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Abstract
Epigenetic modifiers are currently in clinical use for various tumor types. Recently, numerous studies
supporting the combination of histone deacetylase inhibitors (HDACi) and DNA methyltransferase
inhibitors have emerged, encouraging early clinical trials of these agents together. Here we show
that MS-275, an HDACi, and 5-azacytidine, a methyltransferase inhibitor, display synergistic
cytotoxicity and apoptosis in AML and ALL cells. Intracellular production of reactive oxygen species
(ROS), such as superoxide and hydrogen peroxide, is a novel marker for this synergism in ALL cells.
These data suggest that assessment of oxidative stress can serve as a marker of the concerted action
of MS-275 and 5-azacytidine.
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1. Introduction
Epigenetic therapy, the reversal of aberrant epigenetic changes in tumor cells such as the
silencing of tumor suppressor genes through means of DNA hypomethylation and histone
deacetylation, has become a promising new tool in cancer treatment strategies (1,2). Classes
of drugs such as histone deacetylase inhibitors (HDACi) and DNA methyltransferase inhibitors
are currently being used to target these epigenetic changes.

HDACi have been shown to promote differentiation, cell cycle arrest, apoptosis, and the
expression of tumor-suppressor genes such as p21WAF1 (3,4). MS-275 is a novel and highly
active benzamide derivative HDACi that has exhibited in vivo and in vitro anti-proliferative
activity toward pancreatic, gastric, lung, and ovarian cancer cells (5). As the first member of
a new structural class of HDACi, the 2-aminophenyl-benzamides, MS-275 is unique in its
profile of inhibition of HDAC family members with high selectivity for HDAC1 and HDAC3
but does not target HDAC8. Thus, it can be used as a tool to discern between relative
contributions of these HDACs to cancer types. In addition, MS-275 has been evaluated in Phase
I/II clinical trials to treat acute leukemias and solid tumors (6–8).
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DNA methyltransferase inhibitors are another family of drugs that target epigenetic aberrations
on cancer cells. 5-azacytidine (Vidaza) has been shown to reactivate tumor suppressor and
DNA repair genes through the hypomethylation of cytosines (9). Currently, 5-azacytidine is a
chemotherapeutic agent for acute myelogenous leukemia (AML) and myelodysplastic
syndrome (MDS) (10,11). Its derivative, 5-aza-2-deoxyctyidine (decitabine), has already been
FDA approved to treat MDS and is currently undergoing Phase III clinical trials (11).

The ability for both classes of drugs to reverse epigenetic alterations provided the rationale for
combining the two into a single strategy to treat cancer, and the synergistic cytotoxic effects
of the two classes have been confirmed in previous research (12–14). In fact, a recently
published Phase I trial of combining phenylbutyrate and 5-azacytidine has demonstrated some
complete or partial remissions in refractory solid and hematologic tumors (15). A separate
clinical trial employed the same strategy but with different compounds, namely decitabine and
valproic acid, and noted that transient DNA hypomethylation and global histone acetylation
were induced with the combinatory treatment (16). However, other data, generated from a
clinical trial combining MS-275 and 5-azacytidine, suggests that the hypomethylation of
specific tumor suppressor genes, such as p15, CDH-1, DAPK-1 and SOCS-1, did not correlate
with the clinical effect in myeloid malignancy patients (17). The lack of correlation between
hypomethylation of these genes and response noted in that study suggests that other measures
of the concerted action of these compounds should be considered. Therefore, this study sought
to identify novel biological markers for activity of the combinatory effects of MS-275 and 5-
azacytidine which could be quantified in future trials of these epigenetic strategies.

While previous research has shown that the combined treatment of HDACi and DNA
methyltransferase inhibitors behave in a synergistic cytotoxic manner in vitro, this work is the
first to demonstrate caspase activation, DNA fragmentation, and phosphatidylserine (PS)
exposure in leukemia cells treated with MS-275, a novel HDACi, and 5-azacytidine. In
addition, given data from several groups indicating that MS-275 as a single agent or combined
with other anti-tumor agents generates reactive oxygen species (ROS) in certain tumor cell
lines (18–32), the potentiation of ROS with the combined exposure was studied. Our findings
show that the production of ROS in AML and ALL cells is an indicator for the synergistic,
cytotoxic effects of MS-275 and 5-azacytidine. This ROS production is abrogated by cell
permeable glutathione (GSH). Thus, assessment of oxidative stress induced by these
compounds may be a novel biological marker for drug action which should be validated within
the context of clinical trials.

2. Materials and methods
2.1 Cell Lines

Jurkat and ML-1 human leukemia cell lines were obtained from American Type Culture
Collection (Rockville, MD). All cells were maintained in a humidified incubator with 5%
CO2 at 37 °C. Cells were cultured in RPMI 1640 with 10% (v/v) heat-inactivation fetal bovine
serum (Hyclone, Logan, UT), 2 mM L-glutamine, 100 units/mL penicillin, and 100 μg/mL
streptomycin (Sigma St. Louis, MO).

2.2 Reagents and antibodies
Trypsin-EDTA, propidium iodide (PI), Triton X-100, glutathione reduced ethyl ester, MS-275,
and 5-azacytidine were purchased from Sigma (St Louis, MO). Dyes for the detection of
intracellular peroxide (6-carboxy-2′,7′-dichlorofluorescein [H2DCF-DA]) and intracellular
superoxide (dihydroethium [HEt]) were purchased from Molecular Probes (Eugene, OR).
Caspase-3 substrate, DEVD-amc, was purchased from Biomol International, LP (Plymouth
Meeting, PA). The pan caspase inhibitor, zVAD, was purchased from Calbiochem (San Diego,
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CA). Annexin-FITC was purchased from BD Pharmingen (San Jose, CA). Antibodies used
were: polyclonal anti-acetyl-histone H3 (Cell Signaling, Beverly, MA), polyclonal anti-histone
H3 (Abcam, Inc., Cambridge, MA), actin (Sigma, St. Louis, MO), and ECL anti-rabbit IgG
(Amersham Bioscience, UK).

2.3 Western immunoblotting
After treatment, Jurkat cells (5 × 106) were incubated with indicated concentrations for 24 hr,
washed in PBS, resuspended in lysis buffer (1% Triton X-100, 150 mM NaCl, 5 mM EDTA,
20 mM Sodium Phosphate, pH 7.4) for 1 hr at 4 °C, and centrifuged at 13,000 × g for 15 min
at 4 °C. Thirty μg of each lysate was loaded on a 12% SDS-PAGE acrylamide gels, transferred
to nitrocellulose membrane, and blocked overnight at 4 °C with 5% non-fat dry milk in TBS-
T (0.05% Tween-20). Membranes were probed with 1:1000 dilution of primary antibody in
5% milk in TBS-T, followed by 1:1000 dilution of secondary antibody in 5% milk in TBS-T.
The bound antibodies were detected using the ECL plus Western Blotting detection system
(Amersham Bioscience UK limited, Little Chalfont Buckinghamshire, England). Quantitative
analysis of the blot was achieved using Gel Doc XR and Quantity One software (Bio-Rad
Laboratories, Hercules, CA).

2.4 Assessment of DNA Fragmentation
The percentage of subdiploid of cells was determined by staining cells with propidium iodide
(PI) followed by flow cytometric analysis as previously described (31). The cells were
incubated for 24 hr, centrifuged at 15,000 × g for 5 min, and resuspended in 500 μL of PI
solution (50 μg/mL PI, 0.1%Triton-X-100, and 0.1% sodium citrate in PBS). Samples were
vortexed and assessed by flow cytometry on the FL-3 channel (FACSCalibur, Becton
Dickinson, Franklin Lakes, NJ). CellQuest software was used for the analysis of the data (BD
Bioscence, Franklin Lakes NJ).

2.5 Quantitative analysis of intracellular peroxide and superoxide
The intracellular ROS levels were measured using cell-permeable dyes as previously described
(32). After incubation for the designated time, cells were centrifuged and resuspended in 1 mL
of RPMI medium containing 10 μM CM-H2DCF-DA to measure intracellular hydrogen
peroxide levels or 10 μM HEt to measure intracellular superoxide levels. The samples were
incubated for 30 min in the dark at 37 °C. Fluorescence intensity was assessed by the flow
cytometer on the FL-1 (DCF) or FL-3 (HEt) channel and analyzed by CellQuest.

2.6 Caspase-3-Like Activity Assay
Cells were incubated for 12 hrs, centrifuged, resuspended in 100 μL PBS, and lysed by freezing
and thawing. To each well, 50 μL of lysate and 150 μL of 50 μM DEVD-amc in DEVD buffer
(10% sucrose, 0.001% IGEPAL, 0.1% CHAPS, 5 mM HEPES, pH 7.25) were added in
duplicate on a 96-well plate. The release of fluorescence (amc) generated from the cleavage
of DEVD-amc was measured using a spectrofluorometer (SpectraMax Gemini EM, Molecular
Devices, Sunnyvale, CA) with an excitation of 355 nm and an emission of 460 nm.

2.7 Annexin V-FITC Staining
Cells were incubated for 12 hrs, centrifuged, washed twice with cold PBS, and resuspended in
100 μL of binding buffer (10mM Hepes/NaOH (pH 7.4) 140 mM NaCl, 2.5 mM CaCl2). Each
sample was treated with 5 μL of annexin and 50 μg/mL of PI. Samples were incubated in the
dark at room temperature for 15 min. Each sample was diluted in 1 mL of binding buffer.
Fluorescence intensity was assed by flow cytometry on the FL-1 and F1–3 channel and
analyzed on CellQuest.
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2.8 Statistical analyses
For each condition, three experiments were performed and the results are presented as the mean
± S.D. The differences between two group conditions were analyzed using an independent,
two-tailed t-test. Synergism was determined using the software program Calcusyn (Biosoft,
Ferguson, MO), which incorporates the Chou and Talalay method (33). A combination index
(CI) value < 1.0 indicates synergism.

3. Results
3.1 The combined exposure of MS-275 and 5-azacytidine increases cytotoxic effects of tumor
cells

Previous in vitro data indicates the combination of HDACis, such as SAHA and valproic acid,
and DNA methyltransferase inhibitors, such as decitabine, resulted in increased cytotoxic
effects(4,7,10). To extend these studies to a benzamide derivative HDACi –MS-275, the
potential, synergistic cytotoxicity of the combination of MS-275 and 5-azacytidine was
investigated. ML-1 (AML) cells were treated with either a range of MS-275 (2.5 to 10 μM), a
range of 5-azacytidine (2.5 to 10 μM), or combined treatment in various ratios, incubated for
24 hr, and the percent viability was quantitated by trypan blue exclusion. There was a significant
drop in ML-1 cell viability in the 1:1 ratio of the combined treatment compared to single doses
(Figure 1a). At the 2:1 ratio of MS-275 to 5-azacytdine, the combined exposure had a
combination index (CI) below 1, which indicates synergy compared to the single doses (Figure
1b). According to the CI values, synergistic cytotoxicity was observed at all ratios of combined
treatment (Figure 1c).

3.2 The percentage of apoptotic cells synergistically increased with the combined exposure
of MS-275 and 5-azacytidine

Since combinatory treatment resulted in a synergistic cytotoxic effect, the next step was to
understand whether the induced cell death was a result of the activation of the apoptotic
pathway. DNA fragmentation is a feature of apoptosis and can be quantitated by measuring
cells with subdiploid amounts of DNA using PI. ML-1 and Jurkat (ALL) cells were treated
with either a range of MS-275 (2.5 to 10 μM), a range of 5-azacytidine (2.5 to 10 μM), or a
combined treatment in various ratios, incubated for 24 hr, incubated with PI reagent and
assessed on the flow cytometer. For ML-1 cells, all ratios of combination resulted in CI values
less than 1, which indicates a synergistic increase in DNA fragmentation with the combined
exposure (Figure 2a and b). In the Jurkat cells, all of the dose combination was synergistic
(Figure 2c and d). The results from both cell lines indicate that the synergistic cytotoxicity was
due to the induction of the apoptotic pathway. In order to verify that the synergistic increase
in DNA fragmentation of the cells was apoptotic rather than necrotic, Annexin V-FITC/PI
staining was used to identify the percentage of cells that expressed PS on their cell surface,
which is an obligate event for phagocytosis of apoptotic cells. This staining confirms that the
percentage of Annexin V positive cells increases in the combination treatment relative to the
individual doses (Figure 2e).

3.3 Caspase-3-like activity increases with the combined exposure of MS-275 and 5-
azacytidine and is blocked by caspase inhibitor zVAD

In order to verify that the induction of the apoptotic pathway was caspase dependent, caspase-3-
like activity was measured using a fluorogenic substrate DEVD-amc. Jurkat cells were treated
with 5 μM MS-275, 5 μM 5-azacytidine, or a combination of the two, with or without a 30
minute pre-treatment with 10 μM zVAD, a pan-caspase inhibitor, and samples were incubated
for a total of 12 hrs. Fluorescence, indicating liberation of the amc substrate from the caspase-3
substrate, was read on a spectrofluorometer. There was a statistically significant increase in
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caspase-3 activation with the combined treatment compared to either single dosage of MS-275
or 5-azacytidine (p-value = 0.006). In addition, the pan-caspase inhibitor blocked caspase
activation in the combined exposure (p-value = 0.004). These results indicate the synergistic
cytotoxicity was a result of caspase activation, further implicating an apoptotic pathway in the
mechanism of cytotoxicity of these drugs (Figure 3).

3.4 The rate of histone- 3 acetylation dramatically increased with the combined exposure of
MS-275 and 5-azacytidine

Previous studies have shown that HDACi prevent deacetylation of histones, which leads to an
increase in expression of anti-tumor genes due to a higher rate of acetylated histones(1,2).
Analysis of specimens from clinical trials has shown histone acetylation is maintained with
the combination of HDACi and DNA methyltransferase inhibitors in leukemia patients(16).
To determine if histone acetylation was potentiated by MS-275 and 5-azacytidine, acetylated
histone H-3 was measured by western blotting. Jurkat cells were treated with either 5 μM of
MS-275, 5 μM of 5-azacytidine, or the combination of the two drugs, incubated for 24 hr, and
lysed. The western blot showed a two to three fold increase in the acetylation of histone H-3
with the combined exposure compared to either single drug treatment (Figure 4). Therefore
we find, in accordance with previous literature on different combinations of HDACi and
hypomethylating agents, the synergistic cytotoxicity of using MS-275 and 5-azacytidine is also
marked by an accumulation of histone acetylation(16).

3.5 Intracellular reactive oxygen species (ROS) levels synergistically increase by combined
exposure of MS-275 and 5-azacytidine and are partially blocked with pretreatment of
glutathione ester

Both MS-275 and the derivative of 5-azacytidine, decitabine, have been shown to increase
intracellular ROS levels as single agents(3). To test if ROS production by the combination
increases in a synergistic manner, intracellular peroxide and superoxide levels were measured.
Jurkat cells were treated with either a range of MS-275 (2.5 to 10 μM), a range of 5-azacytidine
(2.5 to 10 μM), or a combined treatment in various ratios, incubated for 16 hr, stained with
dihydroethidium and assessed by flow cytometry. Cells treated with the combination showed
increased levels of superoxide, and CI values for all the ratios of combination were less than
1 (Figure 5 a,b). Levels of intracellular peroxide were also synergistically increased in cells
treated with both agents, with all but two of the CI values for the ratios of combination were
less than 1 (Figure 5 c,d). Taken together, these CI values suggest that there was a definite
synergistic increase in intracellular ROS levels using the combination of the two drugs.
Therefore, ROS generation is an indicator for the synergistic effect of the combined exposure
of the two drugs.

In order to further implicate ROS in the mechanism of cytotoxicity of the combination, cells
were pretreated with the cell permeable form of GSH, glutathione ethyl ester, before the
combined treatment. Jurkat cells were pretreated with 2 mM of glutathione reduced ethyl ester
for 1 hr and then treated with 5 μM MS-275 and 5 μM 5-azacytidine, incubated for 16 hr,
stained with dihydroethidium or CM-H2DCF-DA dye, and assessed by flow cytometry. In
figure 5e–f, experimental results showed that the pretreatment with glutathione ester
significantly decreased the percentage of cells with high superoxide levels increase from an
average of 52% to 43% (p-value = 0.042). This result indicates that the increase in ROS with
the combined treatment can be partially blocked with the addition of glutathione.

4. Discussion
Since MS-275 and 5-azacytidine have undergone early clinical testing as single agents, and a
new trial combining the two agents is underway, we set out to elucidate the mechanism of
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synergy between the two compounds in leukemia model systems. In this study, the combined
exposure of MS-275 and 5-azacytidine resulted in a synergistic cytotoxic effect through the
activation of the apoptotic pathway in AML and ALL cell lines. In addition, an increased rate
of histone acetylation was observed in the AML cell line with the combinatory treatment. This
result indicates that the epigenetic effects of MS-275 were maintained, if not enhanced, by the
addition of 5-azacytidine. Furthermore, we find that an increase in intracellular ROS level
parallels the cytotoxicity of the combined drug treatment. This data suggests that production
of ROS is a novel marker for the synergistic nature of the two drugs.

Our study also shows for the first time that ROS generation by the combination of MS-275
and 5-azacytidine is inhibited by cell permeable GSH. Together with previous data
demonstrating that N-acetyl-cysteine (NAC), a general oxidant, blocks DNA fragmentation by
MS-275 in leukemia cells(20), this finding suggests that the intracellular oxidative environment
may dictate sensitivity to HDACi containing regimens. NAC’s action as an antioxidant is
thought to be due to heightened GSH levels, so our data is consistent with the notion that high
intracellular GSH may be a determinant of HDACi sensitivity. Further studies measuring
intracellular GSH levels within the context of clinical trials and in HDACi resistant cells will
be required to test that hypothesis.

Given the quantitative nature of the ROS measurements conducted herein, the potential use of
flow based assays for ROS production to measure in vivo efficacy of HDACi regimens is
feasible. Our future plans include the evaluation of intracellular superoxide and peroxide levels
in peripheral blood of patients prior to and after exposure to HDACi containing regimens in
order to determine if this oxidative stress is measurable in vivo. This strategy may be applied
to ongoing clinical trials of MS-275 and 5-azacytidine where clinical responses do not appear
to correlate with hypomethylation of monitored tumor suppressor genes, underscoring the need
to identify biological correlates. Future studies, such as those outlined above, are needed to
explore the relationship between ROS induction and the synergistic cytotoxicity of the two
agents and to determine a role for ROS measurements as a marker for drug action.
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Figure 1. The combined exposure of MS-275 and 5-azacytidine increases cytotoxic effects of tumor
cells
ML-1 cells were treated with either a range of MS-275 (2.5 to 10 μM), a range of 5-azacytidine
(2.5 to 10 μM), or a combined treatment in various ratios, incubated for 24 hr, and the %
viability was quantitated by trypan blue exclusion and counted on a Vi-Cell Coulter Counter.
(a) Line graph representation of synergistic cytotoxicity using the combined treatments. The
line graph represents either a range of MS-275 (2.5 to 10 μM), a range of 5-azacytidine (2.5
to 10 μM), or a 1:1 ratio of the combined treatment (2.5 to 10 μM of each drug). Each point
represents 3 experiments. (b) Table representation of Combination Index (CI) values. A CI
value less than 1 is considered synergistic. (c) Graph representation of the fractional effect
values. ML-1 cells were treated with either a range of MS-275 (5 to 10 μM), a range of 5-
azacytidine (2.5 to 5 μM), or a combined treatment at a fixed 2:1 ratio. The fractional effect
values were determined using Calcusyn software.
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Figure 2. Apoptotic DNA fragmentation is synergistically increased by the combined exposure of
MS-275 and 5-azacytidine
ML-1 cells and Jurkat cells were treated either with a range of MS-275 (2.5 to 10 μM), a range
of 5-azacytidine (2.5 to 10 μM), or a combined treatment in various ratios, incubated for 24
hr, incubated with the PI and assessed on the flow cytometer (FL-3). The bar graphs represent
3 experiments. Inset (marked by M1 region) shows the histograms for each treatment. (a) Bar
graph and inset histograms of the synergistic increase in apoptotic DNA fragmentation via PI
staining in ML1 cells using 5 μM MS-275 and 5 μM 5-azacytidine. (b) Table representation
of the CI values of various ratios of the drugs in ML-1 cells. (c) Bar graph and inset histograms
of the synergistic increase in apoptotic DNA fragmentation via PI staining in Jurkat cells using
5 μM MS-275 and 5 μM 5-azacytidine. (d) Table representation of the CI values of various
ratios of the drugs in Jurkat cells. (e). Dot plot of the increase in population of apoptotic cells
via Annexin-FITC staining in Jurkat cells using 5 μM MS-275 and 5 μM 5-azacytidine. Cells
were treated with or without the combined treatment of 5 μM MS-275 and 5 μM 5-azacytidine,
incubated with Annexin-FITC stain, and assessed on the flow cytometer (FL-1 and FL-3). The
figure shows only one of the experiments, but all three experiments were comparable.
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Figure 3. Caspase-3-like activity is increased by the combined exposure of MS-275 and 5-
azacytidine and is blocked by the caspase inhibitor zVAD
Jurkat cells were treated with either 5 μM of MS-275, 5 μM of 5-azacytidine, or a combination
of the two and incubated for 12 hrs. Samples were pre-treated with or without 10 μM of zVAD
for 30 min and incubated for 12 hrs. The release of amc was measured using a
spectrofluorometer.
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Figure 4. Histone 3 acetylation is increased by the combined exposure of MS-275 and 5-azacytidine
Jurkat cells were treated with either 5 μM of MS-275, 5 μM of 5-azacytidine, or the combination
of the two drugs, incubated for 24 hr, and lysed. Western blotting for acetylated histone-H3,
total histone-H3, and actin was performed (n = 3). Densitometry was used to quantitatively
analyze the western blot.

Gao et al. Page 16

Leuk Res. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Gao et al. Page 17

Leuk Res. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Gao et al. Page 18

Leuk Res. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Gao et al. Page 19

Leuk Res. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Gao et al. Page 20

Leuk Res. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Intracellular ROS levels are synergistically increased by combined exposure to MS-275
and 5-azacytidine and ROS is partially blocked with glutathione ester pretreatment
Intracellular superoxide synergistically increased with the combination of MS-275 and 5-
azacytidine. Jurkat cells were treated either with a range of MS-275 (2.5 to 10 μM), a range of
5-azacytidine (2.5 to 10 μM), or a combined treatment in various ratios for 16 hr. Cells were
then assessed for superoxide levels by dihydroethidium staining. (a) Bar graph represents 3
experiments using either 5 μM of MS-275, 5 μM of 5-azacytidine, or the combination of the
two drugs. Inset: representative histogram showing M1 marker shows the increase in
superoxide levels that is depicted by the bar graph. (b) Table represents the CI values for the
synergistic increase in superoxide levels at various dosages using MS-275 and 5-azacytidine.
Intracellular hydrogen peroxide synergistically increased with the combination of MS-275 and
5-azacytidine. Jurkat cells were treated with either 5 μM of MS-275, 5 μM of 5-azacytidine,
or the combination of the two drugs, incubated for 16 hr. The CM-H2DCF-DA dye was used
to detect intracellular peroxide, and fluorescence was assessed on a flow cytometer (FL-1). (c)
Bar graph represents 3 experiments using either 5 μM MS-275, 5 μM 5-azacytidine, or the
combination of the two drugs. Inset: Representative histogram showing M1 marker illustrates
the increase in hydrogen peroxide levels that is depicted in the bar graph. (d) Table represents
the CI values for the synergistic increase in hydrogen peroxide levels using MS-275 and 5-
azacytidine. (e and f). The increased levels of ROS in Jurkat cells were partially blocked with
glutathione ester pretratement. Jurkat cells were pretreated with 2 mM glutathione ester for 1
hr, then treated with or without the combined treatment of 5 μM MS-275 and 5 μM 5-
azacytidine, incubated with for 16 hr, dyed with dihydroethidium staining, and assessed on the
flow cytometer (FL-3). Bar graph represents 3 experiments.
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