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Role of histone deacetylase inhibitor-induced reactive oxygen
species and DNA damage in LAQ-824/fludarabine
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apoptosis. These findings provide a mechanistic basis for
understanding the role of early HDACI-induced ROS
generation and modulation of DNA repair processes in
potentiation of nucleoside analogue-mediated DNA damage and lethality in leukemia. Moreover, they show for the
first time the link between HDACI-mediated ROS generation and the recently reported DNA damage observed in
cells exposed to these agents. [Mol Cancer Ther 2008;
7(10):3285 – 97]

Abstract
The role of reactive oxygen species (ROS) production on
DNA damage and potentiation of fludarabine lethality by
the histone deacetylase inhibitor (HDACI) LAQ-824
was investigated in human leukemia cells. Preexposure
(24 h) of U937, HL-60, Jurkat, or K562 cells to LAQ-824
(40 nmol/L) followed by fludarabine (0.4 Mmol/L) dramatically potentiated apoptosis (z75%). LAQ-824 triggered
an early ROS peak (30 min-3 h), which declined by 6 h,
following LAQ-824-induced manganese superoxide dismutase 2 (Mn-SOD2) upregulation. LAQ-824/fludarabine
lethality was significantly diminished by either ROS
scavengers N-acetylcysteine or manganese (III) tetrakis
(4-benzoic acid) porphyrin or ectopic Mn-SOD2 expression
and conversely increased by Mn-SOD2 antisense knockdown. During this interval, LAQ-824 induced early (4-8 h)
increases in ;-H2AX, which persisted (48 h) secondary to
LAQ-824-mediated inhibition of DNA repair (e.g., downregulation of Ku86 and Rad50, increased Ku70 acetylation, diminished Ku70 and Ku86 DNA-binding activity, and
down-regulated DNA repair genes BRCA1, CHEK1, and
RAD51). Addition of fludarabine further potentiated DNA
damage, which was incompatible with cell survival, and
triggered multiple proapoptotic signals including activation
of nuclear caspase-2 and release of histone H1.2 into
the cytoplasm. The latter event induced activation of Bak
and culminated in pronounced mitochondrial injury and
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Introduction
Histone deacetylase inhibitors (HDACI) are currently a
major focus of interest as anticancer agents (1, 2). Their
mode of action is most likely multifactorial, including
disruption of corepressor complexes, induction of oxidative
injury, up-regulation of death receptors, generation of lipid
second messengers (e.g., ceramide), interference with
chaperone protein function, modulation of nuclear factornB activity, etc. (2 – 4).
Recent studies suggest that HDACIs interact synergistically with cytotoxic agents such as fludarabine in human
leukemia cells (5). Fludarabine (2-fluoroadenine 9-h-Darabinofuranoside-monophosphate) is a purine analogue
with significant activity against B-cell malignancies, including chronic lymphocytic leukemia and indolent nonHodgkin’s lymphoma (6). It has also shown activity in
combination with other agents in patients with acute
myelogenous leukemia (7). 2-Fluoroadenine 9-h-D-arabinofuranoside-monophosphate is rapidly dephosphorylated in
the plasma to its nucleotide derivative, F-ara-A, which is
transported across cell membranes by a facilitated nucleoside diffusion system (8). It is then rephosphorylated by
the salvage pathway enzyme deoxycytidine kinase and
ultimately converted to its lethal form, 2-fluoroadenine
9-h-D-arabinofuranosidetriphosphate (9). 2-Fluoroadenine
9-h- D-arabinofuranosidetriphosphate inhibits multiple
enzymes involved in DNA synthesis, including DNA polymerase, DNA primase, and ribonucleotide reductase (10),
and also disrupts DNA repair (11, 12). 2-Fluoroadenine
9-h-D-arabinofuranoside-monophosphate incorporation
into DNA is required for lethality (13). Previous studies
revealed that prior exposure of Jurkat lymphoblastic
leukemia cells to marginally toxic concentrations of the
benzamide HDACI MS-275 (500 nmol/L), an inhibitor of
class I HDACs (1, 2), for 24 h sharply increased mitochondrial injury and apoptosis in response to minimally
toxic fludarabine concentrations (500 nmol/L), resulting in
highly synergistic antileukemic interactions (5). However,
although reactive oxygen species (ROS) generation was
implicated in this interaction, the mechanism by which
such events occurred was not elucidated.
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ROS generation has been identified as a mediator of
HDACI-induced cell death (3) as well as that triggered by
nucleoside analogues (14). However, ROS also act indirectly by modulating signaling pathways (15). The purpose of
this study was to investigate mechanisms underlying the
role of HDACI-mediated ROS generation in potentiation of
fludarabine lethality. The present results indicate that
preexposure of human leukemia cells to minimally toxic
concentrations of the hydroxamate pan-HDACI LAQ-824
induces early and transient ROS increases that lead to
sustained DNA damage, reflected by g-H2AX and phospho-ATM induction, as well as down-regulation/inactivation of DNA repair proteins, but does not trigger a
pronounced apoptotic response. However, subsequent
exposure to a minimally toxic fludarabine concentration
dramatically increases both g-H2AX and phospho-ATM
expression, but not ROS generation, accompanied by
caspase-2 activation, cytosolic translocation of histone 1.2
and Bak activation, and extensive apoptosis. Collectively,
these results provide for the first time evidence linking
HDACI-induced early ROS generation with induction of
marginally lethal DNA damage, which, in conjunction with
HDACI-mediated DNA repair disruption, strikingly sensitizes leukemia cells to fludarabine. These findings also
support a model in which LAQ-824 and fludarabine
cooperate to impair DNA repair and, in so doing,
dramatically increase the lethal consequences of HDACImediated DNA damage.

Materials and Methods
Cells and Cell Culture
U937, HL-60, K562, and Jurkat human leukemia cells
were obtained from the American Type Culture Collection
and maintained as described previously (16). Genetically
modified U937 cells were prepared by transfection of the
corresponding vectors using an Amaxa nucleofector. For
manganese superoxide dismutase 2 (Mn-SOD2) transfection, a full-length cDNA was cloned into pcDNA3.1
(Invitrogen) oriented in both directions (sense pcDNA3.1SOD2 and antisense pcDNA3.1-SOD-AS, respectively).
Cells expressing various small interfering RNA (siRNA)
were generated using the pSilencer vector (Ambion)
and the following oligonucleotides: BAK (5¶-GGATTCAGCTATTCTGGAAGA-3¶), histone H1.2 (5¶-AAGAGCGTAGCGGAGTTTGTC-3¶), and procaspase-2 sequence 13
(5¶-AATGTGGAACTCCTCAACTTG) and sequence 18
(5¶-AAGCACTGAGGGAGACCAAGC-3¶). For controls,
pSilencer harboring a scramble oligonucleotide was used
(pS-C). All experiments used cells in logarithmic phase
(2.5  105/mL).
Drugs and Chemicals
LAQ-824 was provided by Novartis Pharmaceuticals.
The pan-caspase inhibitor Boc-D-fmk was purchased from
Enzyme System Products. 2-Fluoroadenine 9-h-D-arabinofuranoside-monophosphate was purchased from SigmaAldrich. Manganese (III) tetrakis (4-benzoic acid) porphyrin (Mn-TBAP) was purchased from Calbiochem.

Assessment of Apoptosis
Apoptosis was evaluated by Annexin V/propidium
iodide (PI; BD PharMingen) staining as described previously (17) and by morphologic assessment of WrightGiemsa-stained cytospin preparations.
Cell Cycle Analysis
Cell cycle analysis by flow cytometry was done as
described previously (18) using a Becton Dickinson
FACScan flow cytometer and Verity Winlist software
(Verity Software).
Assessment of Mitochondrial Membrane Potential
At the indicated intervals, cells were harvested and
2  105 cells incubated with 40 nmol/L DiOC6 (15 min,
37jC). Mitochondrial membrane potential loss was determined by flow cytometry as described previously (19).
Measurement of ROS Production
Cells were treated with either 20 Amol/L 2¶,7¶dichlorodihydrofluorescein diacetate (Molecular Probes)
or 5 Amol/L dihydroethidium (Invitrogen) for 30 min
at 37jC. Fluorescence was monitored by flow cytometry
and analyzed with CellQuest software as described
previously (19).
Analysis of Cytosolic Cytochrome c and ApoptosisInducing Factor
A previously described technique was employed to
isolate the S-100 (cytosolic) cell fraction (19). For each
condition, 30 Ag protein isolated from the S-100 cell fraction
was separated and monitored by Western blot.
Determination of Clonogenicity
Pelleted cells were washed extensively and prepared for
soft-agar cloning as described previously (5). Cultures were
maintained for 10 to 12 days in a 37jC, 5% CO2 incubator,
after which colonies, defined as groups of z50 cells, were
scored.
Western Blot Analysis
Analysis of protein expression by Western blotting was
done as described previously (17). In brief, whole-cell
pellets were washed and resuspended in PBS and lysed
with loading buffer (Invitrogen); 30 Ag total protein for each
condition was separated by 4% to 12% Bis-Tris NuPAge
precast gel system (Invitrogen) and electroblotted to
nitrocellulose. After incubation with the corresponding
primary and secondary antibodies, blots were developed
by enhanced chemiluminesence (New England Nuclear).
Primary antibodies for the following proteins were used at
the designated dilutions: poly(ADP-ribose) polymerase
(1:1,000; BioMol); procaspase-3, cytochrome c, and procaspase-9 (1:1,000; BD Transduction Laboratories); caspase8 (1:2,000; Alexia); Bid (1:1,000; Cell Signaling Technology);
actin (1:4,000; Sigma-Aldrich); apoptosis-inducing factor
(1:1,000), Mn-SOD2 (1:500), SOD1 (1:4,000), human thioredoxin (1:2,000), and thioredoxin reductase (1:1,000;
Santa Cruz Biotechnology); histone H1.2 (1:3,000; Abcam);
vitamin D up-regulated protein 1 (VDRP1)/thioredoxinbinding protein 2 (TBP2; MBL; 1:1,000); and g-H2AX
(1:2,000; Upstate/Millipore). Secondary antibodies conjugated to horseradish peroxidase were obtained from
Kirkegaard & Perry Laboratories.
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Immunofluorescence for Foci Detection
After cytospin, cells were fixed for 10 min in ethanol/
acetic acid (95%/5%) and washed with H2O, permeabilized
15 min with 0.1% Triton X-100, and washed three times
with H2O and once with PBS. Sections were blocked with
PBS/1% bovine serum albumin for 1 h at room temperature
and incubated overnight at 4jC in a humidified chamber
with appropriate dilutions of mouse monoclonal antihuman phospho-ATM (Ser1981) antibody (Cell Signaling
Technology). Slides were washed in PBS and incubated
(1 h) with FITC anti-mouse antibody (1 mg/mL; Southern
Biotech). No positive cells were identified when specific
antibodies were replaced by isotype-matched control
antibody. Cells were covered using mounting medium for
fluorescence with 4¶,6-diamidino-2-phenylindole (Vector
Laboratories).
Comet Assay
The comet assay was done as per the manufacturer’s
instructions (CometAssay; Trevingen). After treatment,
cells were plated on low-melting agarose gel slides and
incubated in lysis buffer. Samples were electrophoresed at
25 V, 300 mA for 25 min and, after staining with SYBR
Green, analyzed under a fluorescence microscope.
[3H]F-ara-A DNA Incorporation
Incorporation of [3H]fludarabine into DNA was done as
described previously (20).The quantity of [3H]F-ara-A
incorporated into U937 cell DNA was calculated and
expressed as counts/min [3H]F-ara-A/Ag DNA.
Extraction of RNA, Reverse Transcription, and RT2
Profiler PCR Array
Total RNA was extracted from U937 cells after treatment
using RNeasy isolation Kit (Qiagen). Real-time reverse
transcription-PCR analysis of a group of genes involved in
DNA damage was done using the DNA damage RT2
Profiler PCR array (SuperArray Bioscience) and the
SensiMix One-Step kit (Quantace/Bioline) according to
the manufacturer’s protocol. Gene expression was compared according to the C T value.
Statistical Analysis
The significance of differences between experimental
conditions was determined using either the Student’s t test
for unpaired observations or the ANOVA test for multiple
groups. To assess interactions, median dose analysis (21)
was used (CalcuSyn; Biosoft). The combination index was
calculated for a two-drug combination involving a fixed
concentration ratio. Combination index values <1.0 indicate
a synergistic interaction.

Results
Preexposure of U937 and Multiple Other Human
Leukemia Cells to LAQ-824 Synergistically Increases
Fludarabine-Induced Apoptosis
Analogous to earlier results with MS-275 and fludarabine
in Jurkat cells (5), regimens combining the hydroxamic
acid derivative pan-HDACI LAQ-824 and fludarabine
were optimized in U937 myelomonocytic leukemia cells.
Administered individually, 40 nmol/L LAQ-824 (40 h) and

0.4 Amol/L fludarabine (24 h) were only minimally toxic;
however, when administered sequentially, apoptosis was
very pronounced (e.g., f80%; Fig. 1A). Time-course
analysis revealed a marked increase in lethality between
8 and 16 h following addition of fludarabine to LAQ-824pretreated cells (Fig. 1A). As with MS-275 (5), only additive
interactions were observed with simultaneous administration (L24 h!F24 h: 35.4 F 1.3%) or sequentially with
fludarabine followed by LAQ-824 (fludarabine48 h: 17.6 F
0.9%; LAQ-82424 h: 9.4 F 0.2%; F24 h!L24 h: 37.2 F 2.3%;
data not shown). Clonogenic assays revealed that sequential exposure of U937 cells to LAQ-824 (24 h) followed
by fludarabine dramatically reduced colony formation
(Fig. 1A, right), indicating that LAQ-824/fludarabine
interactions do not merely reflect acceleration of cell death.
Sequential LAQ-824/fludarabine was active against diverse leukemia cells including HL-60 promyelocytic leukemia cells, Jurkat T human lymphoblastic leukemia cells,
and K562 chronic myelogenous leukemia cells (Supplementary Fig. S1).4 Pronounced loss of mitochondrial
membrane potential following sequential administration
LAQ-824/fludarabine was observed in U937 cells (Supplementary Fig. S2A),4 accompanied by marked cytochrome c,
apoptosis-inducing factor, and Smac cytoplasmic release
(Supplementary Fig. S2B).4 These events were accompanied by caspase-9, -7, -3 and -8 and Bid activation and
poly(ADP-ribose) polymerase degradation (Supplementary
Fig. S2C).4
Early but Not Late ROS Generation Plays a Critical
Functional Role in LAQ-824/Fludarabine-Induced
Lethality
Although ROS generation has been implicated in the
lethality of HDACIs alone (19, 22, 23) and fludarabine/MS275 interactions (5), a detailed analysis of its role in
HDACI/nucleoside analogue interactions has not been
undertaken. Time-course studies in U937 cells exposed to
LAQ-824/fludarabine (Fig. 1B) revealed a pronounced
increase in ROS, reflected by the oxidation-sensitive dye
2¶,7¶-dichlorodihydrofluorescein diacetate (20 Amol/L; left),
30 min after exposure to 40 nmol/L LAQ-824, which
remained elevated for 2 to 4 h and returned to baseline by
6 to 8 h. Significantly, fludarabine administered alone or
following 24 h preexposure to LAQ-824 (Fig. 1B, left) did
not induce the generation of ROS. Similar effects were
observed with another oxidation-sensitive dye, dihydroethidium (5 Amol/L; Fig. 1B, right).
To determine the functional significance of the initial
ROS induction by LAQ-824, U937 cells were exposed
sequentially to LAQ-824/fludarabine (L24 h!F24 h) in the
presence of the ROS scavenger N-acetylcysteine (NAC;
Fig. 1C). NAC was added either 2 h before LAQ-824
(+NAC 2 h) or 2 h before fludarabine (+NAC 22 h). Notably, NAC added before LAQ-824 (+NAC 2 h) completely

4
Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).
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blocked LAQ-824-induced early ROS generation (Fig. 1B,
right) and markedly protected cells from LAQ-824/fludarabine lethality (P < 0.01; Fig. 1C). In marked contrast,
addition of NAC shortly before fludarabine (+NAC 22 h)

had no effect on lethality (P > 0.05). Concordant results
were obtained monitoring cleavage/activation of caspase-3
and -7 and poly(ADP-ribose) polymerase degradation
(Fig. 1C) or in Jurkat cells exposed to LAQ-824/fludarabine

Figure 1. Preexposure of U937 cells to LAQ-824 synergistically increases fludarabine-induced apoptosis in an early ROS generation-dependent manner.
A, left, time-course analysis of cell death induced by exposure of U937 cells to 40 nmol/L LAQ-824 (L) for 24 h, after which they were either left untreated
or exposed to fludarabine (0.4 Amol/L) without washing. Cells were collected at the indicated intervals and the extent of apoptosis was determined by
Annexin V/PI analysis as described in Materials and Methods. #, P < 0.001, significantly greater than values from cells treated with either drug alone.
Clonogenic assay analysis was done in cells sequentially exposed to LAQ-824 (48 h), fludarabine (24 h), or the two agents in combination (L24 h!F24 h).
Colonies, consisting of groups of z50 cells, were scored after 12 days. Mean F SD of three separate experiments done in triplicate. B, U937 cells were
exposed sequentially to LAQ-824/fludarabine for the indicated intervals, after which they were labeled with the oxidation-sensitive dyes 2¶,7¶dichlorodihydrofluorescein diacetate (20 Amol/L; left ) or dihydroethidium (5 Amol/L; right ) and analyzed by flow cytometry to determine the percentage of
cells displaying an increase in ROS production relative to untreated controls. Mean F SE of three separate experiments. C, U937 cells were sequentially
exposed to LAQ-824 (48 h), fludarabine (24 h), or the sequential combination (L24 h!F24 h) F the free radical scavenger NAC (15 mmol/L) administered
either (a ) 2 h before the administration of LAQ-824 (+NAC 2 h ) or (b ) after 22 h of treatment with LAQ-824 (2 h before the addition of fludarabine to LAQ824-pretreated cells; +NAC 22 h ). Cells were collected after 24 h exposure to fludarabine and analyzed by flow cytometry to determine the percentage of
Annexin V/PI-positive cells. *, P < 0.01, significantly lower than cells exposed to LAQ-824 alone or sequentially to LAQ-824/fludarabine in the absence of
NAC. Right, lysates from cells analyzed by flow cytometry were collected for Western blot analysis of proteins for the indicated intervals; cell lysates were
prepared and 30 Ag protein was separated by SDS-PAGE, blotted, and probed with the indicated antibodies. c, caspase-3: cleaved caspase-3; cf, cleavage
fragment. D, Western blot analysis of proteins from U937 cells exposed to LAQ-824 (40 nmol/L), fludarabine, or the sequential combination (L24 h!F) for
the indicated intervals; 30 Ag protein was separated by SDS-PAGE, blotted, and probed with the corresponding antibodies. Blots were subsequently
stripped and reprobed with antibodies directed against actin to ensure equivalent loading and transfer. In all cases, representative results are shown; two
additional experiments yielded similar results.
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in the absence or presence of NAC (-2 h; Supplementary
Fig. S3A).4 This suggests that early LAQ-824-mediated ROS
induction plays an important functional role in LAQ-824/
fludarabine lethality but argues strongly against the notion
that LAQ-824 pretreatment simply increases fludarabinemediated oxidative injury.
To gain insights into ROS regulation, Western blot
analyses were done using U937 cells exposed sequentially
to LAQ-824/fludarabine, and expression of proteins known
to modulate ROS levels, including thioredoxin, thioredoxin
reductase, VDRP1/TBP2, and (SOD1 and SOD2), were
monitored (Fig. 1D; Supplementary Fig. S3B).4 No changes
in thioredoxin, thioredoxin reductase, or SOD1 levels were
detected under any experimental condition (Supplementary Fig. S3B).4 However, an early time-dependent increase
in expression of Mn-SOD2 and VDRP1/TBP2 was observed
in cells exposed to LAQ-824 F fludarabine (Fig. 1D), consistent with previous reports showing up-regulation of
these proteins by HDACIs in other cell types (24 – 26).
Induced Mn-SOD2 Regulates LAQ-824-Mediated
ROS Generation
To investigate the role of Mn-SOD2, U937 cells were
sequentially exposed to LAQ-824/fludarabine in the presence or absence of the ROS scavenger and SOD2 mimetic
Mn-TBAP. As with NAC (Fig. 1C), Mn-TBAP was added
2 h before LAQ-824 (+TBAP 2 h) or fludarabine (+TBAP
22 h). LAQ-824-induced ROS generation was markedly
inhibited by Mn-TBAP (+TBAP 2 h; data not shown), which
also strikingly diminished apoptosis (66.7 F 4.5 versus
11.8 F 3.5, FMn-TBAP, respectively; Fig. 2A) and poly(ADP-ribose) polymerase degradation (Fig. 2A, bottom).
Notably, TBAP addition 2 h before fludarabine did not
modify LAQ-824/fludarabine lethality (Fig. 2A). Additionally, U937 cells were transiently transfected with a cDNA
coding for full-length Mn-SOD2 and exposed to LAQ-824/
fludarabine (Fig. 2B). Enforced expression of Mn-SOD2
blocked LAQ-824-induced ROS (U937/EV: 63% versus
U937/Mn-SOD2: 13%; Fig. 2B, top) and dramatically diminished apoptosis (Fig. 2B, bottom), arguing that early LAQ824-induced ROS generation is critical for lethality.
Notably, U937 cells stably transfected with full-length antisense Mn-SOD2 cDNA (U/SOD2-AS) displayed no detectable LAQ-824-induced Mn-SOD2 (Fig. 2C) and exhibited
persistently increased ROS levels (data not shown) as well
as increased sensitivity to LAQ-824 F fludarabine (Fig. 2C,
right; P < 0.05). Collectively, these findings suggest that
early LAQ-824-mediated ROS generation plays a critical
functional role in LAQ-824/fludarabine lethality and that
Mn-SOD2 is a key ROS regulator.
HDACI-Mediated ROS Generation Induces DNA
Damage
In view of evidence that HDACIs induce DNA damage
and perturb repair activity (27 – 30) and that ROS modulate
DNA integrity (31, 32), the possibility arose that LAQ-824induced ROS disrupted DNA and promoted fludarabinemediated DNA damage. Levels of phosphorylated histone
H2AX (g-H2AX), an early markers of DNA damage (27),
were therefore monitored by Western blot in U937 cells

exposed to LAQ-824 (40 nmol/L) for 2 or 24 h (Fig. 3A).
LAQ-824 significantly increased g-H2AX levels as early as
2 h after administration, which increased further by 24 h
(Fig. 3A). Importantly, LAQ-824-mediated increases in
g-H2AX were abolished by coincubation with NAC or
Mn-TBAP (Fig. 3A). Similar results were obtained in cells
treated with MS-275 (2 Amol/L), a potent ROS inducer
(ref. 19; data not shown). As purine nucleoside analogues
such as fludarabine inhibit both DNA synthesis and repair,
thereby inducing accumulation of DNA strand breaks
(reviewed in ref. 33), more detailed studies were done.
LAQ-824 treatment triggered a clear increase in g-H2AX
levels, which persisted and increased slightly beyond
24 h (Fig. 3B). In contrast, fludarabine (0.4 Amol/L) increased g-H2AX levels at relatively late exposure intervals
(24 h), increasing slightly thereafter. However, cells pretreated (24 h) with LAQ-824 displayed an accelerated and
very pronounced increase in g-H2AX between 8 and 16 h
following fludarabine exposure (Fig. 3B). Importantly,
addition of NAC (Fig. 3C) or Mn-TBAP (data not shown)
2 h before LAQ-824 (+NAC 2 h) dramatically reduced
g-H2AX levels in cells exposed to either LAQ-824 or LAQ824/fludarabine. In agreement with evidence that fludarabine did not affect ROS (Fig. 1B), addition of NAC to
fludarabine-treated cells (24 h) did not modify g-H2AX
expression, indicating that fludarabine-induced DNA
damage represents a ROS-independent process at the fludarabine concentrations used here (0.4 Amol/L). Consistent
with cell death data (Fig. 1C), no differences in g-H2AX
levels were observed when NAC was added immediately
before fludarabine to LAQ-824-preexposed cells (Fig. 3C,
bottom). In agreement with g-H2AX findings, analysis of
either phospho-ATM, an established indicator of DNA
damage, by both foci formation and Western blot (Fig. 3D),
or comet DNA damage assays (single-cell gel electrophoresis; Supplementary Fig. S4A)4 yielded similar results.
Specifically, treatment with fludarabine or LAQ-824 individually only modestly induced ATM phosphorylation or
ATM foci (Fig. 3D), whereas both foci formation and
phospho-ATM (Western blot) were substantially increased
in cells sequentially exposed to LAQ-824/fludarabine
(L24 h!F8 h). Similarly, minimal comet formation occurred
in cells exposed to fludarabine for 16 h, whereas DNA
damage was apparent following LAQ-824 exposure (24 h;
Supplementary Fig. S6A).4 However, sequential exposure
to LAQ-824/fludarabine induced substantially wider and
longer comet tails after addition of fludarabine to LAQ-824pretreated cells (L24 h!F16 h), consistent with changes in
g-H2AX and phospho-ATM formation (Fig. 3). These
results provide evidence of a link between LAQ-824mediated early ROS generation and LAQ-824/fludarabine-induced DNA damage.
To exclude the possibility that increased g-H2AX levels in
LAQ-824/fludarabine-treated cells represented secondary
apoptotic effects, cells were treated with LAQ-824/fludarabine in the presence of the pan-caspase inhibitor BOC-fmk
(Supplementary Fig. S4B).4 Although apoptosis was significantly reduced by BOC-fmk (L24 h!F16 h: 67.4 F 4.5%
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Figure 2. Role of LAQ-824-mediated Mn-SOD2 expression in LAQ-824/fludarabine-induced lethality. A, U937 cells were exposed sequentially to LAQ824 (48 h), fludarabine (24 h), or the sequential combination (L24 h!F24 h) in the presence or absence of the free radical scavenger Mn-TBAP (400 Amol/L)
administered either (a) 2 h before the administration of LAQ-824 (+TBAP 2 h ) or (b ) after 22 h of treatment with LAQ-824 (2 h before the addition of
fludarabine to LAQ-824-pretreated cells; +TBAP 22 h ). Cells were collected after 24 h exposure to fludarabine and analyzed by flow cytometry to
determine the percentage of Annexin V/PI-positive cells. *, P < 0.01, significantly lower than cells exposed sequentially to LAQ-824/fludarabine in the
absence of Mn-TBAP. Bottom, Western blot analysis of U937 cells lysates prepared after sequential exposure to LAQ-824/fludarabine either in the
absence or presence of Mn-TBAP as described in A. B, U937 cells transiently transfected with a full-length Mn-SOD2 cDNA were treated sequentially with
LAQ-824/fludarabine as above, after which ROS production (top ) and apoptosis (bottom ) were determined by flow cytometry as described previously.
Inset, Western blot showing Mn-SOD2 expression in U937 cells transiently transfected before treatment. C, U937 cells stably transfected with either
empty pcDNA3.1 (U/EV ) or with a Mn-SOD2 full-length cDNA oriented in the antisense direction were exposed to LAQ-824/fludarabine as above, after
which they were analyzed by Western blot for expression of Mn-SOD2 (left ) or for apoptosis by Annexin V/PI as described in Materials and Methods
(right ). *, P < 0.01, significantly greater than U937 cells transfected with the empty vector. A to C, lanes were loaded with 30 Ag protein; blots were
subsequently stripped and reprobed with antibodies directed against actin to ensure equivalent loading and transfer. In all cases, representative results are
shown; two additional experiments yielded similar results.

versus L24 h!F16 h +BOC: 34.7 F 3.2%), g-H2AX expression
remained largely unchanged, arguing that LAQ-824mediated ROS induction and DNA damage represented
a cause rather than a consequence of cell death.
Enhanced LAQ-824/Fludarabine Lethality Is Associated with LAQ-824-Mediated Down-regulation/
Acetylation of DNA Repair Proteins and Disruption of
DNA Repair
In view of evidence linking fludarabine DNA incorporation to lethality (13), the possibility that increased
misincorporation of 2-fluoroadenine 9-h-D-arabinofuranoside-monophosphate into DNA might account for

enhanced DNA damage by the LAQ-824 regimen was
investigated. LAQ-824 induced a progressive increase in
the percentage of cells in G0-G1 accompanied by a
decrease in S-phase cells (G0-G1 phase, C: 52%, LAQ82424 h: 62.96%; LAQ-82432 h: 69.1%; S phase, C: 35.27%,
LAQ-82424 h: 26.43%; LAQ-82432 h: 24.04%; Supplementary
Fig. S5A).4 Consistent with these findings, LAQ-824
moderately reduced F-ara-A (DNA) incorporation compared with cells treated with fludarabine alone (ratio
LAQ-824-fludarabine/fludarabine: 069 and 0.73 at the 6
and 16 h intervals, respectively; Supplementary Fig. S5B),4
suggesting enhanced apoptosis in cells exposed to the
Mol Cancer Ther 2008;7(10). October 2008
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LAQ-824/fludarabine regimen is unlikely to stem from
potentiation of F-ara-A incorporation into DNA.
In view of evidence that HDACIs disrupt DNA repair
(28, 30, 34), Western blot analysis of key components of
the DNA repair machinery, including Ku70, Ku86, and
Rad50, was done. Whereas Ku70 levels did not change
following exposure to LAQ-824 (Ffludarabine), expression
of both Ku86 and Rad50 was significantly diminished
(Fig. 4A, left). However, treatment with LAQ-824 F
fludarabine increased Ku70 acetylation (Fig. 4A, right), a
post-translational modification that modifies Ku70 activity
(35). Analysis of DNA end-binding activity of both Ku70
and Ku86 in nuclear extracts of cells exposed to agents
alone or in combination showed a dramatic decline in
binding affinity of both proteins following LAQ-824
exposure (P < 0.01; Fig. 4C). Expression analysis of genes
involved in DNA damage pathways revealed significant
perturbations in several other repair-related genes, including BRCA1, CHEK1, EXO1, etc. (sample L24 h!F8 h;
Fig. 4C). Significantly, no differences were observed in

gene expression when the corresponding L24 h!F8 h
profiles F TBAP (ROS scavenger) or L24 h!F8 h versus
LAQ-82432 h were compared with each other. This
indicates that altered gene expression was independent
of LAQ-824-mediated ROS generation and that gene
expression changes reflected HDACI-mediated effects.
Collectively, these findings suggest that LAQ-824 modifies
the expression/function of multiple DNA repair proteins
and raise the possibility that such actions contribute to
potentiation of fludarabine-induced DNA damage and
lethality.
Parallel studies were done with As2O3 (ATO), a compound that also induces ROS (ref. 36; Supplementary
Fig. S6).4 Although ATO pretreatment increased fludarabine lethality and g-H2AX formation, effects were only
additive and more modest than those of LAQ-824,
suggesting that although LAQ-824-induced ROS is critical
to lethality, additional HDACI-mediated effects (e.g.,
perturbations in the DNA damage/repair machinery) are
required for maximal activity.

Figure 3.

LAQ-824-mediated early oxidative injury promotes fludarabine-induced DNA damage. A,
U937 cells were exposed to LAQ-824 (40 nmol/L) F
the free radical scavengers NAC (15 mmol/L) or MnTBAP (400 Amol/L) administered 2 h before addition
of LAQ-824 for the indicated intervals, after which
cell lysates were analyzed by Western blot to
monitor expression of g-H2AX as described in
Materials and Methods. B, after exposure to LAQ824 (40 nmol/L) and fludarabine (0.4 Amol/L), either
alone or in sequence for the indicated intervals, cell
lysates were analyzed for g-H2AX induction by
Western blot as described in Materials and Methods.
C, time-course analysis of g-H2AX expression in
U937 cells exposed to LAQ-824, fludarabine, or the
sequential combination in the presence or absence of
the free radical scavenger NAC (15 mmol/L). NAC
was administered either 2 h before the addition of
LAQ-824 (+NAC2 h; top ) or before addition of
fludarabine to LAQ-824-pretreated cells (+NAC22 h;
bottom ). D, U937 cells were treated with LAQ-824
(32 h), fludarabine (24 h), or with the combination
L24 h!F8 h, after which samples were prepared for
both immunocytochemical analysis of phospho-ATM
foci formation and Western blot analysis for total and
phospho-ATM expression as described in Materials
and Methods. A to D, lanes were loaded with 30 Ag
protein; blots were subsequently stripped and
reprobed with antibodies directed against actin to
ensure equivalent loading and transfer. In all cases,
representative results are shown; two additional
experiments yielded similar results.
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Figure 4. Exposure of cells to LAQ-824 perturbs DNA repair proteins. A, U937 cells were exposed to LAQ-824 (40 nmol/L), fludarabine (0.4 Amol/L), or
the combination in sequence (L24 h!F) for the indicated intervals. Left, cell lysates were prepared and 30 Ag protein was separated by SDS-PAGE, blotted,
and probed with the corresponding antibodies. Blots were subsequently stripped and reprobed with an antibody directed against actin to ensure equivalent
loading and transfer. Right, analysis of Ku70 acetylation was determined by immunoprecipitating (IP) lysates with an anti-Ku70 antibody followed by
immunoblotting (WB) with an anti-acetyl-lysine antibody as described in Materials and Methods. Each lane was loaded with 30 Ag protein; IgG controls
confirm equivalent loading and transfer. Results of a representative study are shown; two additional experiments yielded similar results. B, analysis of DNA
end-binding activity of Ku70 and Ku86 in nuclear extracts; cells were treated with LAQ-824 (40 nmol/L), fludarabine, or the combination in sequence
(L24 h!F) as described above for the indicated intervals, after which nuclear extracts were prepared and the DNA end-binding activity of Ku70/86 was
quantitatively measured using a Ku70/86 DNA repair kit as described in Materials and Methods. Mean F SD of duplicate determinations done on three
occasions; *, P < 0.01, significantly less than untreated control cells. C, analysis of genes involved in DNA damage/repair by RT2 Profiler PCR microarray.
U937 cells were exposed to L24 h!F8 h, after which RNA was extracted and analyzed by real-time reverse transcription-PCR as described in Materials and
Methods. Fold change with respect to values for control RNA samples (untreated U937 cells) are shown. Gene description: BRCA1 , breast cancer 1;
CHEK1 , CHK1 checkpoint homologue; EXO1 , exonuclease 1; FEN1 , flap structure-specific endonuclease 1; LIG1 , ligase I, DNA, ATP-dependent;
NBN , nibrin; PNKP , polynucleotide kinase 3¶-phosphatase; RAD51, RAD51 homologue (RecA homologue, Escherichia coli ; Saccharomyces cerevisiae );
UNG , uracil-DNA glycosylase; XPA , xeroderma pigmentosum, complementation group A; XRCC2 , X-ray repair complementing defective repair 2; and
ACTB , h-actin (used as a control housekeeping gene). Mean F SE of three independent experiments.

LAQ-824/Fludarabine-Mediated Lethal Effects Involve Cytosolic Release of the Linker Histone H1.2 and
Caspase-2 Activation
Recent studies reveal a chromatin-derived signal linking
nuclear DNA damage to mitochondria via histone H1.2
release from the nucleus to the cytoplasm (37). Consequently, histone H1.2 expression was monitored in nuclear
and cytoplasmic extracts obtained from cells exposed to
LAQ-824/fludarabine (Fig. 5A). Exposure of U937 cells to
LAQ-824 F fludarabine did not modify total histone H1.2
levels in nuclear extracts (Supplementary Fig. S5C).4 LAQ824 moderately increased cytoplasmic histone H1.2, whereas fludarabine alone did not (Fig. 5A). However, sequential
exposure of cells to LAQ-824 (24 h) followed by fludarabine
(8 h) dramatically increased cytosolic histone H1.2 levels
(Fig. 5A). Significantly, histone H1.2 release was minimal in
cells treated sequentially with LAQ-824/fludarabine in the
presence of TBAP (Fig. 5B) or NAC (data not shown)
administered 2 h before LAQ-824. The functional role of
released histone H1.2 was then assessed by monitoring
lethality in cells stably expressing siRNA directed against
histone H1.2 (U937/pS-H1.2 cells). Diminished histone
H1.2 expression levels dramatically reduced LAQ-824/

fludarabine lethality (Fig. 5C; P < 0.01 versus controls).
Moreover, histone H1.2 has been implicated in cytochrome c
release, an event dependent on H1.2-induced Bak conformational activation and oligomerization (37, 38). Analysis of parental (data not shown) or transfected U937 cells
with pSilencer control vector (U937/pS-C) revealed a
marked increase in conformationally changed Bak following exposure to LAQ-824 alone (24-48 h) or in combination
with fludarabine. However, these changes were dramatically reduced in cells depleted of histone H1.2 (U937/pSH1.2; Fig. 5D). Finally, U937 cells stably transfected with a
Bak-siRNA displayed significantly diminished lethality
following sequential exposure to LAQ-824/fludarabine
(P < 0.01; Fig. 5C).
In addition to histone H1.2, cleavage/activation of
caspase-2, the only procaspase constitutively present in the
nucleus (39), has been implicated in the apoptotic response
to chromosomal breaks and DNA damage (39, 40). LAQ-824
administered alone or in combination induced a significant
decline in the levels of procaspase-2, an event dramatically
reduced by coincubation of cells with TBAP (Fig. 6A).
Moreover, down-regulation of procaspase-2 by transiently
transfecting U937 cells with siRNA (pSilencer caspase-2
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sequences 13 and 18) significantly reduced (f30%; P < 0.05
versus scrambled sequence controls) LAQ-824/fludarabine
lethality, consistent with DNA damage-mediated cell death
(Fig. 6B). Reductions in procaspase-2 expression were
documented by Western blot analysis (Fig. 6B, right). The
dependence of caspase-2 activation on LAQ-824-mediated
ROS was investigated further in U937 stably transfected
with full-length antisense Mn-SOD2 cDNA. A time-course
analysis revealed accelerated and more extensive activation
of caspase-2 in U937/SOD2-AS cells compared with empty
vector control cells following LAQ-824 and particularly
LAQ-824/fludarabine treatment (Fig. 6C). These results
indicate a functional link between cytoplasmic release of
histone H1.2/caspase-2 activation and the ROS-dependent
potentiation of fludarabine lethality by LAQ-824.

Discussion
The goal of this study was to gain further insights into
mechanisms by which HDACIs and, more specifically, a

pan-HDACI like LAQ-824, promote fludarabine lethality in
human leukemia cells. The present findings suggest that
this phenomenon involves multiple interrelated factors
including early rather than late generation of ROS by LAQ824, the resulting induction of LAQ-824-mediated DNA
damage, and perturbations in the DNA repair machinery.
Recently, several studies have shown that HDACIs
enhance DNA damage induced by ionizing radiation and
by certain cytotoxic agents, particularly DNA-damaging
agents (27, 29, 41, 42), or can induce DNA damage by themselves (30). Although it has been proposed that HDACImediated sensitization to ionizing radiation may stem from
inhibition of the DNA repair machinery (29, 34, 41), the
mechanisms by which HDACIs produce DNA damage are
not well understood. In the case of intercalating agents,
HDACIs induce chromatin decondensation, which is more
conducive to DNA-drug interactions (42). The present
findings provide evidence that early HDACI-mediated
ROS generation plays a critical role in sensitizing human
leukemia cells to fludarabine lethality. Specifically, these

Figure 5. Cytosolic release of linker histone H1.2
and Bak activation contribute to LAQ-824/fludarabinemediated lethality. A, U937 cells were treated with
LAQ-824 (40 nmol/L), fludarabine (0.4 Amol/L), or the
sequential combination (L24 h!F) as described above
for the indicated intervals, pelleted, and lysed, and
protein extracts were obtained from both nuclear and
cytosolic S-100 fractions as described in Materials
and Methods. Proteins (30 Ag) of S-100 fraction were
separated by SDS-PAGE and probed with the
corresponding antibodies directed against histone
H1.2 or actin. Results of a representative study are
shown; two additional experiments yielded similar
results. B, U937 cells were exposed to (L24 h!F) for
the indicated intervals either in the absence or
presence of the free radical scavenger and SOD2
mimetic Mn-TBAP (400 Amol/L; added 2 h before
exposure of cells to LAQ-824), after which the
cytosolic S-100 fraction was extracted and 30 Ag
protein was separated by SDS-PAGE and probed with
the corresponding antibodies against histone H1.2
and actin. C, U937 cells stably expressing a scrambled
sequence oligonucleotide siRNA (U/pS-C) or a sequence directed against either histone H1.2 or Bak
(U/pS-H1.2 and U/pS-Bak, respectively) were exposed
to LAQ-824 (40 h), fludarabine (16 h), or the combination in sequence (L24 h!F16 h), after which they were
analyzed by flow cytometry to determine the percentage of Annexin V/PI-positive cells. *, P < 0.01,
significantly lower than U/pS-C cells. D, analysis of Bak
conformational change; U937/pS-C and U937/pS-H1.2
cells were treated as described in A, after which levels
of conformationally changed Bak were determined by
immunoprecipitating lysates with an anti-Bak-Ab1
antibody, which recognizes only the conformationally
changed protein, followed by immunoblotting with an
anti-Bak rabbit polyclonal antibody as described in
Materials and Methods. Each lane was loaded with
30 Ag protein; IgG controls confirm equivalent loading
and transfer. Results of a representative study are
shown; two additional experiments yielded similar
results. In all cases, mean F SD of three separate
experiments done in triplicate.
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results indicate that early HDACI-mediated ROS triggers
DNA damage manifested by the appearance of g-H2AX
foci. The formation of g-H2AX foci, which represent
components of large DNA repair complexes (43), is one of

the earliest cellular responses to DNA damage (27).
Inasmuch as the LAQ-824 concentrations used in this study
were minimally toxic, the amount of DNA damage induced
by this agent alone was only modestly lethal. However, it is

Figure 6. LAQ-824/fludarabine lethality involves caspase-2 activation. A, U937 cells were exposed to LAQ-824 (40 nmol/L), fludarabine, or the
combination in sequence (L24 h!F) for the indicated intervals either in the absence (left ) or the presence (right ) of the free radical scavenger and SOD2
mimetic Mn-TBAP (400 Amol/L; added 2 h before LAQ-824), after which cell lysates were prepared. In each case, 30 Ag protein was separated by SDSPAGE and probed with the corresponding antibodies against procaspase-2 and actin to document equivalent loading and transfer. B, U937 cells were
transiently transfected with pSilencer vector encoding either a scrambled oligonucleotide siRNA (U/pS-C) or an oligonucleotide siRNA directed against
procaspase-2 (U/pS-c2#13 and U/pS-c2#18); 24 h after transfection, cells were sequentially exposed to L24 h!F16 h as described above and analyzed by
flow cytometry to determine the percentage of Annexin V/PI-positive cells. *, P < 0.05, significantly lower than U/pS-C cells. C, both U937/EV and U937/
SOD-AS cells were treated as above and cell lysates were analyzed by Western blot for expression of procaspase-2 and, after stripping of blots, actin as
described above. In all cases, results are representative and two additional experiments yielded similar results. D, model relating LAQ-824-mediated ROS
production to LAQ-824/fludarabine lethality. According to this model, preexposure of cells to a minimally toxic concentration of LAQ-824 induces an early,
marginally lethal increase in ROS, which, following induction of Mn-SOD2, is abolished approximately 8 h after addition of LAQ-824. During this interval,
initial evidence of DNA damage (e.g., g-H2AX formation) appears, although this is not by itself sufficient to trigger substantial activation of the apoptotic
cascade. On addition of fludarabine (24 h after LAQ-824 administration), the initial ROS-mediated DNA damage persists, most likely due to LAQ-824mediated inhibition of DNA repair. Subsequently, a dramatic increase in DNA damage occurs, which may reflect additional fludarabine-induced DNA breaks
and/or further inhibition of repair. In this way, the addition of fludarabine produces levels of DNA damage that are incompatible with cell survival and
triggers multiple proapoptotic signals including activation of nuclear caspase-2 and release of histone H1.2 into the cytoplasm. The latter event induces
activation of Bak and culminates in pronounced mitochondrial injury and apoptosis.
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likely that when DNA repair is compromised by genetic
perturbations induced by HDACIs and/or by disruption of
repair by fludarabine (6, 11, 33), the extent of DNA damage
exceeds a threshold level, and apoptosis ensues. Indeed,
addition of fludarabine to LAQ-824-treated cells induced a
striking increase in g-H2AX expression and comet tail
formation, a more direct indictor of DNA damage.
Significantly, these events were largely abrogated by early
coadministration of antioxidants or genetic interventions
(enforced expression of Mn-SOD2), showing the critical role
of early LAQ-824-mediated ROS production. Notably,
although nucleoside analogue lethality in leukemic cells
has been attributed to ROS generation (44), fludarabine by
itself did not induce ROS generation in LAQ-824-pretreated
cells, nor did addition of antioxidants immediately before
fludarabine attenuate lethality, arguing that LAQ-824 does
not act directly to enhance fludarabine-mediated oxidative
injury.
ROS accumulation has been described in transformed cells
exposed to structurally diverse HDACIs, including vorinostat, trichostatin A, sodium butyrate, MS275, and LAQ-824
(19, 22, 23, 45, 46), and has been proposed as a mechanism
underlying HDACI lethality. Notably, LAQ-824-mediated
ROS accumulated within hours of drug exposure, whereas
both Mn-SOD2 (an antioxidant protein) and VDRP1/TBP2
(a prooxidant protein) were induced early as reported previously with other HDACIs (25, 26). Modulation of both
VDRP1/TBP2 and thioredoxin expression has been implicated in HDACI lethality and invoked to explain differential
responses to these agents by normal cells, which exhibit
low ROS levels and are more resistant to HDACIs, versus
transformed cells, which display high ROS levels and are
more susceptible to HDACIs (47). In addition, transformed
cells may be more susceptible to oxidative injury than their
normal counterparts (48). In the present setting, despite
VDRP1/TBP2 induction, early ROS increases were followed
by an abrupt decline (within 6 h), most likely reflecting the
rapid induction of Mn-SOD2. This notion is supported
by evidence that transfectant cells initially displaying high
Mn-SOD2 expression failed to generate ROS or DNA
damage following LAQ-824 exposure.
The mechanism by which LAQ-824 disrupts the DNA
repair machinery is likely to be multifactorial. Although
LAQ-824-induced ROS generation resulted in DNA damage, reflected by increased phosphorylation/activation of
both ATM and H2AX, the degree of damage, although only
modestly lethal, was sustained. HDACIs inhibit DNA
repair by modulating the expression of important components of this machinery (29, 34). They also induce posttranslational modifications of repair proteins such as
inactivation of Ku70 by acetylation, which also diminishes
its association with Ku80 as well as with Bax (35). In accord
with these results, LAQ-824 induced down-regulation of
Ku86, Rad50, and BRCA1, among other DNA repair
proteins, induced Ku70 acetylation and diminished Ku70
and Ku86 DNA-binding activity, arguing that disruption of
DNA repair very likely contributed to LAQ-824/fludarabine antileukemic synergism.

Recent evidence suggests a role for the linker histone
H1.2 in DNA damage-induced apoptosis (37). DNA
double-strand breaks induce cytoplasmic translocation of
histone H1.2 where it promotes release of cytochrome c
from mitochondria by activating the Bcl-2 family member
Bak (37) and by forming a complex with Apaf-1, caspase-9,
and cytochrome c (38). Notably, cytoplasmic localization of
histone H1.2 and Bak activation/conformational change
only occurred in association with enhanced DNA damage
in cells sequentially exposed to LAQ-824 and fludarabine.
The functional significance of these events was confirmed
by evidence that knockdown of histone 1.2 or Bak significantly diminished the lethality of the LAQ-824 regimen.
Importantly, release of histone H1.2 to the cytosol was
markedly reduced in cells coincubated with the free radicals scavengers NAC or TBAP, further emphasizing the
role of early LAQ-824-mediated ROS generation in both
DNA damage and lethality.
In addition to histone H1.2 release, a role has been
proposed for caspase-2 in DNA damage responses (49).
Although procaspase-2 is present in several intracellular
compartments, it is the only procaspase localizing constitutively to the nucleus (39) and provides a direct link
between nuclear DNA damage responses and mitochondrial events (49, 50). Significantly, caspase-2 was markedly
activated in response to increased DNA damage by the
LAQ-824/fludarabine regimen, and caspase-2 knockdown
by siRNA sharply reduced lethality. Nevertheless, this
reduction was significantly less than that produced by H1.2
knockdown, which may reflect the fact that release of histone H1.2 acts, through Bak activation, directly on mitochondria and may have a more critical effect on apoptosis
amplification. The findings that genetic ablation of MnSOD2 promoted, whereas coadministration of antioxidants
diminished, procaspase-2 activation provide a link between
HDACI-mediated ROS generation, increased fludarabinemediated DNA damage, and activation of the mitochondrial apoptotic cascade.
Taken together, the preceding findings suggest a theoretical model proposing specific roles for HDACI-mediated
ROS generation and perturbations in DNA damage/repair
in antileukemic interactions with fludarabine (Fig. 6D).
According to this model, preexposure to LAQ-824 induces
an early and transient increase in ROS that is reversed by
Mn-SOD2 induction at a relatively early interval. The early
generation of ROS nevertheless leads to DNA damage,
manifested by g-H2AX formation, although the extent of
damage is insufficient by itself to trigger a pronounced
apoptotic response. However, initial ROS-induced DNA
damage persists very possibly due to LAQ-824-mediated
inhibition/down-regulation of DNA repair proteins
through transcriptional and/or post-translational mechanisms (e.g., acetylation). Despite its persistence, the DNA
damage is only modestly lethal. However, subsequent
addition of fludarabine, either by inducing additional DNA
damage (6, 13) and/or by further disrupting repair (11, 12),
triggers a dramatic increase in DNA damage, the extent of
which is now incompatible with cell survival. Irreversible
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death signals are then triggered by activation of nuclear
caspase-2, cytoplasmic release of histone H1.2, and Bak
activation, culminating in pronounced mitochondrial
injury and apoptosis. Whether interference with DNA
repair processes will increase the mutagenicity of purine
nucleoside analogues such as fludarabine (51) remains to
be determined. In any case, this model may provide a
clearer mechanistic basis for understanding the role of
early HDACI-induced ROS generation and modulation of
DNA repair processes in potentiating nucleoside analogmediated DNA damage and lethality in leukemia.
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