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Abstract

The combination of DNA alkylating agents busulfan (Bu) and cyclophosphamide is the most 

commonly used myeloablative pre-transplant conditioning therapy for myeloid leukemias. 

However, it is associated with significant non-relapse mortality, which prohibits dose-escalation to 

control relapse. We hypothesized that combining these two drugs with an epigenetic modifier 

would increase anti-leukemic efficacy without jeopardizing patient safety. A pre-clinical study was 

performed to determine the synergistic cytotoxicity of Bu, 4-hydroperoxycyclophosphamide 

(4HC) and the hypomethylating agent decitabine (DAC) in human AML cell lines. Exposure of 

KBM3/Bu2506 (P53-null) and OCI-AML3 (P53-wild-type) cells to [Bu+4HC] inhibited cell 

proliferation by ~35-39%; addition of DAC increased the inhibition to ~60-62%. The observed 

synergistic interactions correlated with DNA-damage response activation, increased production of 

reactive oxygen species, decreased mitochondrial membrane potential, release of mitochondrial 

proapoptotic proteins into the cytoplasm, and induction of caspase-dependent programmed cell 

death. The [Bu+4HC+DAC] combination further caused chromatin trapping of DNMT1 with a 

concomitant increase in DNA damage. In contrast, FLT3-ITD-positive AML cell lines were not 

sensitized to [Bu+4HC] by inclusion of DAC; addition of the FLT3 kinase inhibitor sorafenib 

(Sor) sensitized the FLT3-ITD-positive MV4-11 and MOLM13 cell lines to the triple drug 
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combination by inhibiting the FLT3 signal transduction pathway. Our results therefore provide a 

rationale for the development of personalized conditioning therapy for patients with P53-mutated 

and FLT3-ITD-positive AML.
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INTRODUCTION

Busulfan (Bu) is a bifunctional DNA alkylating agent commonly used in combination with 

other agents for high-dose pre-transplant conditioning therapy for hematopoietic stem cell 

transplantation (HSCT) [1]. Its combination with cyclophosphamide (Cy) has been used as 

an alternative to a Cy-total body irradiation (TBI)-containing myeloablative regimen and 

found to be effective for acute leukemias [2–7]. The “BuCy2” preparative regimen is more 

effective than Cy+TBI in patients ≤ 40 years old [6,8]. However, the “BuCy2” regimen is 

commonly associated with high non-relapse mortality [9]. To reduce its high toxicity, 

possibly due to adverse interactions of Cy metabolites, Cy has been replaced with 

nucleoside analog(s) such as fludarabine (Flu) and/or clofarabine (Clo) and found to be a 

safe and effective preparative regimen for HSCT [10–14]. Open-label, multicenter, 

randomized studies in acute myeloid leukemia (AML) patients comparing Bu+Cy with Bu

+Flu showed lower transplant-related mortality in the Bu+Flu group but similar results in 5-

year leukemia-free survival [15,16].

We hypothesized that the combination of Bu+Cy with a DNA hypomethylating nucleoside 

analog such as decitabine (DAC) would increase the antileukemic efficacy without 

jeopardizing patient safety. The ability of DAC to induce leukemic differentiation and re-

expression of epigenetically silenced putative tumor suppressor genes [17] and its 

synergistic cytotoxicity with Bu in AML cell lines [18] suggest that the Bu+Cy+DAC 

combination could be a more efficacious regimen. Moreover, DAC has been used for 

epigenetic priming prior to induction therapy in AML patients [19, 20].

The cytotoxicity of Cy is attributed to its active metabolites. Upon absorption, Cy is 

converted to its main metabolite 4-hydroxycyclophosphamide (HCy) by the cytochrome 

P450 system in the liver [21, 22]. 4-Hydroxycyclophosphamide exists in equilibrium with 

aldophosphamide, which is converted to phosphoramide mustard and acrolein [23]. Since Cy 

is a stable pro-drug requiring activation, 4-hydroperoxycyclophosphamide (4HC) is 

commonly used to determine its synergism with other chemotherapeutic drugs in in vitro 
studies; 4HC is converted to HCy, which is further converted to active metabolites. In this 

regard, we performed a pharmacological study to determine the anti-leukemic synergism of 

Bu, 4HC and DAC in established AML cell lines. Strong synergistic interactions were 

observed regardless of P53 status. AML cells positive for FMS-like tyrosine kinase 3 

internal tandem duplications (FLT3-ITD) were found to be less sensitive to [Bu+4HC+DAC] 

but were sensitized when sorafenib (Sor) was added to the combination. The results from 

this study provide a rationale for the development of personalized anti-leukemic therapy 
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specifically as a pre-transplant conditioning regimen for patients undergoing HSCT for P53-

mutated or FLT3-ITD-positive AML.

MATERIALS AND METHODS

Cell lines and drugs

KBM3/Bu2506 is an AML cell line established from one of our patients and made resistant 

to Bu as described previously [24]. The OCI-AML3, THP1 and MOLM13 AML cell lines 

were kindly provided by Dr. Michael Andreeff’s laboratory (University of Texas MD 

Anderson Cancer Center, Houston, TX). The OCI-AML3/shP53 cell line [25] was obtained 

from Dr. Paul Corn (University of Texas MD Anderson Cancer Center, Houston, TX). The 

MV4-11 AML cell line was obtained from the American Type Culture Collection 

(Manassas, VA). Cells were grown in RPMI-1640 medium (Mediatech, Manassas, VA) 

supplemented with 10% heat-inactivated fetal bovine serum (Atlanta Biologicals, Inc., 

Flowery Branch, GA) and 100 IU/mL penicillin and 100 μg/mL streptomycin (Mediatech) at 

37°C in a humidified atmosphere of 5% CO2 in air. Busulfan was obtained from Sigma-

Aldrich (St. Louis, MO), and DAC (10 mM solution in dimethyl sulfoxide (DMSO)) and Sor 

were purchased from Selleck Chemicals LLC (Houston, TX). 4-

Hydroperoxycylophosphamide was a generous gift from Dr. Scott Rowley (Hackensack 

University Medical Center, Hackensack, NJ). Busulfan and 4HC were dissolved in DMSO 

immediately prior to each experiment.

Cytotoxicity and apoptosis assays

Cells (6 ml of 0.5 × 106 cells/ml) in T25 flasks were exposed to drugs, alone or in 

combination, for 48 hrs, aliquoted (100 μl) into 96-well plates and analyzed by the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay [26]. Briefly, 50 μl of 

2 mg/ml MTT reagent (Sigma-Aldrich) in phosphate-buffered saline (PBS) was added per 

well and incubated for 4 hours at 37°C. The solid reaction product was dissolved by adding 

100 μl of solubilization solution (0.1 N HCl in isopropanol containing 10% Triton X-100) to 

each well, mixing, and incubating at 37°C overnight. Absorbance at 570 nm was measured 

using a Victor X3 (Perkin Elmer Life and Analytical Sciences, Shelton, CT) plate reader. 

The number of metabolically-active (MTT-positive) cells was determined relative to the 

control cells exposed to solvent alone.

Apoptosis was determined by flow-cytometric measurements of phosphatidylserine 

externalization [27] with Annexin-V-FLUOS (Roche Diagnostics, Indianapolis, IN) and 7-

aminoactinomycin D (BD Biosciences, San Jose, CA) using a Muse Cell Analyzer (EMD 

Millipore, Billerica, MA). Drug combination effects were estimated based on the 

combination index (CI) values [28] calculated using the CalcuSyn software (Biosoft, 

Ferguson, MO).

Western blot analysis

Cells exposed to solvent or drug(s) were collected by centrifugation, washed with cold PBS, 

and lysed with cell lysis buffer (Cell Signaling Technology, Danvers, MA). The protein 

concentrations were determined using a BCA Protein Assay kit (ThermoFisher Scientific, 
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Rockford, IL). Proteins were resolved on polyacrylamide-SDS gels and blotted onto 

nitrocellulose membranes (Bio-Rad, Hercules, CA). Western blot analyses were done by 

chemiluminescence using the Immobilon Western Chemiluminescent HRP Substrate (EMD 

Millipore). The sources of the antibodies and their optimum dilutions are provided in 

Supplementary Table 1.

Real-time polymerase chain reaction

Real-time polymerase chain reaction (PCR) was performed to determine the extent of DNA 

demethylation of the P16/INK4A gene promoter and its level of expression as we previously 

described [29].

Flow cytometric analysis of H2AX phosphorylation

Cells were collected after 48-hr drug exposure and fixed with 4% paraformaldehyde in PBS 

for 10 min at room temperature with occasional mixing. Cells were resuspended in 0.3 ml 

PBS, 0.7 ml ethanol was added and the suspension kept at least overnight at −20°C. Cells 

were then pelleted and washed with PBS containing 3% goat serum. After centrifugation, 

cells were resuspended in 0.5 ml PBS with 5% goat serum and incubated at room 

temperature for 1 hr with occasional mixing. Cells were again centrifuged and resuspended 

in 100 μl PBS with 3% goat serum containing 1:500 diluted anti-γ-H2AX antibody (mouse) 

and gently mixed for 2 hrs at room temperature. Cells were washed with PBS/3% goat 

serum and resuspended in 200 μl PBS/3% goat serum containing 1:200 diluted Alexa Fluor 

488-conjugated anti-mouse IgG antibody and mixed for 1 hr in the dark. Cells were washed 

twice with PBS/3% goat serum and kept in the same wash buffer overnight at 4°C. Cells 

were centrifuged and resuspended in 0.5 ml PBS/3% goat serum containing 15 μg/ml 

propidium iodide (PI) and 2.5 μg/ml RNAse A for 30 min at 4°C prior to flow cytometry 

using 488 nm excitation and 518 nm emission for Alexa Fluor 488 and 625 nm for PI.

Preparation of cytoplasmic and mitochondrial extracts

Cells were exposed to solvent or drugs for 48 hrs, collected and washed with ice-cold PBS. 

The cytoplasmic extract was a by-product supernatant from the mitochondrial isolation 

using the Mitochondria Isolation Kit for Cultured Cells - Reagent-based method 

(ThermoFisher Scientific). Mitochondria were resuspended in cell lysis buffer and boiled 

with loading buffer and dithiothreitol (DTT) (Cell Signaling Technology). Cytoplasmic 

extracts were boiled with the same loading buffer and DTT. Denatured protein samples were 

analyzed by Western blotting. β-ACTIN and COX IV proteins were used as loading controls 

for cytoplasmic and mitochondrial extracts, respectively.

Analysis of production of reactive oxygen species (ROS) and changes in mitochondrial 
membrane potential (MMP)

Cells exposed to drug(s) for 48 hrs were analyzed for production of ROS using CM-

H2DCFDA (5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl 

ester), an ROS indicator that diffuses into cells where it is oxidized to a fluorescent product 

(Life Technologies, Grand Island, NY). Briefly, cells were aliquoted (0.5 ml) into 5-ml tubes 

and 2 μl of 1.5 mM CM-H2DCFDA (freshly dissolved in DMSO) was added. Cells were 
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incubated at 37°C for 1 hr and immediately analyzed with a Gallios Flow Cytometer 

(Beckman Coulter, Inc., Brea, CA) using excitation/emission wavelengths of 492/520 nm. 

Geometric means of the fluorescence intensities were used in the analysis and fold increase 

relative to the control was reported.

Changes in the MMP were measured using a JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolylcarbo cyanine iodide) Mitochondrial Membrane Potential Detection 

kit (Cayman Chemical, Ann Arbor, MI). Cells were exposed to drugs for 48 hrs and 0.5 ml 

of cell suspension was aliquoted into 5-ml tubes. Diluted (1:10 with cell growth medium, 40 

μl) MMP-sensitive fluorescent dye JC-1 reagent was added to each tube, incubated at 37°C 

for 20 min, and immediately analyzed by flow cytometry (λex = 488 nm) using the 530-nm 

(FL-1 channel, green) and 585-nm (FL-2 channel, red) band-pass filters simultaneously. 

Healthy cells with functional mitochondria and high MMP exhibit red fluorescence 

(aggregated JC-1), whereas cells with disrupted mitochondria and low MMP show green 

fluorescence (monomeric JC-1). The ratio of monomer/aggregate JC-1 was calculated.

Isolation of soluble and chromatin-bound nuclear extracts

Cells were exposed to drugs for 24 hrs, collected by centrifugation, and washed with cold 

PBS. Soluble and chromatin-bound nuclear extracts were prepared using the Subcellular 

Protein Fractionation Kit for Cultured Cells (Pierce Biotechnology, Rockford, IL). Protein 

concentrations were determined using the BCA protein assay kit and Western blot analysis 

was performed as described above. Changes in the level of chromatin-bound DNMT1 were 

calculated as described previously [30].

Analysis of FLT3-ITD mutations by PCR

The presence of FLT3-ITD mutations was detected as described [31]. Briefly, genomic DNA 

from AML cells was isolated using the Wizard Genomic DNA Purification kit (Promega, 

Madison, WI). DNA amplification by PCR was performed using primers specific for FLT3 

exons 14 and 15 (forward primer: 5’-GCAATTTAGGTATGAAAGCCAGC-3’ and reverse 

primer: 5′-TTTCAGCATTTTGACGGCAACC-3′), where duplications usually occur [32]. 

DNA amplification was performed by mixing 1 μg genomic DNA, 10 pM of each primer, 10 

μM dNTPs, and 1.25 units Taq DNA polymerase in a 50-μ1 reaction mixture. Denaturation, 

annealing, and extension steps were done at 94°C for 30 sec, 60°C for 30 sec, and 72°C for 

40 sec, respectively, for 30 cycles. An initial 2-min denaturation step at 94°C and a final 

extension step at 72°C for 10 min were included in the protocol. PCR products were 

resolved on a 2% agarose gel and analyzed after staining with ethidium bromide. Samples 

that showed PCR products longer than 330 bp were considered positive for FLT3-ITD 

mutations.

Statistical analysis

Results are presented as the mean ± standard deviation of at least three independent 

experiments and statistical significance of the difference between two groups was 

determined by paired, two-tailed, non-parametric Wilcoxon test using Graph Pad Prism 7.03. 

P values ≤ 0.05 were considered statistically significant.
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RESULTS

Combination of Bu, 4HC and DAC provides synergistic cytotoxicity towards acute myeloid 
leukemia cell lines

Exposure of KBM3/Bu2506 and OCI-AML3 cell lines to concentrations close to the IC20 

values (the concentration of drug required for 20% growth inhibition) of Bu, 4HC and DAC 

inhibited cell proliferation by ~20%, as expected, when administered individually, as 

measured by the MTT assay (Figure 1 A, C). Using the same drug concentrations, the two-

drug combination [Bu+4HC] decreased KBM3/Bu2506 and OCI-AML3 proliferation to 

~65% and ~61%, respectively, versus untreated control cultures (Figure 1A and C). Addition 

of DAC to this two-drug combination significantly decreased proliferation of KBM3/Bu2506 

and OCI-AML3 cultures to ~40% and ~38% of control, respectively (P = 0.001 and 0.002). 

Analysis of activation of apoptosis by Annexin V (Ann V) assay showed similar results. 

Combination of 89 μM Bu and 1.3 μM 4HC resulted in ~20% Ann V-positive cells (P = 

0.002, compared with control) in KBM3/Bu2506 cells; addition of 55 nM DAC resulted in 

~29% positivity (P = 0.02, when the 2- and 3-drug combinations were compared). Even 

more significant differences were observed in OCI-AML3 cells. Exposure to [40 μM Bu 

+ 1.9 μM 4HC] resulted in ~25% Ann V-positive cells (P = 0.004) and addition of 4 μM 

DAC further increased this effect to ~47% positivity (P = 0.002, Figure 1C).

To test for possible synergistic interactions, KBM3/Bu2506 and OCI-AML3 cells were 

exposed to different concentrations of individual drugs, or to the drug combinations at a 

constant concentration ratio, and the MTT assay was performed after 48 hrs. The 

combination index (CI) values at increasing drug effects were graphically analyzed 

according to the Chou-Talalay method [28] as shown in Figure 1B and D. The calculated CI 

values less than 1 suggest significant synergism in these cell lines. The combination of Bu 

and 4HC in KBM3/Bu2506 cells showed a modest synergistic effect at higher fraction 

affected (Fa) and addition of DAC significantly increased the synergistic interactions as 

suggested by a further decrease in the CI values (Figure 1B). The synergism of Bu and 4HC 

was more pronounced in OCI-AML3 cells and addition of DAC further increased the 

synergism (Figure 1D).

Since KBM3/Bu2506 is P53-null, we sought to further determine if the effects of [Bu+4HC

+DAC] were P53-independent. OCI-AML3 parental cell line and its clone with down-

regulated P53 (OCI-AML3/shP53) were exposed to the same drug concentrations and 

analyzed by MTT and Annexin V assays. Figure 1E shows similar effects of the indicated 

drug combinations on these two cell lines, suggesting lack of P53-dependency.

Addition of DAC significantly enhanced the inhibition of proliferation mediated by [Bu

+4HC] in KBM3/Bu2506 and OCI-AML3 cells (Figure 1A and C). To determine if DAC 

exposure resulted in DNA hypomethylation, genomic DNA was isolated from OCI-AML3 

cells exposed to solvent control, [Bu+4HC] or [Bu+4HC+DAC]. Unmethylated, but not 

methylated, cytosines were converted to uracil by bisulfite modification. Since the 

expression of cyclin-dependent kinase inhibitor 4A (P16/INK4A) depends on the 

demethylation of its gene promoter [33], we analyzed its methylation status by methyl-

specific real-time PCR. Figure 1F shows ~16-fold increase in the level of unmethylated P16/
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INK4A promoter when DAC was added to [Bu+4HC]. The level of P16/INK4A mRNA and 

expressed protein concomitantly increased by ~3- and ~2-fold, respectively (Figure 1F). 

These results suggest that the efficacy of [Bu+4HC+DAC] was partly due to the 

hypomethylating activity of DAC and the up regulation of expression of P16/INK4A, a 

known tumor suppressor gene.

The three-drug combination strongly activates the DNA-damage response

To determine possible mechanisms of the observed synergistic cytotoxicity, we examined 

changes in the level of biomarkers of the DNA-damage response (DDR). One of the earliest 

events in DDR is the activation of the ATM kinase by self-phosphorylation [34]; analysis by 

Western blotting shows a marked increase in the level of P-ATM (S1981) when KBM3/

Bu2506 and OCI-AML3 cells were exposed to [Bu+4HC] that was even greater with the 3-

drug combination (Figure 2A, 2B). Increased phosphorylation of known ATM substrates 

including histone 2AX (H2AX), CHK2 and KAP1 was observed in the 2-drug combination, 

and again this effect was further enhanced in cells exposed to [Bu+4HC+DAC] (Figure 2A, 

2B).

KBM3/Bu2506 cells are P53-null, as confirmed by Western blotting, and expression of P21 

was also not observed (Figure 2A). The drug-dependent phosphorylation of P53 correlates 

with the induction of P21 in OCI-AML3 (P53-wild-type) cells (Figure 2B). The increased 

level of γ-H2AX in OCI-AML3 cells exposed to 2-drug and 3-drug combinations versus 

solvent-treated control cells was further indicated by flow cytometric analysis. Exposure to 

[Bu+4HC] or [Bu+4HC+DAC] increased the phosphorylation of H2AX from ~2% to ~28% 

or ~46%, respectively, relative to the control cells (Figure 2C), consistent with the Western 

blotting data (Figure 2B). Overall, these results suggest that [Bu+4HC+DAC] combination 

activates DDR in a P53-independent manner in AML cell lines, consistent with the results 

shown in Figure 1.

The three-drug combination activates the apoptosis pathway

Whether the observed DDR activation would lead to cell death was assessed by analyzing 

the cleavage of caspase 3 and PARP1. Significant protein cleavage was observed in KBM3/

Bu2506 and OCI-AML3 cells exposed to [Bu+4HC+DAC] (Figure 3A, 3B), suggesting 

activation of apoptosis consistent with the observed increase in Annexin V-positive cells 

(Figure 1). This activation of programmed cell death correlates with the decrease in the level 

of pro-survival c-MYC (Figures 3A, 3B). Since apoptosis is known to be accompanied by 

genomic DNA cleavage/degradation [35], we isolated the DNA from drug-treated cells and 

analyzed it by agarose gel electrophoresis. Ethidium bromide staining showed extensive 

cleavage of genomic DNA in cells exposed to [Bu+4HC+DAC] (Figure 3C). These results 

suggest that the synergistic cytotoxicity of [Bu+4HC+DAC] in AML cell lines is due to 

activation of apoptosis.

Possible mechanisms of apoptosis induction mediated by [Bu+4HC+DAC]

Induction of intrinsic apoptosis involves release of pro-apoptotic factors from mitochondria 

into the cytoplasm, which initiates a cascade of events leading to the activation of caspases 

and programmed cell death [36]. We, therefore, compared the levels of cytochrome c, BIM, 
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and SMAC/DIABLO in cytoplasmic extracts from cells exposed to solvent control or drug 

combinations. A significant increase in the level of these pro-apoptotic proteins in the 

cytoplasm was observed in KBM3/Bu2506 and OCI-AML3 cells exposed to [Bu+4HC] or 

[Bu+4HC+ DAC] (Figure 4A). Quantitative analysis showed 2.6- to 10.5-fold increase in the 

level of cytochrome c, 3.4- to 4.9-fold increase in BIM, and a slight increase in SMAC/

DIABLO in the cytoplasmic extracts from cells exposed to drugs (Figure 4A).

The observed release of pro-apoptotic proteins from the mitochondria might be due to an 

increase in the level of reactive oxygen species (ROS) and decrease in mitochondrial 

membrane potential (MMP) as reported previously [37,38]. We were thus prompted to 

determine changes in these parameters by flow cytometry. Figure 4B shows 2.1- and 2.0-fold 

increase in the level of ROS in KBM3/Bu2506 and OCI-AML3 cells exposed to [Bu+ 4HC

+DAC], respectively, which are statistically significant (P = 0.02-0.03). The ratio of 

monomer: aggregate JC-1 increased by as much as 8-fold in triple drug-treated cells versus 

control, suggesting increased monomeric JC-1 in the cytoplasm relative to its aggregated 

form in the mitochondria and implied a decrease in MMP (Figure 4C). These results suggest 

that leakage of pro-apoptotic factors possibly due to increased level of ROS and decreased 

MMP, contribute to the [Bu+4HC+DAC]-mediated induction of apoptosis in AML cells.

Addition of DAC increases chromatin trapping of DNMT1

The hypomethylating activity of DAC is partly due to degradation of DNA methyl 

transferases [39]. We, therefore, examined the expression of DNMT1, DNMT3A and 

DNMT3B in cells exposed to DAC alone, or in combination with [Bu+4HC], for 48 hrs. 

Figures 5A and 5B show abrogation of DNMT1 in KBM3/Bu2506 cells exposed to 55 nM 

DAC and in OCI-AML3 cells exposed to 4 μM DAC. Addition of [Bu+4HC] did not inhibit 

the DAC-mediated degradation of DNMT1. DAC did not significantly affect the levels of 

DNMT3A or DNMT3B in KBM3/Bu2506 cells. Similarly the level of DNMT3A was not 

significantly affected by the drug(s) in OCI-AML3 cells and no expression of DNMT3B was 

observed in this cell line (Figure 5B).

The cytotoxicity of DAC is mediated primarily by covalent trapping of DNMT1 to DNA 

[40]. Since we anticipated that DNMT1 trapping would be a relatively early event, we 

analyzed the level of DNMT1 in soluble and chromatin-bound nuclear extracts from cells 

exposed to [Bu+4HC±DAC] for 24 hrs (Figure 5c). DNMT1 signals were first normalized to 

nucleoporin; the ratio of these normalized values for [Bu+4HC+DAC] and [Bu+4HC] was 

then calculated. The calculated ratios for the soluble and chromatin-bound DNMT1 in OCI-

AML3 cells were 0.34 and 0.475, respectively, showing an ~40% increase in DAC-mediated 

binding of DNMT1 to chromatin (Figure 5C). The quality of the chromatin preparations was 

confirmed by the presence of histone 3 in the chromatin-bound extracts and its absence in 

the soluble nuclear extract from control cells. The presence of histone 3 in the soluble 

nuclear extracts from drug-treated cells (Figure 5C) suggests its release from the chromatin, 

possibly due to changes in chromatin structure and DNA degradation (Figure 3C). Overall, 

these results suggest that addition of DAC to [Bu+4HC] leads to chromatin trapping and 

degradation of DNMT1, which may have implications for their synergism.
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FLT3-ITD-positive AML cells are relatively resistant to [Bu+4HC+DAC] but they are 
sensitized with Sor

Figure 1 suggests that the sensitivity of AML cells to [Bu+4HC+DAC] is P53-independent. 

We next determined the sensitivity of two FLT3-ITD-positive AML cell lines to this drug 

combination since almost 30% of AML patients are FLT3-ITD-positive and have a poor 

prognosis [32,41,42]. The presence of FLT3-ITD mutations in MV4-11 and MOLM13 AML 

cells is suggested by their longer PCR products compared with the FLT3 wild type cell lines 

KBU/Bu2506, OCI-AML3 and THP1 (Figure 6A). These findings are consistent with the 

high resistance of KBU/Bu2506, OCI-AML3 and THP1 cells and profound sensitivity of 

MV4-11 and MOLM13 cells to Sor (Figure 6B). Exposure of MV4-11 and MOLM13 cells 

to [Bu+4HC+DAC] for 48 hrs inhibited cell proliferation by ~37% and ~30%, respectively, 

using individual drug concentrations equivalent to their IC20 values (Figure 6C). Addition of 

Sor to the triple-drug combination inhibited cell proliferation by ~60% in both cell lines 

with the levels of apoptosis, as indicated by Annexin-V staining, broadly tracking with the 

effects on proliferation (Figure 6D). Whereas synergism between Bu, 4HC and DAC was not 

observed in MV4-11 and M0LM13 cells, synergistic effects were obtained when Sor was 

added to the three-drug combination (Figure 6E). Western blot analysis showed increased 

cleavage of PARP1 and caspase 3 and phosphorylation of H2AX when FLT4-ITD-positive 

cells were exposed to [Bu+4HC+DAC+Sor] (Figure 6F). The observed sensitivity correlated 

with decreased phosphorylation of proteins downstream of the pro-survival FLT3 kinase 

signaling pathway [43], including STAT5, AKT and p38 (Figure 6F). Taken all together, 

these results strongly suggest that the resistance of FLT3-ITD-positive AML cells to [Bu

+4HC+DAC] can be reversed by inclusion of Sor to inhibit the FLT3-ITD-activated tyrosine 

kinase and commit the cells to apoptosis.

DISCUSSION

We report in this study the synergistic cytotoxicity of a double alkylating agent combination 

(Bu and 4HC) with an epigenetic modifier (DAC). The efficacy of the triple-drug 

combination in AML cell lines is seen in both P53-wild type and –mutant cell lines but it is 

greatly decreased in cells with FLT3-ITD mutations. However, AML cell lines positive for 

FLT3-ITD are sensitized to [Bu+4HC+DAC] in the presence of Sor, where synergistic 

interactions are again observed. The efficacy of these drug combinations are broadly 

paralleled by the levels of DDR activation and apoptosis seen in the various exposure groups 

across different AML cell lines.

The cytotoxicity of the [Bu+4HC+DAC] combination might be mediated at the level of the 

initial DNA damage invoked by the two alkylating agents as suggested by the activation of 

the ATM kinase pathway, which is further enhanced by the addition of DAC (Figure 2), a 

DNA hypomethylating agent (Figure 1F) known to induce genome-wide DNA damage [44]. 

Moreover, the ability of DAC to trap DNMT1 to chromatin [40], as also suggested by our 

results with AML cell lines shown in Figure 5C, might prevent repair of the damaged DNA 

and exacerbate the generation of double-strand DNA breaks. In addition, DAC-mediated 

epigenetic changes (ie. hypomethylaton of DNA) may upregulate the expression of cell 

cycle-related/tumor suppressor proteins such as P16/INK4A (Figure 1F) and downregulate 
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pro-survival proteins (Figure 3). The drug-mediated exacerbation of DNA damage and 

decreased expression of pro-survival proteins appears to transmit molecular signals to 

mitochondria and increase ROS production, decreasing the mitochondrial membrane 

potential and causing leakage of pro-apoptotic mitochondrial factors into the cytoplasm, 

initiating the cascade of events leading to activation of caspases resulting in apoptosis 

(Figures 3 and 4).

We previously suggested that chromatin remodeling is an important intermediary in the 

efficacy and synergism of nucleoside analog-alkylating agent combinations; in particular, 

nucleoside analogs likely induce changes in the chromatin structure that confer a greater 

susceptibility of the DNA to alkylating agents [45,46]. By extension, a similar mechanism 

might underlie the synergistic cytotoxicity observed in this study. Addition of the 

hypomethylating agent DAC might have sensitized AML cells to [Bu+4HC] in part by 

inducing chromatin remodeling and increasing DNA alkylation.

These mechanisms appear to be circumvented by the FLT3-mediated signal transduction 

pathway. Although a modest cell killing effect was observed in FLT3-ITD-positive cell lines 

MV4-11 and MOLM13 (Figure 6) exposed to [Bu+4HC+DAC], no synergistic interaction 

was obtained (Figure 6E). Inhibition of the FLT3 kinase with Sor, however, sensitized these 

cell lines resulting in synergistic cytotoxicity of the four drugs (Figure 6E). Such a 

mechanism is similar to our previous report on the synergistic cytotoxicity of Sor with 

clofarabine, fludarabine and Bu in FLT3-ITD-positive AML cells [32]. Our present and 

previous results provide a basis for designing personalized therapy in the treatment of FLT3-

ITD-positive AML patients.

In conclusion, the present study suggests that the P53-independent synergistic cytotoxicity 

of [Bu+4HC+DAC] in AML cells might be due to the molecular interactions between DNA 

alkylation and epigenetic modification events that result in the trapping of DNMT1 to 

chromatin, induction of the DDR, ROS production, and decreased mitochondrial membrane 

potential, which ultimately commit tumor cells to apoptosis. Furthermore, inhibition of the 

activated FLT3 signal transduction pathway with Sor sensitizes FLT3-ITD-positive cells to 

[Bu+4HC+DAC], suggesting that patients with abnormal expression of FLT3 might benefit 

more from this four-drug combination. Our results provide a basis to evaluate these drug 

combinations as a cytoreductive treatment for AML patients with P53 and FLT3 mutations. 

Specifically, such drug combinations may be used as part of the pre-transplant conditioning 

regimen for AML patients undergoing hematopoietic stem cell transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Bu+Cy is an effective pre-transplant conditioning therapy but toxic.

• Epigenetic modifiers enhance the efficacy of DNA alkylators.

• Bu+Cy+DAC is synergistically cytotoxic to AML cells regardless of P53 

status.

• FLT3-ITD-positive AML cells are sensitized to Bu+Cy+DAC with sorafenib.

• Bu+Cy+DAC±Sor may be used to personalize pre-transplant conditioning 

regimen.
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Figure 1. 
Synergistic anti-proliferative and cytotoxic effects of the various drug combinations in 

KBM3/Bu2506 (A) and OCI-AML3 (C) cell lines. Cells were exposed to drugs, alone or in 

combination, for 48 hrs then analyzed for cell proliferation by MTT assay and for apoptosis 

by Annexin V (Ann V) assay. The relationships between combination index (CI; y-axis) and 

fraction affected (Fa; x-axis) in each cell line are shown in panels B and D (representatives 

of two independent experiments). CI < 1 indicates synergism. (E) Comparison of the effects 

of the indicated drug combinations on OCI-AML3 (P53-wild type) and OCI-AML3/shP53 

clone with downregulated P53 expression (inset shows Western blot for P53 protein level). 

(F) DNA demethylation of P16/INK4A gene promoter and its expression. OCI-AML3 cells 

were exposed to solvent (Control) or the indicated drug combinations for 48 hrs. Genomic 

DNA and total RNA were isolated and used for real-time PCR. The inset shows Western blot 

for the level of P16/INK4A protein. Signals were scanned and normalized relative to β-

ACTIN. The numbers refer to fold difference in P16/INK4A relative to Control. Results (bar 

graphs) are the average ± SD of at least three independent experiments. Statistically 

significant differences are indicated by P values. Bu, busulfan; 4HC, 4-

hydroperoxycyclophosphamide; DAC, decitabine.
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Figure 2. 
Effects of drug combinations on biomarkers of the DNA-damage response. Cells were 

exposed to the indicated drugs for 48 hrs and analyzed by Western blotting for changes in 

protein levels and status of their phosphorylation (A and B). Similar cells were double-

stained with anti-γ-H2AX antibody-Alexa Fluor 488 conjugate and propidium iodide and 

analyzed by flow cytometry (C). The inside windows in panel C show the extent of H2AX 

phosphorylation. Results are representatives of two independent experiments. Bu, busulfan; 

4HC, 4-hydroperoxycyclophosphamide; DAC, decitabine.
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Figure 3. 
Effect of drug combinations on biomarkers of apoptosis. Cells were exposed to the indicated 

drugs for 48 hrs and extracted proteins were analyzed by Western blotting (A and B). 

Genomic DNA was isolated from similar cells and analyzed by agarose gel electrophoresis 

with ethidium bromide staining (C). Results are representatives of two independent 

experiments. Bu, busulfan; 4HC, 4-hydroperoxycyclophosphamide; DAC, decitabine.
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Figure 4. 
Analysis of factors contributing to the observed drug-induced apoptosis. Cells were exposed 

to drug(s) for 48 hrs and cytoplasmic and mitochondrial protein extracts were analyzed by 

Western blotting (A). Western blot signals for cytoplasmic extracts were normalized relative 

to the β-ACTIN loading control and the calculated values were compared with untreated 

control cells (set to 1.0) as shown. Production of reactive oxygen species (B) and changes in 

mitochondrial membrane potential (C) were determined by flow cytometry. Results are 

representatives of two (A) or average ± SD of five (B, C) independent experiments. 
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Statistically significant differences are indicated by P values. Bu, busulfan; 4HC, 4-

hydroperoxycyclophosphamide; DAC, decitabine.
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Figure 5. 
Effect of DAC on the level of DNMT1 and its chromatin trapping. Cells were exposed to 

drug(s) for 48 hrs (A and B) or 24 hrs (C) and analyzed by Western blotting for changes in 

the level of DNA methyltransferases DNMT1 and DNMT3A/3B (A and B) and chromatin-

bound DNMT1 (C) as described under Materials and Methods. Results are representatives of 

two independent experiments. Bu, busulfan; 4HC, 4-hydroperoxycyclophosphamide; DAC, 

decitabine.
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Figure 6. 
Effect of FLT3-ITD status on the response of AML cell lines to cytotoxic drug treatments. 

Genomic DNA was isolated from FLT3 wild type (KBM3/Bu2506, OCI-AML3 and THP1) 

and FLT3-ITD-positive AML cell lines (MV4-11 and MOLM13) and used as template for 

PCR analysis. PCR products were resolved on 2% agarose gel with ethidium bromide 

staining (A). The sensitivity of the five AML cell lines to Sor was compared by analyzing 

cell proliferation using MTT assay (B). The cytotoxicity of [Bu+4HC+DAC] in the absence 

(C) or presence (D) of Sor was determined in FLT3-ITD cells. Drug synergism (E) was 

analyzed as in Figure 1. Western blot analysis (F) shows increased cleavage of PARP1 and 

caspase 3 and phosphorylation of H2AX, and decreased levels of FLT3 downstream targets, 

when Sor was combined with [Bu+4HC+DAC]. The levels of phosphorylated proteins were 

first normalized to their non-phosphorylated forms, and the ratio of the normalized 

phosphoprotein level relative to the untreated control was calculated. All cells were exposed 

to drug(s) for 48 hrs (B-F). Results are representatives of two (A, E, F) or average±SD of 

three (B-D) independent experiments. Bu, busulfan; 4HC, 4-hydroperoxycyclophosphamide; 

DAC, decitabine; Sor, sorafenib.
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