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DNA alkylating agents alone or with ionizing radiation have been the preferred conditioning treatment in
allogeneic hematopoietic stem cell transplantation (allo-HSCT). In search of less toxic alternatives, we
hypothesized that combination of busulfan (Bu), fludarabine (Flu) and clofarabine (Clo) would provide
superior efficacy. At low concentrations, these drugs show synergistic cytotoxicity in Bu-resistant AML

Keyword_s: KBM3/Bu250° cells. Similar molecular responses were observed in other AML cell lines and in primary
Cllo(fiaratl)jlpe explanted AML cells. The [Clo + Flu + Bu] combination activates an intense DNA damage response through
glilsui;inme the ATM pathway, leading to cell cycle checkpoint activation and apoptosis. Phosphorylations of SMC1 and

SM(3, and methylations of histones 3 and 4, are much more pronounced in cells exposed to [Clo + Flu + Bu]
than [Clo + Flu], suggesting their relevance in the efficacy of the triple-drug combination. A possible
mechanism for these observed synergistic effects involves the capability of [Clo + Flu] to induce histone
methylations and subsequent chromatin remodeling, which may render the genomic DNA more accessible
to Bu alkylation. The Bu-mediated DNA cross-linking may provide a feedback loop which perpetuates the
DNA damage response initiated by [Clo + Flu] and commits the cells to apoptosis. Our results provide a
conceptual mechanistic basis for exploring this triple-drug combination in pretransplant conditioning
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therapy for allo-HSCT.

Published by Elsevier Inc.

1. Introduction

The rapid proliferation of leukemia cells heavily depends on
salvage synthesis of nucleosides as substrates for DNA synthesis.
This dependence provides a rationale for the design of nucleoside
analogues as anti-leukemia drugs. Several nucleoside analogues
have been used to treat neoplastic diseases [1]. The poor stability
and/or low aqueous solubility of some of these analogues led to the
design and clinical investigation of 2-chloro-2’-arabino-fluoro-2’
deoxyadenosine (clofarabine, Clo), one of the latest and most
efficacious nucleoside analogues used in the treatment of leukemia
[2]. Clo is cytotoxic to both proliferating and non-proliferating
cells, resistant to phosphorylitic cleavage and stable under acidic
conditions [3,4].
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Although similar in their chemical structures, nucleoside
analogues differ in their mechanisms of action and clinical
efficacies [5]. They are taken up by the cells via nucleoside
transporters and phosphorylated by deoxynucleotide kinases [6].
In general, their incorporation into DNA during DNA synthesis
causes termination of strand elongation and triggers a chain of
events, including induction of DNA strand breaks and subsequent
activation of pro-apoptotic pathways [7-9]. The attempted repair
of these damaged DNA sites further facilitates the incorporation of
nucleoside analogues, propagates DNA breaks and enhances their
cytotoxic effects. This activity is also potentiated by their
inhibition of ribonucleotide reductase (RR), which leads to
decreased deoxynucleotide pools and preferential incorporation
of the nucleoside triphosphate analogues into growing DNA
strands [10].

Nucleoside analogues are more often effective for treating
leukemia when used in combination with DNA alkylating agents
[11,12]. A previous study demonstrated how Clo and Flu inhibit
DNA repair initiated by 4-hydroperoxycyclophosphamide in
lymphocytes from CLL patients [13]. A subsequent multi-center
phase I study confirmed that the combination of Clo with etoposide
and cyclophosphamide was effective and well tolerated in
pediatric patients with relapsed/refractory acute leukemia [14].
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These observations rationalize the clinical use of mechanism-
based therapies which combine nucleoside analogues and DNA
alkylating agents to more effectively exploit the cytoreductive
potential of such combinations. Identification of drug combina-
tions with complementary rather than overlapping toxicities may
also yield a greater therapeutic index and help to alleviate therapy-
related adverse effects.

In hematopoietic stem cell transplantation (HSCT), nucleoside
analogues and DNA alkylators are increasingly being used in
myeloablative reduced-toxicity pretransplant conditioning thera-
py. For example, a combination of intravenous busulfan (Bu) with
Flu compared favorably with [intravenous Bu + cyclophospha-
mide] as a reduced-toxicity conditioning regimen for allogeneic
HSCT in AML and MDS [12,15,16]. Whether the effective
cytotoxicity and immunosuppressive properties of Clo [17] can
replace or complement Flu in such combination therapy remains to
be determined.

To evaluate the possibility of using combinations of Clo and/
or Fluwith Buas a pre-HSCT conditioning regimen, we used a Bu-
resistant AML cell line model to study the cytotoxicity of various
combinations of these agents and identify their mechanisms of
action. We observed synergistic cytotoxicity between Clo and
Flu; their cytotoxicity was further enhanced when combined
with Bu. We attribute this synergism to drug-mediated inhibi-
tion of DNA synthesis and repair and changes in chromatin
structure. Since [Clo + Flu] and Bu belong to different classes of
drugs and invoke different mechanisms of cytotoxicity, crosstalk
between the resulting DNA damage and response to that damage
possibly exacerbates genomic injury and consequently activates
apoptosis.

2. Materials and methods
2.1. Cell lines and drugs

The Bu-resistant KBM3/Bu250° cells used in this study were
established from the p53-negative human AML KBM3 cell line as
described previously [18]. KBM3/Bu250°, HL60 and OCI-AML3 cell
lines were cultured in RPMI 1640 medium (Mediatech, Manassas,
VA) supplemented with 10% fetal bovine serum (FBS; Atlanta
Biologicals, Lawrenceville, GA) at 37 °C in a humidified atmo-
sphere of 5% CO5 in air. Bu and Flu (Sigma-Aldrich, St. Louis, MO)
were both freshly dissolved in dimethyl sulfoxide (DMSO)
immediately prior to cellular drug exposure(s). The final
concentration of DMSO in all experiments did not exceed 0.08%
by volume, a level that does not induce differentiation of these cell
lines (data not shown). Clofarabine (Clolar®) was obtained from
Genzyme Oncology, Cambridge, MA (1 mg/ml solution) and
diluted in RPMI 1640 medium prior to use. Adenosine, cytidine,
hydroxyurea and deferoxamine mesylate were obtained from
Sigma-Aldrich.

2.2. Flow-cytometric analysis of cell cycle phase distribution

Cells in logarithmic growth phase (5 x 10° cells/ml) were
incubated with the indicated concentrations of the drug(s) at
37 °C for 24 h (to determine immediate effects on cell cycle phase
distribution) or 48 h (later effects on apoptosis and protein level/
modifications). The cells were centrifuged, resuspended in 70%
ethanol in phosphate-buffered saline (PBS), and fixed at —20 °C
overnight. Fixed cells were pelleted at 3000 x g at room
temperature, washed with PBS, and treated with 0.25 ml of
500 U/ml RNAse A in PBS containing 1.12% sodium citrate at 37 °C
for 30 min. After the addition of 0.25 ml propidium iodide (PI,
50 pg/ml)solution, the cells were kept in subdued light for at least
1 h prior to analysis by flow cytometry. The cellular DNA content

of at least 10,000 cells was analyzed using a BD FACS Calibur
instrument (BD Biosciences, San Jose, CA) and the proportion of
cells in the different phases of the cell cycle was determined using
the CellQuest™ software (Becton Dickinson, Franklin Lakes, NJ).
Histograms were analyzed using ModFit LT (Verity Software
House, Topsham, ME).

2.3. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay

Actively growing KBM3/Bu250° cells (5 x 10° cells/ml) were
exposed to the indicated concentrations of the drug(s) at 37 °C for
48 h. Cells were analyzed for apoptosis using the Apo-Direct™
TUNEL assay kit (Millipore, Billerica, MA) according to the
procedure provided by the manufacturer. TUNEL-positive cells
were determined by the analysis of at least 15,000 cells using a
FACS Calibur instrument.

2.4. Cytotoxicity assay and graphical analysis

Cell suspensions were aliquoted (50 pl of 4 x 10° cells/ml) into
96-well plates in the presence of drug(s) or solvent alone and
incubated as described above at 37 °C for 4 days to observe more
pronounced drug effects on cell survival. The cells were analyzed
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay [19]. Graphical analyses including calculations of
IC,o values (the concentration of drug required for 20% growth
inhibition) were done using Prism 5 (GraphPad Software, San
Diego, CA). Drug combination effects were estimated based on the
combination index (CI) values [20] calculated using the CalcuSyn
software (Biosoft, Ferguson, MO). This program was developed
based on the median-effect method: Cl <1 indicates synergy,
Cl =1 is additive, and CI > 1 suggests antagonism.

2.5. Reversal of Clo or Flu effects using normal nucleosides

Cells were exposed to 0.06 M Clo or 2.4 .M Flu as described
above in the presence or absence of 100 WM adenosine or cytidine.
Higher concentrations of Clo and Flu were used here to elicit a
more dramatic cytotoxicity. After 48 h, cells were harvested and
analyzed by flow-cytometry for apoptosis as indicated by sub-G1
DNA content.

2.6. Exposure of cells to ribonucleotide reductase inhibitor

Cells were exposed to 0.02 wuM Clo or 0.6 wM Flu in the
presence or absence of 25 wM deferoxamine (DFO) for 48 h and
analyzed by flow cytometry for apoptosis as indicated by sub-G1
DNA content.

2.7. Western blot analysis

Cells were collected by centrifugation, washed with PBS and
lysed with cell lysis buffer (Cell Signaling Technology, Danvers,
MA) as recommended by the manufacturer. Total protein
concentrations in the cell lysates were determined using a BCA
Protein Assay kit (Thermo Fisher Scientific, Rockford, IL). Western
blot analysis was done by separating protein extracts on
polyacrylamide-SDS gels and blotting onto nitrocellulose mem-
branes (Bio-Rad, Hercules, CA). Immunoblot analyses by chemilu-
minescence were done using either the SNAP i.d.™ Protein
Detection System or the Immobilon Western Chemiluminescent
HRP Substrate (both from Millipore, Bedford, MA). All antibodies,
their sources and other relevant information are listed in Table 1.
The (3-actin protein was used as an internal control.
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Table 1

List of primary antibodies, their sources and dilutions.
Antigen Source/cat. # Clone type*  Dilution®
ATM Santa Cruz Biotech/23921 mAb 750
Caspase 9 Cell Signaling/9502 pAb 1,500
CDC25A Cell Signaling/3652 pAb 1,500
CDK2 Santa Cruz Biotech/6248 mAb 700
CHK1 Cell Signlaing/2345 pAb 2,000
CHK2 Cell Signlaing/2662 pAb 2,500
Cleaved caspase 3 Cell Signaling/9661 pAb 2,500
c-MYC Cell Signaling/9402 pAb 2,000
Cyclin E2 Cell Signaling/4132 pAb 3,000
Histone 3 Abcam/1791 pAb 3,000
MCL1 Santa Cruz Biotech/819 pAb 500
p21 Upstate Biotech/05-345 mAb 1,000
PARP1 Santa Cruz Biotech/8007 mAb 1,000
P-ATM (Ser1981) Rockland/200-301-4000 mAb 2,000
P-ATR (Ser428) Cell Signaling/2853 pAb 2,000
P-CDC25B (Ser187) Santa Cruz Biotech/130184 pAb 1,000
CDC25B Santa Cruz Biotech/56266 mAb 1,000
P-CDK2 (Thr160) Santa Cruz Biotech/101656 pAb 500
P-CHK1 (Ser317) Cell Signaling/2344 pAb 2,000
P-CHK2 (Ser19) Cell Signaling/2666 pAb 2,500
P-CHK2 (Ser33/35)  Cell Signaling/2665 pAb 2,500
P-SMC1 (Ser360) Cell Signaling/4029 pAb 2,500
P-SMC1 (Ser957) Novus Biolog/NB100-205 pAb 2,000
P-SMC1 (Ser966) Abcam/1276 pAb 3,000
P-SMC3 (Ser1083)  Bethyl Lab Inc./A300-480A pAb 2,000
PUMA Cell Signaling/4976 pAb 2,000
RAD21 Cell Signaling/4321 pAb 2,500
SMC1 Cell Signaling/4802 pAb 2,500
SMC3 Millipore/AB3914 pAb 4,000
STAG2 Cell Signaling/4239 pAb 2,500
XIAP BD Transduction Lab/610717 mAb 1,500
B-Actin Sigma/A5316 mAb 10,000
v-H2AX Upstate Biotech/05-636 mAb 3,000
2MeH3K27 Cell Signaling/9755 pAb 2,000
2MeH3K36 Cell Signaling/9758 pAb 2,000
2MeH3K4 Cell Signaling/9725 mAb 2,000
2MeH3K79 Cell Signaling/9757 pAb 2,000
2MeH3K9 Cell Signaling/9753 pAb 2,000
2MeH4K20 Cell Signaling/9759 pAb 2,000
3MeH3K27 Cell Signaling/9756 pAb 2,500
3MeH3K4 Cell Signaling/9751 mAb 2,000
3MeH3K9 Cell Signaling/9754 pAb 2,000

¢ pAb: polyclonal antibody; used anti-rabbit IgG (or anti-goat as indicated) for
secondary antibody from Bio-Rad Lab. mAb: monoclonal antibody; used anti-

mouse IgG for secondary antibody from Bio-Rad Lab.
b Fold dilution in PBS with 0.05% Tween 20.

2.8. Immunofluorescent staining

Cells were exposed to the indicated concentrations of Clo, Flu
and Bu for 48 h, harvested and washed twice with PBS, and
resuspended in 2% paraformaldehyde in PBS for 20 min at room
temperature with occasional mixing. Cells were centrifuged using
an [EC CL31R Multispeed centrifuge at 70 x g for 5 min at 4 °C and
washed 3 times with PBS. After the last wash, the cells were
resuspended in PBS and a 40 p.l aliquot was used to cytospin onto
glass slides at 200 rpm for 3 min. Cells on slides were permea-
bilized with acetone at —20 °C for 4 min and washed briefly with
PBS at room temperature. To minimize fluorescence background,
cells were incubated with blocking buffer (1% FBS, 3% BSA in PBS)
for 1 hin a humidified chamber kept at 37 °C. This was followed by
incubation of the cells in 1:100 diluted anti-y-H2AX antibody
(Millipore) or 1:200 anti-P-ATM antibody (Rockland, Gilbertsville,
PA) under the same conditions for 3 h. Cells were washed three
times with gentle shaking in PBS for 20 min at room temperature,
then incubated with 1:500 diluted anti-mouse IgG antibody
conjugated to Alexa Fluor 488 (Invitrogen, Carlsbad, CA) for 1 h.
Cells were washed three times in PBS for 20 min at room
temperature. Chromosomal DNA was counterstained with
300 nM 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen) for

2 min and washed three times with PBS for 10 min. Slides were
kept in PBS at 4 °C overnight prior to immunofluorescence imaging
using an Olympus IX81 fluorescence microscope equipped with a
spinning disk confocal attachment at 60x magnification.

2.9. Cell permeabilization and exposure to micrococcal nuclease

Chromosomal DNA was analyzed according to the procedure
described by Zaret [21] with modifications. Cells were exposed to
the indicated concentration of the drugs for 24 h, harvested,
washed twice with PBS and resuspended in permeabilization
solution (35 mM HEPES, pH 7.4, 150 mM sucrose, 80 mM KCl,
5 mM K,HPO,4, 5 mM MgCl,, 0.5 mM CaCl,) at a cell density of
3 x 106 cells/ml. Cells (1.5 ml) were mixed first with 50 wl of
25 gel units/ml micrococcal nuclease (New England Biolabs,
Ipswich, MA) then with 3 pl of 5mg/ml lysolecithin (MP
Biomedicals, Solon, OH). Permeabilization and nuclease treatment
were done for 1 min at room temperature. Cells were centrifuged
immediately for 6-8s at 4500 x g and washed with PBS. Cell
pellets were kept on ice until ready for genomic DNA isolation
which was done using the Wizard® Genomic DNA Purification Kit
(Promega, Madison, WI). Genomic DNA was analyzed on a 0.8%
agarose gel in TAE (40 mM Tris-acetate, pH 8.3, 1 mM EDTA) buffer
containing ethidium bromide.

2.10. Analysis of DNA cross-linking

The DNA alkylating agent mitomycin C (MMC), which is a more
potent DNA cross-linker than Bu, was used as a probe to determine
whether pre-exposure of cells to [Clo + Flu] would cause remodel-
ing of chromatin and thereby increase its susceptibility to MMC-
induced cross-linking reactions. Cells were exposed to [0.03 wM
Clo and 1.2 pM Flu] for 24 h, then incubated with 10 pg/ml MMC
at37 °Cfor 2 h. Cells were harvested and washed with ice-cold PBS.
Genomic DNA was isolated using the Wizard® Genomic DNA
Purification Kit (Promega) and digested with the restriction
enzyme Nsi I (New England Biolabs) overnight at 37 °C. The
digested DNA was extracted with phenol:chloroform and precipi-
tated with 0.3 M sodium acetate and 70% ethanol at —80 °C for 1 h.
The DNA pellet was washed with 70% ethanol, dried and dissolved
in TE buffer. The DNA concentration was determined using
picogreen (Life Technologies, Carlsbad, CA). The denaturation-
renaturation, gel electrophoresis and transfer of DNA onto a nylon
membrane were done as described by Matsumoto et al. [22]. Pre-
hybridization, hybridization and detection were done using the
ULTRAhyb hybridization buffer and BrightStar®™ BioDetect Non-
isotopic Detection kit (Life Technologies). A 1 kb BamHI-EcoRI
fragment of the 18S rDNA gene was labeled using BrightStar®
Psoralen-Biotin Nonisotopic Labeling kit (Life Technologies) and
used as a probe. Band signals on the autoradiogram were digitized
using the UN-SCAN-IT software (Silk Scientific, Orem, UT). The
degree of MMC-induced DNA cross-linking was assessed by
calculating the % double-stranded (DS) DNA relative to the sum
of single-stranded (SS) plus DS DNA.

2.11. Patient cell samples

Peripheral blood and bone marrow samples from leukemia
patients were collected after obtaining written informed consent.
Mononuclear cells were purified using lymphocyte separation
medium (Mediatech). The purified cells were incubated in
suspension in RPMI 1640 supplemented with 10% FBS at a density
of 5 x 10° cells/ml with the indicated drugs. All studies were
performed according to a protocol approved by the Institutional
Review Board of the University of Texas MD Anderson Cancer
Center, in accordance with the Declaration of Helsinki.
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3. Results

3.1. Clo and Flu have synergistic inhibitory effects on the survival of
KBM3/Bu250° cells: addition of Bu further enhances these effects

Survival analysis by MTT assay of KBM3/Bu250° cells exposed
to the respective individual drug shows IC,q values of 20 j.g/ml Bu,
0.018 wM Clo and 0.67 M Flu for a 96-h treatment (data not
shown). We used values close to these concentrations to study the
effects of the individual drugs and their combinations. The
immediate effects of individual drugs on the cell cycle were
determined after a 24-h drug exposure. As expected, minimal cell
death was observed after a 24-h drug exposure. Analysis of the cell
cycle phase distribution showed increase in both S-phase and G2-
phase of cells exposed to 20 wg/ml Bu; the cell fraction in S-phase
increased from 41 + 3% to 60 + 3% relative to the solvent control, and
the cell fraction in G2-phase increased from 6 + 2% to 19 £ 2%
(Fig. 1A). Exposure of cells to 0.015 wM Clo or 0.6 wM Flu for 24 h
increased S-phase without significant effects on the cell fraction in
G2-phase. Clo and Flu increased the cell fraction in S-phase from
41 £ 3% to 59 + 2% and 52 + 2%, respectively (Fig. 1A). These results
are consistent with previous reports on the effects of Bu and
nucleoside analogues on the cell cycle [18,23,24].

To determine the effects of these drugs on apoptosis, cells were
exposed to the respective drugs for 48 h. The cell fraction in sub-G1
or positive in the TUNEL assay was used as a measure of apoptosis.
Exposure of cells to Bu, Clo or Flu alone resulted in only a marginal
increase in sub-G1 fraction from ~5% in solvent control to 6-7% in
drug-treated cells (Fig. 1B). [Bu + Clo] and [Bu + Flu] combinations
slightly increased the sub-G1 fraction to 8% and 10%, respectively.
The combination of the two nucleoside analogues, Clo and Flu,
resulted in ~20% cells in sub-G1, suggesting synergism. Addition of
20 pg/ml Bu to this [Clo + Flu] mixture further increased the sub-
G1 fraction to ~36% (Fig. 1B). These changes in the sub-G1

fractions were qualitatively consistent with the levels of apoptotic
cells induced by these drug combinations as measured by the
TUNEL assay (Fig. 1C). Exposure of cells to Bu, Clo or Flu alone
resulted in 0.4%, 0.2% and 0.3% TUNEL-positive cells, respectively,
while the combinations of [Clo + Flu] or [Clo + Flu + Bu] increased
these values to ~5% and ~15%, respectively.

To further assess the synergistic cytotoxicity of Clo and Flu, cells
were exposed to various drug concentrations, alone or in combina-
tion, and cell survival was determined by the MTT assay. When
values for cell survival (logarithmic scale) at three different
concentrations of Clo were plotted against Flu concentration (linear
scale), the slopes of the three lines increased with increasing Clo
concentration (Fig. 1D), further suggesting a synergistic effect of Clo
and Flu. Analysis of the resulting cytotoxicity data using the median-
effect method [20] supports the observed synergism. For example, a
combination index of 0.5 was calculated when cells were exposed to
[0.02 uM Clo + 0.60 M Flu].

The synergistic effects were more evident when Bu was added
to the [Clo + Flu] combination and lower drug concentrations were
used (Fig. 1E). A cell survival of 85% was obtained when cells were
exposed to 10 pg/ml Bu, and survival was 84% when cells were
exposed to [0.01 wM Clo+0.2 wM Flu]. Survival significantly
decreased to 59% when cells were simultaneously exposed to the
three drugs at these same concentrations. Overall, these results
suggest synergistic cytotoxicity when Clo and Flu were combined,
and a pronounced increase in the cytotoxic effects was obtained
when Bu was included in the combination.

3.2. Cytidine reverses the cytotoxic effect of Clo and Flu whereas
deferoxamine enhances this effect

Both Clo and Flu are phosphorylated and thereby activated by
deoxycytidine kinase (DCK) [25], which is feedback-inhibited by
dCTP [6]. To determine indirectly if the same enzyme might
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Fig. 1. Effects on cell cycle distribution and synergistic cytotoxicity of Clo, Flu and Bu in KBM3/Bu250° cells. (A) Effects of individual drugs on cell cycle distribution after a 24-h drug
exposure. Cells were fixed with ethanol, stained with propidium iodide and analyzed by flow cytometry. (B) Cells were exposed to drugs, alone or in combination, for 48 h and analyzed
for apoptosis based on cell fractions in sub-G1. Typical cell cycle histograms are shown and % cells in sub-G1 (+SD) are indicated at the bottom. (C) Similarly treated cells were evaluated for
apoptosis by determining the proportion of cells with fragmented DNA using the TUNEL assay. These experiments were repeated at least 4 times with very similar results. (D) The MTT assay
was used to determine the synergistic effects of Clo and Flu on cell killing. Cells were incubated for 4 days with the indicated concentrations of Clo or Flu alone, or in combination. Values for cell
survival (%) on the Y-axis (logarithmic scale) were calculated relative to control cells exposed to solvent alone. (E) A similar assay was done to determine the combined effects of 10 g/ml Bu
plus [0.01 wM Clo + 0.2 M Flu]. All error bars indicate standard deviations (SD) which were calculated using the Microsoft Office Excel Program.
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mediate the activation of Clo and Flu in our AML cell line model, we
examined the effects of cytidine on the cytotoxicity of these two
nucleoside analogues. We hypothesized that the metabolism of
cytidine to dCTP would lead to DCK inhibition and negate the
effects of Clo and Flu. Indeed, Fig. 2A shows an almost complete
reversal of the cellular toxicity mediated by Clo and Flu. Exposure
of cells to 0.06 .M Clo and 2.4 M Flu for 48 h resulted in 61% and
66% of the cells appearing in the sub-G1 compartment, respec-
tively. In the presence of 100 wM cytidine and the same
concentrations of the nucleoside analogues the sub-G1 population
decreased to 7-9%, which is similar to the control. In the presence
of 100 .M adenosine, cells exposed to 0.06 M Clo and 2.4 wM Flu
resulted in 47% and 41% cells in sub-G1, respectively, suggesting
only weak reversal of the cytotoxicity of Clo and Flu. These results
are consistent with the hypothesis that cytidine is metabolized to
dCTP which inhibits DCK and consequently prevents the phos-
phorylation of Clo and Flu.

Clo and Flu have also been shown to inhibit ribonucleotide
reductase (RR), the enzyme that converts nucleosides to deoxyr-
ibonucleosides [10]. This results in a decrease in deoxynucleotide
pools and preferential incorporation of the analogues into DNA
strands, leading to auto-potentiation of the drugs [10]. However, at
the concentrations of Clo and Flu used here, RR inhibition will be
relatively modest. Consequently, we hypothesized that inhibition
of RR with deferoxamine (DFO) would potentiate the cytotoxic
activity of Clo and Flu in our AML cell line. Fig. 2B shows that
0.02 wM Clo or 0.6 wM Flu for 48 h exerts negligible cytotoxicity
whereas 25 WM DFO exposure results in 21% of the cells appearing
in the sub-G1 compartment. Combination of 25 wM DFO with
0.02 wM Clo or 0.6 M Flu resulted in ~40% cells in sub-G1,
suggesting synergistic effects of DFO plus either nucleoside
analogue. Similar results were obtained when Clo or Flu was
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Fig. 2. Effects of normal nucleosides and an inhibitor of ribonucleotide reductase on
the cytotoxicity (apoptosis) of Clo and Flu. (A) Cells were exposed to 0.06 .M Clo or
2.4 pM Flu in the presence or absence of the indicated normal nucleosides (Ade:
adenosine; Cyt: cytidine) for 48 h and analyzed by flow cytometry for apoptosis
based on sub-G1 DNA content. (B) Enhancement of the cytotoxicity of Clo or Flu in
the presence of deferoxamine (DFO), an inhibitor of ribonucleotide reductase. All
error bars indicate standard deviations (SD).

combined with 100 wM hydroxyurea (data not shown), another
inhibitor of RR.

3.3. The combinations of [Clo + Flu + Bu] activate the DNA damage
response signaling pathway through ATM

Published reports have shown that nucleoside analogues, when
incorporated into nascent DNA strands during replication, cause
stalled replication forks and DNA strand breaks which activate
DNA repair mechanisms [26]. A similar DNA damage response
(DDR) is activated when cells attempt to repair DNA strands cross-
linked by alkylators [27]. We therefore wished to characterize the
DDR in AML cells treated with nucleoside analogues alone or in
combination with a DNA alkylator at relatively low drug
concentrations.

Activations of ATM (Ataxia Telangiectasia Mutated) and ATR
(ATM and Rad3-related) are among the early steps associated with
the cellular DDR. As shown in Fig. 3A, ATR was not significantly
activated by phosphorylation following exposure to any of the
drugs either alone or in combination in our cell model. We
therefore focused on the ATM signaling pathway. ATM is a protein
serine-threonine kinase which phosphorylates various substrates
following activation, including ATM itself (at Ser1981), p53, CHK1,
CHK2, SMC1, NBS1, BRCA1 and RAD17 [28-30]. Using individual
drugs at concentrations equivalent to their IC,o, Clo, Flu and Bu
marginally caused autophosphorylation of ATM at Ser1981 while
combinations of Bu and Clo or Flu resulted in a higher degree of
ATM phosphorylation (Fig. 3A). A more dramatic result was
obtained when cells were exposed to [0.015 wM Clo + 0.6 WM Flu]
in the absence or presence of 20 wg/ml Bu (Fig. 3A).

One of the early events mediated by ATM activation is the
phosphorylation of histone 2AX (y-H2AX), another widely used
indicator of DDR activation [31]. We observed a strong correlation
between the formation of y-H2AX and phosphorylation of ATM,
with exposure of cells to the [Clo+ Flu+Bu] combination
providing the highest level of y-H2AX (Fig. 3A). We also used
immunofluorescence staining to examine the level of ATM and
H2AX phosphorylation in cells exposed to [Clo + Flu + Bu]. Fig. 3B
shows the drug-dependent increase in the level of P-ATM and -
H2AX as indicated by the presence of green foci, which are known
to localize with DNA double-strand breaks (DSBs) [32].

We next examined the activation status of several other
proteins involved in the ATM signaling pathway. Because the
KBM3/Bu250° cell line is p53-negative, we focused on ATM
substrates other than p53. Although Bu, Clo or Flu, when used
alone, slightly increased the phosphorylation of CHK1 at Ser317,
none of the drug combinations further enhanced CHK1 phosphor-
ylation (Fig. 3A). On the other hand, [Clo + Flu + Bu] combination
caused increased phosphorylation of CHK2 at Ser33/35 and of
SMCT1 at Ser957 compared to the individual drugs. The [Clo + Flu]
combination resulted in almost equal phosphorylation of CHK2 at
Ser19 or Ser33/35 in the absence or presence of Bu (Fig. 3A).
However, the phosphorylation of SMC1 at Ser957 was greatly
increased when all three drugs were combined, suggesting that
phosphorylation of SMC1 plays a critical role in the cellular
response to the triple drug combination when compared with
[Clo + Flu].

SMC1 (structural maintenance of chromosomes 1) together
with SMC3, RAD21 and STAG2 forms the cohesin complex 1, which
is involved in sister chromatid cohesion [33] and DNA recombina-
tion during DSB repair [34]. We decided to analyze the effects of
[Clo + Flu + Bu] on the phosphorylation of SMC1 at other residues,
as well as the expression of the other subunits of cohesion complex
1. Fig. 3C shows that exposure to the triple drug combination
resulted in the highest phosphorylation of SMC1 at Ser360 and
Ser966, similar to the phosphorylation of Ser957 residue (Fig. 3A).
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This drug combination also increased the phosphorylation of SMC3
at Ser1083. The drugs did not affect the level of expression of SMC3
and RAD21 but did increase the level of STAG2 (Fig. 3C).

Overall, these results demonstrate that the DDR activated by
[Clo + Flu + Bu] is transduced primarily through the ATM-CHK2
axis and suggest that phosphorylation of SMC1 and SMC3 may play
a critical role in this response. These results are not unique to the
KBM3/Bu250° cell line model; similar molecular responses to
[Bu + Clo], [Bu + Flu], [Clo + Flu] and [Clo + Flu + Bu] were observed
in the HL60 and OCI-AML3 cell lines (data not shown).

3.4. [Clo + Flu + Bu] combinations activate cell cycle checkpoint
proteins

Next, we sought to examine the effects of Clo/Flu/Bu combina-
tions on the levels and activation status of downstream proteins
that mediate the S-phase and G2/M checkpoints. As noted above,
both [Clo + Flu] and [Clo + Flu + Bu] resulted in increased phos-
phorylation of CHK2, an ATM substrate involved in both the S-
phase and G2/M checkpoints (Fig. 3A). Activation of CHK2 may
lead to phosphorylation of CDC25A, which consequently inacti-
vates CDC25A phosphatase activity and leads to its degradation
[35]; a dramatic decrease in the level of expression of CDC25A was
indeed seen in cells exposed to [Clo + Flu + Bu] (Fig. 4). Another
factor that may contribute to decreased CDC25A expression is the
observed down-regulation of c-MYC (Fig. 4), a known positive
transcription factor for the CDC25A gene [36,37]. The observed
down-regulation of CDC25A is most likely responsible for the
increased level of P-CDK2 (Fig. 4), which results in activation of the
intra-S phase checkpoint [38]. This effect could be reinforced by
the observed increase in the level of cyclin E2 (Fig. 4), similar to a
previous report on stabilized cyclin E-induced increased S-phase in
response to replication fork stress caused by MMC or UV
irradiation [39]. Another protein that could inactivate CDK2 is
p21¢""1 a known CDK inhibitor that can also reinforce the S-phase
checkpoint by inhibiting proliferating cell nuclear antigen (PCNA)
[40]. Exposure of KBM3/Bu250° cells to [Clo + Flu + Bu] resulted in
a p53-independent up-regulation of p21°™!, which might be
attributed to the down-regulation of c-MYC (Fig. 4) [41]. Another
potential contributor to increased fraction in S-phase of cells
exposed to [Clo + Flu + Bu] is the phosphorylation of SMC1 and
SMC3 (Fig. 3C) [42] described in the previous section.
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Fig. 4. Levels of expression and phosphorylation status of proteins involved in cell
cycle checkpoints are affected by Clo + Flu + Bu. KBM3/Bu250° cells were exposed to
drugs alone, or in combination, for 48 h and analyzed for their expression/
phosphorylation of proteins involved in increased S-phase and G2/M.

The functions of CDC25A and SMC1 are not limited to the S-
phase checkpoint. SMC1 has also been reported to be a critical
factor in activating the G2/M checkpoint [43]. Its phosphorylation
at Ser966 might be important for this function, as suggested by its
induction in the presence of Bu alone (Fig. 3C), a strong G2-phase
arrest mediator (Fig. 1A). Another phosphatase that regulates cell
cycle is CDC25B, which is also a substrate of CHK2. A marked
phosphorylation of CDC25B at Ser187, presumably due to
activation of CHK2, was observed in cells exposed to [Clo+-
Flu + Bu] (Fig. 4). This phosphorylation is known to inactivate
CDC25B phosphatase activity and would consequently activate G2/
M checkpoint [44]. Overall, the phosphorylation of SMC1, down-
regulation of CDC25A, phosphorylation of CDC25B and up-
regulation of p21°"! probably contribute to increased fraction
of cells in G2 phase.

3.5. [Clo + Flu + Bu] combinations trigger apoptosis and down-
regulate pro-survival genes

Cells of hematological origin typically undergo apoptosis when
overwhelmed by DDR. The observed extensive activation of ATM
and cell cycle checkpoint signaling (Figs. 3 and 4) is strongly
suggestive of such a response to high levels of complex genomic
injury that may ultimately lead to apoptosis. Indeed, the
[Clo + Flu + Bu] combination activated apoptosis to a much greater
extent than [Clo + Flu], as indicated by cleavage of PARP1 (poly-
ADP ribose polymerase-1), activation (by cleavage) of two key
apoptotic proteins, caspases 3 and 9, cleavage of MCL1, and up-
regulation of PUMA (Fig. 5). The activation of caspase 3 correlates
with the cleavage of one of its known substrates, ANP32B (Fig. 5)
[45], a histone chaperone [46]. The activation of these pro-
apoptotic genes/proteins is consistent with the increase in the
fraction of cells with sub-G1 DNA content or that are TUNEL-
positive (Fig. 1B and C) in the presence of [Clo + Flu + Bu].

The cytotoxicity of [Clo + Flu + Bu] may not only be explained
by the up-regulation/activation of apoptotic proteins; the observed
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Fig. 5. Analysis of proteins involved in apoptosis and cell survival. Cells were
exposed to the various drugs alone, or in combination, for 48 h and analyzed for the
indicated proteins by Western blotting.
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analyzed quantitatively using UN-SCAN-IT software.

down-regulation of the pro-survival proteins c-MYC and XIAP in
cells exposed to [Clo + Flu + Bu] (Figs. 4 and 5) may also contribute
to the cytotoxicity of the three-drug combination. Since c-MYC is a
ubiquitous transcription factor [37], its down-regulation would
lead to deregulation of the expression of genes related to cell cycle
and growth. Examples are shown by the down-regulation of
CDC25A and up-regulation of p21°"™! (Fig. 4), as discussed above.

3.6. [Clo + Flu + Bu] combinations result in methylations of histone 3

To further understand the cellular responses underlying the
synergistic cytotoxicity of [Clo + Flu + Bu], we examined several
markers of chromatin remodeling related to covalent histone
modifications [47]. Imnmunostaining analysis of extracts from cells
exposed to [Clo + Flu] for 48 h shows greatly increased methyla-
tions of lysine residues of histone 3 at positions 4,9, 27, 36 and 79
(Fig. 6A). Methylation was also observed for Lys-20 of histone 4
(Fig. 6A). All methylations of histones 3 and 4 were further
increased when Bu was combined with Clo and Flu.

These changes in chromatin structure may well contribute to
the increased efficacy of [Clo + Flu + Bu] compared with [Clo + Flu].
One possibility is that [Clo + Flu] initiates chromatin remodeling
and exposes the genomic DNA to alkylation by Bu. If this is correct,
then the genomic DNA should also be more susceptible to
nucleases. We, therefore, permeabilized cells treated with [Clo + -
Flu] and exposed them to micrococcal nuclease. Fig. 6B shows a
dose-dependent susceptibility of the genomic DNA to nuclease in
cells exposed to these drugs as indicated by an increase in DNA
laddering. The first three lanes in Fig. 6B are genomic DNA isolated
from cells exposed to solvent alone (control) or increasing
concentrations of [Clo + Flu], but the cells were not treated with
permeabilizing agent and micrococcal nuclease prior to DNA
isolation. The presence of low amounts of degraded DNA in lanes 2
and 3 may be attributed to apoptosis occurring during the drug
exposure, consistent with the results shown in Figs. 1 and 5. The
level of degraded DNA increased dramatically, relative to the
control, when permeabilized cells were exposed to nuclease
(Fig. 6B, lanes 5 and 6).

The [Clo + Flu]-mediated reorganization of chromatin is further
suggested by an increase in MMC-mediated DNA cross-linking
observed in cells pre-exposed to [Clo + Flu] (Fig. 6C). When Nsi I-
digested genomic DNA from cells exposed to DMSO solvent alone
was denatured with 0.1 N NaOH (Fig. 6C), almost all of the DNA
fragments were converted to single strand (SS, lane 2) which
migrates in an agarose gel much faster than the non-denatured
sample (lane 1). When the DNA from control cells treated with
DMSO and MMC was denatured with NaOH, cross-linked and
renatured DNA migrated at the same position as the DS DNA (lane
3). Pre-exposure of cells to [Clo+Flu] for 24 h followed by
treatment with 10 pg/ml MMC resulted in a 2.2-fold increase in
cross-linking (lane 5) when compared to cells exposed to MMC
alone (lane 3). Together, these results are consistent with our
hypothesis that [Clo + Flu] causes histone 3 methylations, opens up
chromatin and makes the genomic DNA more accessible to
alkylation and cross-link formation by drugs such as MMC and,
by extension, Bu.

3.7. [Clo + Flu + Bu] combinations have similar synergistic effects in
patient leukemia cells

To assess the potential clinical implications of our observations,
we isolated mononuclear cells (MNCs) from peripheral blood and
bone marrow of patients with active AML and exposed the cells to
various drug combinations. Fig. 7 (upper panel) shows the
characteristics of the AML patients whose MNCs were used in this
study. We generally observed a lower degree of drug sensitivity of
the primary leukemia cells and therefore used 0.03 wM Clo, 1.2 M
Flu and 20 pg/ml Bu for this study. Exposure of the isolated MNC to
[Clo + Flu] for 48 h increased the phosphorylation of histone 2AX
and SMC1, decreased c-MYC expression and increased methylation
of histone 3 at Lys-9 and Lys-27 relative to the control (Fig. 7).
Addition of Bu to [Clo + Flu] generally enhanced these effects on
protein expression or modifications (Fig. 7). Although the data are
not perfect (e.g., the unanticipated decrease in total SMC1 seen in
patient 2), these results are reasonably consistent with those
obtained in the cell line model.
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Characteristics of leukemia patients whose cell samples were used in the study

Patient No. Source* Diagnosis Cytogenetics Treatments prior to sampling
1 PB AML 46,XX, t(6;11) (Idarubicin+cytarabine+sorafenib);relapsed;
(methotrexate+epirubicin+cytarabine);
(fludarabine+cytarabine+oxaliplatin);
bendamustine
2 PB AML 46,XY[20]- normal idarubicin and ara-C
3 BM AML 46,XX[20]- normal None (newly diagnosed)
*PB: peripheral blood
BM: bone marrow
Patient 1 Patient 2 Patient 3
Cont CF CFBu Cont CF CFBu Cont CF CFBu
e —— — ) ., Y-H2AX
F'& " a E-. —— == P.SMC1 (Ser957)
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Fig. 7. Effects of [Clo + Flu + Bu] combinations on mononuclear cells isolated from AML patients. The table shows the characteristics of the patients. The cell samples were exposed
to solvent (Cont), 0.03 wM Clo + 1.2 wM Flu (CF) or 0.03 wM Clo + 1.2 M Flu + 20 pg/ml Bu (CFBu) for 48 h and analyzed by Western blot as indicated (lower panel).

4. Discussion

Our report presents evidence of a strong synergistic cytotoxicity
of [Clo + Flu + Bu] combinations at low drug concentrations almost
equivalent to their ICyo, the concentrations that cause 20%
inhibition of cell survival when used individually. This synergism
was observed in the AML cell lines KBM3/Bu250°, HL60, and OCI-
AML3, and similar events at the molecular level were seen in
mononuclear cells isolated from AML patients, suggesting a
general cytotoxic efficacy of [Clo + Flu + Bu] combinations. The
cytotoxic activity of these drug combinations may be attributed to
at least four interrelated mechanisms involving crosstalk between
different types of DNA damage and cellular responses to that
damage: (1) inhibition of DNA synthesis and DNA repair responses
[9,10,26,48], (2) hyperactivation of cell cycle checkpoint signaling,
(3) extensive remodeling of chromatin, and (4) induction of
apoptosis.

Our results show that [Clo+Flu+Bu] strongly activate
components of the DDR pathway when these drugs are combined
even at concentrations as low as their ICyo. When used
individually, much higher concentrations of these drugs are
required to elicit similar responses. These DDR signals are
primarily transduced through activation of the ATM-CHK2 axis.
Autophosphorylation of ATM at Ser1981 correlates with the
phosphorylation of CHK2, SMC1 and SMC3. SMC1 is a chromo-
somal protein that heterodimerizes with SMC3 to form a cohesin
complex whose major function is to enable sister chromatid
cohesion to occur after DNA replication [49]. Recent reports also
suggest a role for this cohesion complex in DNA repair [50,51] and,
as with SMC1, SMC3 phosphorylation has been shown to be
involved in the DDR [52]. SMC1 is phosphorylated in an ATM-
dependent and -independent manner in response to DNA

damaging agents, resulting in activation of the intra-S-phase cell
cycle checkpoint [30,42]. Our results are consistent with ATM-
dependent phosphorylation of SMC1, although they do not rule
out the involvement of an ATM-independent pathway.

There are, however, some notable differences in the response to
the various drug combinations. Thus, the [Clo + Flu] combination
seems to be more strongly associated with activation of the CHK2
pathway, whereas the [Clo + Flu + Bu] combination appears to
preferentially invoke the SMC1/SMC3 signaling cascade. Fig. 3A
shows a dramatic phosphorylation of CHK2 at Ser33/35 in the
presence of [Clo + Flu] relative to each individual drug, but addition
of Bu does not further enhance this effect. On the other hand,
phosphorylations of SMC1 and SMC3 are more evident with the
three-drug combination (Fig. 3C). The activation of CHK2, SMC1
and SMC3 is transmitted to the cell cycle via the S-phase and G2/M
checkpoint machinery as shown by the down-regulation of
CDC25A, stabilization of cyclin E2 and phosphorylation of CDK2
and CDC25B (Fig. 4).

The preferential phosphorylations of SMC1 and SMC3 in cells
treated with [Clo +Flu+Bu] presumably reflect the above-
mentioned interactions between the various elements of the
DDR invoked in response to the combined genomic injury caused
by the nucleoside analogues and alkylating agent that results in the
increased levels of cell death/apoptosis. The inhibitory effects of
Clo and Flu on DNA synthesis are well established. These
nucleoside analogues inhibit DNA polymerases-a and -& [10]
and their incorporation into growing DNA strands causes
replication forks to stall, in addition to strand breakage [26]. In
contrast, DNA alkylators, exemplified by Bu, cause DNA cross-links
and their repair also induces replication forks to stall [53,54]. The
combinations of Clo/Flu/Bu are, therefore, expected to exert a more
significant inhibition of DNA synthesis as well as unique types of
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DNA damage. Indeed, SMC1 has been shown to be phosphorylated
at the sites of DSB, and it is believed to be involved in DNA
recombination steps during repair [50,51]. Based on our data and
published reports, the incorporation of the nucleoside analogues
Clo and Flu into the nascent DNA strands and the Bu-mediated
cross-linking of DNA may have activated DNA repair and created
DSBs. DNA damage checkpoint activation complexes, which
include the ATM and SMC proteins, could then be recruited to
the sites of these complex DSB-generating lesions.

The robust activation of the DDR by the combination of
[Clo + Flu + Bu] clearly results in enhanced triggering of the
apoptotic cascade (Fig. 1B and C) as indicated by the cleavage
of PARP1, caspase 3, caspase 9 and MCL1, by the up-regulation of
the pro-apoptotic protein PUMA, and by the down-regulation of
the anti-apoptotic XIAP and pro-survival c-MYC proteins (Fig. 5).
c-MYC, a ubiquitous transcription factor, appears to play an
important role in the cell cycle checkpoint activation and apoptosis
mediated by [Clo+ Flu+Bu]. The down-regulation of c-MYC
correlates with the down-regulation of CDC25A and induction of
p21<"! proteins which assume critical roles in cell cycle control. It
will be important to identify other c-MYC target genes relevant to
the cytotoxicity of [Clo + Flu + Bu].

The above-mentioned mechanisms all converge at the level of
the remodeling of chromatin, a process effected by post-
translational modifications of histones. Analysis of the effects of
[Clo+Flu+Bu] on these AML cells shows significant lysine
methylations of histones 3 and 4, which are much more extensive
when compared to the effects of [Clo + Flu] (Fig. 6A). These histone
modifications and their impact on chromatin structure conse-
quently affect DNA-related cellular transactions such as transcrip-
tion, replication and repair, as well as apoptosis [32,47]. Histone 3
methylations at Lys-9 and Lys-27 are associated with repression of
gene expression and might explain the observed down-regulation
of the c-MYC gene (Fig. 5).

The increased histone methylations may directly contribute to
the increased cytotoxicity seen in cells exposed to [Clo + Flu + Bu]
compared with [Clo + Flu]. By initiating these modifications, the
nucleoside analogues may open the chromatin structure, making
the DNA more accessible to Bu alkylation. This hypothesis is
consistent with the observed susceptibility of the genomic DNA of
[Clo + Flu]-treated cells to exogenous nuclease (Fig. 6B) and with
the increased MMC-mediated cross-linking of DNA seen in cells
pre-treated with [Clo + Flu] (Fig. 6C). The increase in damage levels
and complexity may elicit a positive feedback loop that
perpetuates histone methylations, DDR and DNA repair. Together
with [Clo + Flu]-mediated DNA repair inhibition, this loop mecha-
nism may be responsible for the observed massive DDR which,
when overwhelmed, causes the synergistic potentiation of
cytotoxicity of the [Clo+ Flu + Bu] combination by committing
the cells to apoptosis.

Similar molecular responses to [Clo + Flu + Bu] were observed
when we used mononuclear cells isolated from AML patients.
Notably, phosphorylation of SMC1, down-regulation of c-MYC and
histone 3 methylations at Lys-9 and Lys-27 were enhanced in cells
exposed to [Clo + Flu + Bu] versus [Clo + Flu]. These results suggest
that [Clo + Flu + Bu] combinations have similar mechanisms of
action in established cell lines and primary leukemia cells.
Furthermore, our results form a basis for exploring combinations
not only of one nucleoside analogue with an alkylating agent but
also of two nucleoside analogues followed by a DNA alkylating
agent. This approach would be expected to be most advantageous
where the administered doses of both the nucleoside analogues
and DNA alkylating agents can be escalated without concerns for
any possible irreversible damage to normal hematopoiesis. Based
on these results, we have initiated a clinical trial on the safety and
efficacy of Clo & Flu plus intravenous Bu as a part of myeloablative

pretransplant conditioning therapy for allogeneic HSCT patients who
are at high risk of recurrent leukemia post-transplantation and/or
who have active (chemotherapy-unresponsive) leukemia at the start
of treatment.
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