment and
the outcome of patients,19,22 which suggest the therapeutic
potential of DNMT inhibitors in this hematologic malignancy.
Nevertheless, the cytotoxic effect of demethylating agents in
leukemic T cells has not been described in detail. The aim of
our study was to compare and characterize the induction of
apoptosis by zebularine and decitabine in leukemic and nor-
mal T cells. Our results show that both DNMT inhibitors
similarly activated the intrinsic apoptotic pathway in leukemic
T cells in a p53-independent manner, at doses that, especially
in the case of zebularine, were nontoxic for normal T lym-
phocytes. In addition, apoptosis induced by both inhibitors
occurred simultaneously to the induction of DNA damage.
However, differences were found in the ability of decitabine
and zebularine to induce cell cycle arrest as well as in the sen-
sitivity of leukemic T cell lines to both demethylating agents.

Material and Method
Reagents and antibodies

5-Aza-20-deoxycytidine (decitabine), dihydroethidium (DHE),
phytohemagglutinin, mouse anti-b-actin antibody and mono-
clonal anti-p53 antibody were from Sigma-Aldrich (St. Louis,
MO). 1-(b-D-Ribofuranosyl)-1,2-dihydropyrimidin-2-one, 2-
pyrimidone-1-b-D-riboside (zebularine), anti-Bak (Ab-1)
monoclonal antibody and anti-Chk1 (pSer317) rabbit polyclo-
nal antibody were obtained from Calbiochem (Darmstadt,
Germany). Z-VAD-FMK, a wide-spectrum caspase inhibitor,
was from Bachem (Bubendorf, Switzerland). Mouse anti-
human CD28 was from eBioscience (San Diego, CA). Anti-
human caspase-8 monoclonal antibody was purchased from
Cell Diagnostica (Munster, Germany). Anti-human caspase-9
monoclonal antibody was from R&D Systems (Minneapolis,
MN). Mouse anti-PARP was from BD Biosciences (San Jose,
CA). Monoclonal antibody anti-Bcl-2 was from Dako
(Glostrup, Denmark). Mouse monoclonal antibody against
Bcl-xL and monoclonal antibody anti-histone H1 were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Mouse monoclonal DNMT1 antibody was from Abcam
(Cambridge, UK). Anti-phospho-histone H2AX (Ser139)
monoclonal antibody was from Upstate/Millipore (Billerica,
MA). Rabbit polyclonal antibody phospho-p95/Nbs1 (Ser343)
was obtained from Cell Signaling Technology (Danver, MA).
The fluorescent cationic lipophilic dye 3,30-dihexyloxacarbo-
cyanine iodide (DiOC6(3)) was from Molecular Probes

(Carlsbad, CA). Manganese-porphyrin Mn(III)TMPyP was
obtained from Cayman Chemical (Ann Arbor, MI).

Cells and cell culture

Blood samples were obtained from healthy donors by
informed consent and collected into citrates tubes. Peripheral
blood T lymphocytes were then isolated and activated as pre-
viously described.23 The human leukemic T cell lines Jurkat,
CEM-6 and MOLT-4 were kindly provided by Dr. Abelardo
López-Rivas (CABIMER, Sevilla, Spain). Jurkat cells deficient
in caspase-9 and caspase-9-reconstituted Jurkat cells have
been previously published.24 Cell lines were all maintained in
culture in RPMI 1640 medium with 10% fetal bovine serum
(FBS), 1 mM L-glutamine, penicillin and streptomycin at
37�C in a humidified 5% CO2, 95% air incubator. Jurkat cells
stably overexpressing Bcl-2 and Bcl-xL were generously pro-
vided by Dr. Jacint Boix (Departamento de Ciencias Médicas
Básicas, Universidad de Lleida, Spain) and maintained in cul-
ture medium with 1 mg/ml G418 sulfate (Sigma Chemical).

Cell cycle and apoptosis analyses

Cell cycle profiles and hypodiploid apoptotic cells were
detected by flow cytometry according to the published proce-
dures.25 Briefly, cells were washed with PBS, fixed in cold
70% ethanol and then stained with propidium iodide while
treating with RNase. Cellular DNA content was measured in
a FACScan cytometer with the Cell Quest software (BD Bio-
sciences) and using logarithmic amplification for quantifica-
tion of sub-G1 apoptotic cells and linear amplification for
quantification of cells arrested in the G2/M phase.

Determination of mitochondrial membrane potential

and ROS generation

Mitochondrial membrane potential (Dwm) and reactive oxy-
gen species (ROS) production were analyzed by flow cytome-
try. Briefly, cells (2.5 � 105) were incubated in RPMI 1640
medium supplemented with 5% FBS and containing the oxi-
dant-sensitive probe DHE (2 lM) and the fluorescent poten-
tiometric dye DiOC6(3) (10 nM), for 20 min at 37�C in the
dark, followed by quantitative analysis in a FACScan cytome-
ter with the Cell Quest software.

Flow cytometry analysis of Bak activation

For detection of activated Bak, cells (2.5 � 105) were washed
in PBS, fixed in 0.25% paraformaldehyde for 5 min on ice
and washed three times with PBS. Cells were then incubated
with 1:50 anti-Bak antibody in staining buffer (PBS contain-
ing 1% FBS and 100 lg/ml digitonin) for 30 min at room
temperature. After washing, cells were incubated in staining
buffer with 0.2 lg Alexa Fluor 488-labeled goat anti-mouse
(Molecular Probes) for 30 min at room temperature in the
dark. Cells were washed and analyzed in a FACScan cytome-
ter using the Cell Quest software.

Immunoblot detection of proteins

Total protein extracts were prepared by lysing cells in ice-
cold lysis buffer (150 mM NaCl, 50 mM Tris-Cl and 1% NP-
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40) for 30 min at 4�C. Proteins were resolved on SDS-PAGE
minigels and detected as reported previously.26 For detection
of some nuclear proteins, nuclear extracts were obtained as
described previously,23 and proteins were resolved as above.

Comet assay

DNA damage was quantified using Comet Assay kit (R&D
Systems) with some modifications. A total of 1 � 105 cells
per milliliter were combined with molten LM agarose at
37�C at a ratio of 1:10 vol/vol and pipetted onto a Comet-
Slide. The slides were placed for 10 min in the dark at 4�C
before they were immersed in prechilled lysis solution. The
slides were then removed from lysis buffer, washed in TBE
buffer and transferred to a horizontal electrophoresis cham-
ber. Voltage (1 V/cm) was applied for 20 min. After washing
in distilled water, the slides were immersed in 70% ethanol
for 5 min and allowed to air dry. Slides were stained with
SYBR Green and then analyzed by fluorescence microscopy.
Seventy to ninety cells were evaluated in each sample using
the Comet Assay Software Project (CASP). DNA damage was
quantified by measuring the tail moment (TM) calculated as
percentage of DNA in the tail � tail length.

Statistical analysis

The data were analyzed with unpaired Student’s t-tests (two
tailed) by using GraphPad Prism 4 for Windows. Values of
p < 0.05 were considered significant.

Results
Zebularine and decitabine induce caspase-dependent

apoptosis selectively in leukemic T cells

The DNMT inhibitors decitabine and zebularine have been
reported to induce apoptosis in different types of cancer cells
as a consequence of their demethylating effect.17,27–30 We
analyzed the induction of apoptosis in p53 mutant leukemic
T cell lines31,32 upon treatment for 2 days with decitabine
and zebularine, at doses similar to those previously described
to induce hypomethylation in leukemia and other tumor cell
lines.28,29,33,34 Jurkat and MOLT-4 cells showed similar sensi-
tivity to both, decitabine and zebularine. Significant apoptosis
was observed in both cell lines with all doses used of these
compounds, with the exception of 10 lM zebularine
(Fig. 1a). CEM-6 cells were less sensitive to zebularine than
Jurkat and MOLT-4 cells, but concentrations above 10 lM
also induced significant apoptosis in this cell line (Fig. 1a,
right panel). However, CEM-6 cells showed a very low sensi-
tivity to decitabine (Fig. 1a, left panel).

Next, we compared the effect of decitabine and zebularine
in normal T lymphocytes. Decitabine at all doses used
showed a slight and no significant toxicity against both, rest-
ing and activated T lymphocytes, whereas zebularine-induced
toxicity was only observed at the higher dose of 250 lM
(Fig. 1b). To further study the effect and the mechanism of
action of DNMT inhibitors in leukemia T cell lines, we
selected doses of 5 lM decitabine and 50 lM zebularine

because of their ability to induce apoptosis in leukemic T
cells and their limited toxicity for normal T lymphocytes,
especially in the case of zebularine.

Cell cycle analysis performed to determine apoptotic cells
in sub-G1 phase revealed that decitabine and zebularine not
only differed in their ability to induce apoptosis in different
leukemic T cell lines but also in their capacity to affect cell
cycle progression. Decitabine induced cell cycle arrest in G2/
M phase in Jurkat and CEM-6 cells, but not in MOLT-4
cells, whereas zebularine had no effect on cell cycle distribu-
tion (Fig. 1c). These observations were confirmed by flow
cytometric analysis of the DNA content of viable nonapop-
totic cells on a linear scale (Fig. 1d). Interestingly, the sensi-
tivity of the different cell lines to both DNMT inhibitors did
not correlate with the modulation of cell cycle progression.

Next, we examined the time course of apoptosis induction
by decitabine and zebularine in the most sensitive cell lines,
Jurkat and MOLT-4 cells. A significant percentage of apopto-
tic cells was detectable after 30 hr of incubation with either
demethylating agent (Figs. 2a and 2b). In addition, we deter-
mined the activation of caspases, as essential components of
the apoptotic machinery in mammalian cells. Proteolytic
processing of the initiator caspases-8 and -9, as well as cleav-
age of the effector caspase substrate PARP, was clearly
observed as soon as 20 hr after treatment with decitabine
and zebularine in both cell lines (Fig. 2c and data not
shown). Zebularine-induced apoptosis seemed to proceed
with faster kinetics than cell death induced by decitabine
(Figs. 2a–2c). To confirm the involvement of caspases in apo-
ptosis triggered by the DNMT inhibitors, we analyzed the
effect of the pan-caspase inhibitor Z-VAD-FMK. As shown
in Figure 2d, apoptosis induced by decitabine and zebularine
was completely inhibited by Z-VAD-FMK.

Zebularine and decitabine activate the mitochondrial

apoptotic pathway in leukemic T cells

To delineate the mechanism of DNMT inhibitors-induced
apoptosis in leukemia T cell lines, we analyzed mitochondrial
features of the intrinsic apoptotic pathway. Treatment of
Jurkat cells with decitabine and zebularine resulted in loss of
Dwm and generation of ROS (Fig. 3a). Disruption of Dwm

seemed to precede ROS accumulation as cells in which mito-
chondria depolarization occurred without ROS production
could be detected at 24 hr after treatment. In contrast, all
cells producing ROS showed low Dwm (Fig. 3a). Similar
results were found in MOLT-4 cells (data not shown).

The proapoptotic Bcl-2 family members Bax and Bak are
essential for the initiation of mitochondrial dysfunction dur-
ing apoptosis. Because Jurkat cells do not express Bax, we
analyzed Bak activation by using an antibody that specifically
recognizes its active conformation. As shown in Figure 3b,
activation of Bak was slightly detected as soon as 20 hr and
increased with time of exposure to decitabine and zebularine.
In agreement with the kinetics of caspase activation (Fig. 2c),
time course of Bak activation also suggested that apoptotic
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Figure 1. Effects of decitabine and zebularine in apoptosis induction and cell cycle arrest in leukemic T cells. (a) Jurkat, CEM-6, MOLT-4,

(b) resting and activated T cells were treated with different doses of either decitabine (left panels) or zebularine (right panels) for 48 hr.

The percentage of sub-G1 (apoptotic) cells was determined by flow cytometry. (c) Cell cycle analysis of Jurkat, CEM-6 and MOLT-4 cells,

treated without (Control) or with 5 lM decitabine or 50 lM zebularine for 48 hr, was performed by flow cytometry and using logarithmic

amplification. (d) Cell cycle profile of viable nonapoptotic Jurkat and CEM-6 cells, treated as in c, was analyzed by flow cytometry on a

linear scale. In the right panel, the percentage of cells in the G2/M phase of the cell cycle was quantified. Error bars show SEM from at

least three independent experiments in a and d and three different donors in b. *p < 0.05; **p < 0.01. In histograms, cells arrested in

G2/M are marked by arrows.



signals are more rapidly triggered in response to zebularine
(Fig. 3b).

The involvement of mitochondria in apoptosis induced by
DNMT inhibitors was further supported by examining the
effect of decitabine and zebularine in Jurkat cells overexpress-
ing Bcl-2 or Bcl-xL. We observed that overexpression of these
antiapoptotic proteins completely prevented the appearance
of sub-G1 apoptotic cells and the activation of caspases in
response to treatment with DNMT inhibitors when compared
to mock-transfected Jurkat cells (Figs. 3c and 3d). The exis-
tence of different Jurkat subclones that derive from different
sources may explain the lower sensitivity to decitabine of
mock-transfected Jurkat cells in comparison with the Jurkat
cells used above (Figs. 1a and 3c). We also demonstrated that
decitabine and zebularine did not induce loss of Dwm and
ROS generation in Bcl-2- and Bcl-xL-overexpressing Jurkat
cells (Fig. 3e).

ROS production is involved in zebularine- and

decitabine-induced apoptosis in leukemic T cells

To establish whether ROS production could play a role in
the induction of cell death by DNA demethylating agents,
the effect of the cell-permeable superoxide dismutase (SOD)
mimetic manganese-porphyrin, Mn(III)TMPyP, was analyzed.
As shown in Figure 4a, apoptosis induced by decitabine and

zebularine was almost completely blocked in cells pretreated
with the SOD mimetic, suggesting that this mode of cell
death depends on the production of ROS. We confirmed that
the Mn-porphyrin inhibited ROS generation in response to
treatment with both demethylating agents (Fig. 4b). Interest-
ingly, loss of Dwm induced by DNTM inhibitors was not pre-
vented by the SOD mimetic, thus confirming our hypothesis
that this mitochondrial event preceded the accumulation of
ROS.

Caspase-9 is essential for zebularine- and

decitabine-induced apoptosis in Jurkat cells

Initiator caspase-9 is a critical component of the mitochon-
drial pathway of apoptosis. To ascertain the requirement of
caspase-9 in the induction of apoptosis by DNMT inhibitors,
we studied the response of a caspase-9-deficient Jurkat clone
to these agents. Neither decitabine nor zebularine was able to
induce apoptosis in caspase-9-deficient Jurkat cells (Jurkat w/
o C9, Fig. 5a). As a control, induction of apoptosis was deter-
mined in deficient cells stably transfected with a caspase-9
expression vector (Jurkat C9, Fig. 5a). In addition, we
analyzed the mitochondrial events characterized above. Deci-
tabine and zebularine induced a weak activation of Bak in
caspase-9-deficient cells when compared to reconstituted cells
(Fig. 5b). However, both demethylating agents failed to

Figure 2. Decitabine and zebularine induce caspase-dependent apoptosis in leukemic T cells. (a) Jurkat and (b) MOLT-4 cells were treated

without (control) or with 5 lM decitabine or 50 lM zebularine for 20, 30 and 48 hr, and the percentage of sub-G1 cells was determined by

flow cytometry. (c) Activation of caspases-8 and -9 and PARP degradation were determined by Western blot in Jurkat cells treated as in a

(C: control; D: decitabine; Z: zebularine). (d) Jurkat cells were preincubated for 1 hr in the absence or in the presence of the caspase

inhibitor Z-VAD-FMK (20 lM) and then treated for 48 hr with 5 lM decitabine or 50 lM zebularine. Sub-G1 cells were analyzed by flow

cytometry. Error bars show SEM from three independent experiments. *p < 0.05; **p < 0.01.
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Figure 3. Induction of mitochondrial apoptotic events in leukemic T cells by decitabine and zebularine. (a) Jurkat cells were treated without

(control) or with 5 lM decitabine or 50 lM zebularine for 24 and 48 hr. Mitochondrial membrane potential (Dwm) and ROS production were

determined by flow cytometry using DiOC6(3) and dihydroethidium, respectively. (b) Bak activation was analyzed by flow cytometry in Jurkat

cells treated for the indicated times as in a. (c) Mock-transfected (Jurkat/pCDNA), Bcl-2-overexpressing (Jurkat/Bcl-2) and Bcl-xL-

overexpressing (Jukat/Bcl-xL) Jurkat cells were treated with the indicated doses of either decitabine (left panel) or zebularine (right panel)

for 48 hr. Sub-G1 cells were determined by flow cytometry. Inset shows levels of Bcl-2, Bcl-xL and b-actin in mock-transfected, Bcl-2- and

Bcl-xL-overexpressing Jurkat cells, as determined by Western blot. (d) Mock-transfected, Bcl-2- and Bcl-xL-overexpressing Jurkat cells were

incubated with 5 lM decitabine and 50 lM zebularine for 48 hr. Caspases-8 and -9 activation and PARP degradation were analyzed by

Western blot (C: control; D: decitabine; Z: zebularine). (e) Mitochondrial membrane potential and ROS production were determined by flow

cytometry in mock-transfected, Bcl-2- and Bcl-xL-overexpressing Jurkat cells treated as in d. Error bars in c represent SEM from three

independent experiments.



induce disruption of Dwm and ROS accumulation in caspase-
9-lacking Jurkat cells (Fig. 5c). These results imply that cas-
pase-9 is necessary to fully promote the mitochondrial events
that lead to apoptotic cell death.

Zebularine and decitabine induce DNA damage

in leukemic T cells

Because induction of DNA strand breaks by nucleoside
DNMT inhibitors has been implicated in their cytotoxic
effects in other tumor models,15 we assessed, by comet assay,
the ability of decitabine and zebularine to induce DNA dam-
age in leukemic T cells. Following gel electrophoresis, comet
tails indicative of DNA damage were detected in Jurkat cells
treated with decitabine and zebularine (Fig. 6a, upper panel).
Calculation of the TM in time-course experiments indicated
that cells with DNA strand breaks began to accumulate
between 20 and 30 hr after addition of DNMT inhibitors
(Fig. 6a, lower left panel). A similar experiment performed in
MOLT-4 cells showed that DNA breaks were evident at 20
hr after treatment, although the level of damage accumulated
was lower than that in Jurkat cells at longer times (Fig. 6a,
lower right panel). Interestingly, the amount of DNA damage
was higher in response to zebularine in all cases. We also an-
alyzed phosphorylation of the histone H2AX (c-H2AX), as
an early marker of DNA damage. Incubation with either dec-
itabine or zebularine resulted in a time-dependent increase in
c-H2AX levels, already evident at 20 hr (Fig. 6b). Moreover,

we determined the activation of two proteins involved in
DNA damage response, i.e., the ATM and ATR downstream
substrate Chk1 and the DNA damage sensor Nbs1.35 The
active, phosphorylated forms of Chk1 and Nbs1 were clearly
detected at all time points analyzed in response to decitabine,
whereas they were more weakly induced by zebularine
(Fig. 6b). Similar results were found in both, Jurkat and
MOLT-4 cells. On the other hand, when we analyzed
DNMT1 depletion, indicative of the hypomethylating effect
of those inhibitors, we observed that it was apparent after
more prolonged incubation (around 30 hr) and almost com-
plete at 48 hr (Fig. 6b). The expression of DNMT1 protein
has been reported to be cell replication dependent,33 which
may explain the observed differences in basal levels of
enzyme at different time points in Jurkat cells. Taken to-
gether, these results suggest that induction of DNA damage
by decitabine and zebularine might play a major role in their
cytotoxic activity against leukemic T cells.

Finally, we analyzed the induction of DNA strand break
and the activation of DNA damage response in the less sensi-
tive cell line CEM-6. Comet assay showed that decitabine
and zebularine induced a similar accumulation of cells with
DNA strand breaks that was already evident at 20 hr after
treatment (Fig. 6c, left panel). In addition, both DNTM
inhibitors induced phosphorylation of H2AX, Chk1 and
Nbs1 at all times analyzed, being more intensive in response
to decitabine at the longer time points (Fig. 6c, right panel).

Figure 3. (Continued)
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Discussion
DNMT inhibiting nucleoside analogs have been recently pro-
posed as efficient drugs for the treatment of hematologic
malignancies. The promising activity of decitabine has been
proven in multiple clinical trials in MDS, chronic and acute
myeloid leukemias.6,36 In addition, demethylating effects and
induction of apoptosis in response to treatment with zebular-
ine have been demonstrated in MLL-rearranged infant acute
lymphoblastic leukemia and in acute myeloblastic leuke-
mia.28,29 However, the mechanism of antitumor action of
these drugs is incompletely understood. Their ability to reac-
tivate the expression of tumor suppressor genes and to
induce apoptosis seems to depend not only on their deme-
thylating activity but also on their DNA-damaging effect. It
also remains unclear which apoptotic pathway is activated by
nucleoside DNMT inhibitors. For our study, we set out to
examine the ability of decitabine and zebularine to selectively
induce apoptosis in leukemic T cells and the mechanism of
apoptosis induction by these demethylating agents.

Recent studies have indicated a resistance of peripheral
blood mononuclear cells to cell death induced by decita-

bine.17,37 However, to our knowledge, our results are the first
to show the high resistance of not only resting but also acti-
vated and hence proliferating T cells to decitabine- and zebu-
larine-induced apoptosis. We demonstrate here that both
decitabine and zebularine, at doses that show no significant
toxicity for normal T lymphocytes, induce caspase-dependent
mitochondria-mediated apoptosis in leukemic T cell lines.
These are interesting results as there are no previous reports
describing the signaling pathway of zebularine-induced apo-
ptosis. Moreover, although decitabine has been more exten-
sively studied, controversial results exist about the role of cas-
pases in the induction of apoptosis by this DNMT inhibitor.
Although several authors have shown the activation of effec-
tor caspases, i.e., caspase-3, in response to decitabine, the
activation of initiator caspases and the overall requirement of
caspase activation for the induction of apoptosis is
unclear.17,30,38,39 Our data clearly show that decitabine and
zebularine induce the activation of caspase-9 and effector cas-
pases, as demonstrated by the cleavage of their substrate
PARP. In addition, apoptosis was completely inhibited by the
pan-caspase inhibitor Z-VAD-FMK as well as by the

Figure 4. ROS scavenging prevents decitabine- and zebularine-induced apoptosis in leukemic T cells. Jurkat cells were preincubated for

24 hr in the absence or in the presence of 250 lM manganese porphyrin Mn(III)TMPyP and then treated without (control) or with 5 lM

decitabine or 50 lM zebularine for 48 hr. (a) Hypodiploid apoptotic cells, (b) mitochondrial membrane potential and ROS production were

determined by flow cytometry. Error bars in a show SEM from three independent experiments.

C
an

ce
r
T
he
ra
py

1202 Induction of apoptosis in leukemic T cells

Int. J. Cancer: 130, 1195–1207 (2012) VC 2011 UICC



deficiency of caspase-9, further demonstrating that caspase
activation is necessary for cell death induction by these
demethylating agents.

Regarding the involvement of mitochondria, some authors
have shown that treatment with decitabine results in dissipa-
tion of transmembrane potential.17,30 Similarly, we have
observed the loss of Dwm in response to decitabine and also
to zebularine. Moreover, we have shown that both DNMT
inhibitors induce Bak activation and ROS production but do
not trigger apoptosis in Jurkat cells overexpressing either Bcl-
2 or Bcl-xL. These results, together with the observed resist-
ance of caspase-9-deficient Jurkat cells, confirm the crucial
role of mitochondria in apoptosis induced by decitabine and
zebularine. Previous studies with caspase-9-lacking cells have
demonstrated that loss of Dwm in response to genotoxic
stress depends on caspase-9 activation.24 In accordance with
these results, we demonstrate that in the absence of caspase-9
there are no mitochondrial apoptotic events, with the excep-
tion of a weak activation of Bak. Our findings support a

model in which the initial mitochondrial outer membrane
permeabilization, mediated by proapoptotic Bcl-2 proteins
such as Bak, allows the release of intermembrane space pro-
teins and the subsequent activation of caspase-9 and effector
caspases. Subsequently, downstream caspases elicit feedback
amplification on the permeabilized mitochondria to promote
the disruption of mitochondrial function.24,40,41 We have fur-
ther shown that production of ROS follows the loss of Dwm

in leukemic T cells upon treatment with decitabine and zebu-
larine. In spite of the fact that ROS generation is a secondary
mitochondrial event in this model, apoptosis was prevented
by ROS scavenging with a SOD mimetic, suggesting that cas-
pase-dependent ROS production plays a crucial role in the
dismantling of the cell.

The above data lead us to state that the mechanism of cell
death induces by nucleoside DNMT inhibitors is comparable
to that induce by genotoxic stress. In fact, upon exposure to
decitabine and zebularine, DNA damage was observed in
leukemic T cell lines, as determined by comet assay,

Figure 5. Caspase-9-deficient Jurkat cells are resistant to the induction of apoptosis by decitabine and zebularine. (a) Sub-G1 apoptotic

cells were determined by flow cytometry in caspase-9-deficient (Jurkat w/o C9) and caspase-9-reconstituted (Jurkat/C9) Jurkat cells after

incubation without (control) or with 5 lM decitabine or 50 lM zebularine for 48 hr. Error bars show SEM from three independent

experiments. *p < 0.05; **p < 0.01. The inset figure shows the levels of caspase-9 and b-actin in caspase-9-lacking and -reconstituted

cells as determined by Western blot. (b) Caspase-9-deficient and caspase-9-reconstituted Jurkat cells were treated as in a, and Bak

activation was analyzed by flow cytometry. (c) Mitochondrial membrane potential and ROS production were determined by flow cytometry

in caspase-9-deficient Jurkat cells treated as in a.
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accumulation of c-H2AX and activation of proteins of the
DNA damage response pathway, such as Nbs1 and Chk1.35

Kinetics of caspase activation and disruption of mitochondria

correlated with that of H2AX phosphorylation and activation
of DNA repair proteins and preceded depletion of DNMT1.
Consistent with our results, several reports have suggested
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that molecular mechanisms other than reexpression of meth-
ylated genes contribute to the antitumor activity of decita-
bine, one such mechanism being the induction of DNA dam-
age.16,42–44 Interestingly, these authors indicate that the
effects of decitabine on cellular proliferation and viability are
mediated by the upregulation of p21 in a p53-dependent
manner.16,43,44 However, leukemic T cell lines used in our
study do not have functional p53, and we did not observe
changes in the levels of p21 in response to DNMT inhibitors
(data not shown). A similar finding was described by Nieto
et al. who demonstrated that primary and transformed
mouse embryonic fibroblasts deficient for p53 are hypersensi-
tive to decitabine.45 It is possible that the role of p53 depends
on the cell type and the presence of other molecules that
may substitute for p53 function, such as p73.17 On the other
hand, p53 mutant leukemic T cells, i.e., Jurkat cells, have
been previously reported to be sensitive to genotoxic drugs,
suggesting that, at least in this cell model, DNTM inhibitors
might induce apoptosis by a p53-independent mechanism
similar to that of genotoxic stress.24,40

Concerning zebularine, most studies have focused on its
activity as a DNMT inhibitor, but few data exist about its
ability to induce apoptosis, cell growth arrest and DNA dam-
age.15,28,34 Here, we have demonstrated that zebularine is able
to induce apoptosis in leukemia T cell lines in a similar way
to decitabine. However, we have to underline that there must
be some differences in the mechanism of action between
zebularine and decitabine, even though both drugs finally
trigger the same apoptotic signaling pathway. For instance,
zebularine did not induce cell cycle arrest in leukemic T cells,
in contrast to decitabine which arrests Jurkat and CEM-6,
but not MOLT-4 cells, in G2/M. The ability of decitabine to
induce cell cycle arrest has been associated with activation of
the p53 pathway,15,16 but this cannot explain the arrest in
our p53 mutant cell lines. However, it may be associated
with activation of Chk1, a central regulator of the S and G2
checkpoint response. Chk1 induces the inhibition of cyclin-
dependent kinases (Cdk) leading to cell cycle arrest.35 We
have shown that activation (phosphorylation) of Chk1 is
more significant in response to decitabine in Jurkat and
CEM-6 cells, which could explain the arrest in G2/M phase
by this inhibitor. One can speculate that the lower activation
of Chk1 by decitabine in MOLT-4 cells should be insufficient

to halt cell cycle. Another important difference between deci-
tabine and zebularine lies in their ability to induce apoptosis
in CEM-6 cells. This could also be related with G2/M arrest
as it increases the time available for DNA repair, thus favor-
ing cell survival. In contrast, unrepaired DNA strand breaks
can easily lead to cell death. Interestingly, it has been
reported that zebularine enhances radiosensitivity by inhibi-
tion of DNA repair, although the mechanism is not known.46

The weak activation of DNA repair proteins (Nbs1 and
Chk1) that we have observed in response to zebularine would
be in agreement with this report. Clearly, additional studies
are required to further understand the differential effects of
decitabine and zebularine on DNA damage response as well
as the differences in susceptibility among cell lines to both
demethylating agents.

Comparative studies have revealed that zebularine is much
less effective than decitabine as a hypomethylating agent and
have shown different effects of both agents on gene transcrip-
tion.47,48 In agreement with our suggestion, the authors
conclude that the mechanism of action of decitabine and
zebularine is not identical, and their effects may at least in
part be independent of DNA demethylation.47 Interestingly,
zebularine is also a potent inhibitor of cytidine deaminase,
and, because of this property, it has been suggested to
improve the antitumor activity of decitabine when both drugs
are coadministered,49,50 although we did not observe any syn-
ergistic effect on leukemic T cell lines after a combined treat-
ment with decitabine and zebularine (data not shown). On
the other hand, zebularine is highly stable in aqueous solu-
tion, and, even more importantly, it exerts a lower toxicity
than decitabine.7,8 It was demonstrated that zebularine is rel-
atively selective for cancer cells that incorporate this drug
more efficiently into DNA when compared to normal cells.9

Incorporation of zebularine into DNA requires its phospho-
rylation by the uridine-cytidine kinase (UCK).50 There are
two human UCKs, UCK1 and UCK2, but UCK activity
closely correlates with levels of UCK2.51 The fact that UCK2
is mainly expressed in tumor cells but not in normal tissues51

may explain the more efficient incorporation of zebularine to
cancer cells than to normal cells.

In preliminary studies with two samples of primary T-cell
lymphoblastic leukemia, we observed that zebularine induced
a higher level of apoptosis than decitabine (data not shown).

Figure 6. Treatment of leukemic T cells with decitabine and zebularine results in DNA damage. (a) DNA strand breaks were analyzed by

comet assay in Jurkat and MOLT-4 cells treated without (control) or with 5 lM decitabine or 50 lM zebularine either for 48 hr (upper

panel) or for the indicated times (lower panels). Images of Jurkat cells with comet tails are shown on the upper panel. The comet tail

moments were scored from at least 70 cells per sample (mean 6 SEM, lower panels). (b) Expression of c-H2AX, phospho-Chk1 (Ser317),

phospho-Nbs1 (Ser343) and DNMT1 was analyzed by Western blot in Jurkat and MOLT-4 cells in response to treatment without (C) or with

5 lM decitabine (D) or 50 lM zebularine (Z) for the indicated times. b-Actin and histone-H1 were used as loading controls for total and

nuclear extracts, respectively. (c) CEM cells were treated without (C) or with 5 lM decitabine (D) or 50 lM zebularine (Z) for the indicated

times. DNA strand breaks were analyzed by comet assay, and tail moments were scored from at least 70 cells per sample (mean 6 SEM,

left panel). Expression of c-H2AX, phospho-Chk1 (Ser317) and phospho-Nbs1 (Ser343) was analyzed by Western blot, and loading controls

were used as in b (right panel). Data shown are representative of two independent experiments.

C
an

ce
r
T
he
ra
py

Ruiz-Magaña et al. 1205

Int. J. Cancer: 130, 1195–1207 (2012) VC 2011 UICC



Overall, these data, together with the fast kinetics of apopto-
sis induction and the sensitivity of leukemic T cell lines,
suggest that zebularine could be the one of choice for the
treatment of T-cell leukemias.
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