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Abstract
Busulfan (Bu) resistance is a major obstacle to hematopoietic stem cell transplantation (HSCT) of
patients with chronic or acute myelogenous leukemia (CML or AML). We used gene expression
analysis to identify cellular factors underlying Bu resistance. Two Bu-resistant leukemia cell lines
were established, characterized and analyzed for differentially expressed genes. The CML B5/
Bu2506 cells are 4.5-fold more resistant to Bu than their parental B5 cells. The AML KBM3/
Bu2506 cells are 4.0-fold more Bu-resistant than KBM3 parental cells. Both resistant sublines evade
Bu-mediated G2-arrest and apoptosis with altered regulations of CHK2 and CDC2 proteins,
constitutively up-regulated anti-apoptotic genes (BCL-XL, BCL2, BCL2L10, BAG3 and IAP2/
BIRC3) and down-regulated pro-apoptotic genes (BIK, BNIP3, and LTBR). Bu-induced apoptosis is
partly mediated by activation of caspases; use of the inhibitor Z-VAD-FMK completely abrogated
PARP1 cleavage and reduced apoptosis by ~50%. Furthermore, Bu resistance in these cells may be
attributed in part to up-regulation of HSP90 protein and activation of STAT3. Inhibition of HSP90
with geldanamycin attenuated phosphorylated STAT3 and made B5/Bu2506 and KBM3/Bu2506

more Bu-sensitive. Analysis of cells derived from patients classified as either clinically resistant or
sensitive to high-dose Bu-based chemotherapy indicated alterations in gene expression that were
analogous to those observed in the in-vitro model cell lines, confirming the potential clinical
relevance of this model for Bu resistance.
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Introduction
High-dose busulfan (1,4-butanediol dimethylsulfonate)-based conditioning therapy for
hemato-poietic stem cell transplantation (HSCT) has gained increasing prominence in the last
few years, mainly in the treatment of myeloid malignancies. Interest in busulfan(Bu)-based
pretransplant therapy was further stimulated by a parenteral formulation that circumvented the
unpredictable absorption and variable bioavailability of oral Bu that was associated with a high
incidence of serious, and often lethal, venoocclusive disease [1–4]. Substitution of
cyclophosphamide with fludarabine in combination with Bu further improved the clinical
safety profile without appreciable loss of antileukemic activity [5,6]. Nonetheless, relapsing
leukemia remains an obstacle to patient survival. Recurrent leukemia is commonly attributed
to Bu resistance, although both host and leukemic cell-derived factors may cause treatment
failure. Individualized therapeutic dose guidance based on pharmacokinetics has been used to
optimize systemic Bu exposure, both to increase treatment safety and to decrease the risk for
recurrent leukemia. We hypothesize that some patients may suffer recurrent disease because
of genetically-determined leukemic- cell drug resistance. If appropriate cellular biomarkers of
Bu resistance could be identified and validated, they might be used to identify patients whose
leukemia might be insensitive to high-dose Bu. A better understanding of the molecular
mechanisms of cellular Bu resistance should also enable the development of strategies to
circumvent such resistance, or alternatively, patients who are likely to have Bu-resistant
leukemia could receive different therapy.

Cellular resistance to various DNA-alkylating agents is likely multifactorial, and some
resistance mechanisms, such as altered apoptosis, may be common. Other mechanisms,
however, might be specific to the inducing agent. For example, upregulation of the MGMT
gene confers resistance to 1,3-bis (2-chloroethyl) nitrosourea [7], and overexpression of the
ALDH1 gene results in cellular resistance to oxazaphosphorines [8,9]. The increasing use of
alkylating agent-based conditioning therapy in HSCT and the persistent problem of clinical
resistance to such chemotherapy merit the establishment of human cell line models of clinically
relevant degrees of resistance in order to facilitate mechanistic studies.

Using Bu as a prototype alkylating agent we established cell line models to identify signal
transduction pathways and altered gene expression which might be associated with the drug-
resistant phenotype. We found that Bu exposure of parental drug-sensitive cells resulted in G2-
arrest and extensive apoptosis; in contrast, the resistant cells displayed markedly reduced levels
of Bu-induced G2-arrest and apoptosis. Furthermore, the resistant cells were characterized by
marked constitutive over-expression of CDC2, anti-apoptotic proteins, HSP90 and activated
STAT3. The potential clinical relevance of these results was assessed by determining the
corresponding gene-expression levels in cell samples from acute myeloid leukemia (AML)
patients who were clinically considered to be either refractory or sensitive to high-dose Bu-
based therapy. This communication reports the details of this in vitro Bu-resistance model with
an emphasis on findings that may be of clinical relevance.

Materials and Methods
Cells and drugs

The cell lines used were KBM7/B5 (“B5”), a cloned subline of the KBM7 chronic myeloid
leukemia (CML) cell line [10,11], and KBM3, an AML cell line [12]. Bu-resistant cell lines
were established as described below. Stock solution of 6 mg/ml Bu (Busulfex™) in 33.3%
dimethylacetamide and 66.7% polyethylene glycol-400 solvent was obtained from PDL
BioPharma, Edison, NJ. Geldanamycin (GA; Invivogen, San Diego, CA) was dissolved in
dimethyl sulfoxide (DMSO). The amount of solvent was equalized in each experiment which
involved exposure of cells to various concentrations of Bu or GA. In parallel, as negative
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controls, cells were exposed to the amount of solvent corresponding to the highest Bu or GA
concentration.

Establishment of Bu-resistant cell lines
Cells were grown to logarithmic phase, washed with PBS containing 0.1% glucose, and
resuspended in serum-free Iscove's Modified Dulbecco's Medium (IMDM; Sigma, St. Louis,
MO). Cultures of 5 × 106 cells were exposed for 1 h to gradually increasing Bu concentrations
from 25 µg/ml to 250 µg/ml. Each exposure was followed by washing in ice-cold PBS
containing 0.1% glucose + 1% fetal bovine serum (FBS), then the cells were resuspended in
IMDM with 20% FBS (complete IMDM) and incubated at 37°C in a humidified atmosphere
of 5% CO2 in air for 2 – 3 weeks, or until a normal doubling time and viability of >98% was
restored. Exposure at each drug concentration was repeated 3 times. At the final drug
concentration, 250 µg/ml, the cells were exposed six times. The cell lines are referred to as B5/
Bu2506 and KBM3/Bu2506.

Cytotoxicity assay
Cells (1 × 106/ml) were exposed to various concentrations of Bu at 37°C for 1 h and washed
as described above. The cells were then resuspended in complete IMDM at 2 × 105/ml and
aliquoted (20,000/well) in 96-well plates, incubated as above at 37°C for 4 days, and analyzed
by the MTT assay [13]. Graphical analyses including calculations of IC50 were done using
Prism 4 (GraphPad Software, San Diego, CA).

Fluorescence Activated Cell Sorter (FACS) Analysis
Cells were exposed to Bu at 37°C for 1 h, washed and resuspended in complete IMDM as
described above. Following drug or solvent exposure and 48-h recovery the cells were
centrifuged, resuspended in 70% ethanol, and fixed at −20°C overnight. Fixed cells were
pelleted at 3,000 × 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 addition of
0.25 ml propidium iodide (PI, 50 µg/ml), the cells were kept in subdued light for at least 1 h
prior to FACS analysis. The cellular DNA content of at least 10,000 cells was analyzed using
BD FACSCalibur and CellQuest™ software (Becton Dickinson, Franklin Lakes, NJ).
Histograms were analyzed using ModFit LT (Verity Software House, Topsham, ME).

FACS was also used to measure apoptosis of cells (5 × 105/ml) exposed to different
concentrations of TNF-related apoptosis-inducing ligand (TRAIL; BIOMOL International,
Plymouth Meeting, PA). Phosphatidyl serine externalization in apoptotic cells was determined
with the Annexin V-FLUOS staining kit (Roche Diagnostics, Indianapolis, IN). Membrane
integrity was simultaneously assessed by PI exclusion in the Annexin V-stained cells.

Microarray analysis
RNA was extracted using TRIzol™ Reagent (Invitrogen, Carlsbad, CA), treated with DNAse
I, and purified using the RNeasy kit (Qiagen, Valencia, CA). Its purity was determined on a
1% agarose-formaldehyde gel followed by ethidium bromide staining. The TrueLabeling-
AMP™ Linear RNA Amplification kit (SuperArray Bioscience, Frederick, MD) was used to
synthesize biotinylated antisense RNA as a probe for hybridization. The RNA probe was
purified using an ArrayGrade™ cRNA Cleanup kit (SuperArray) and the concentration was
determined spectrophotometrically.

Oligo GEArray® membranes (SuperArray) were pre-hybridized, hybridized with the RNA
probe and developed for chemiluminescent detection as described by the manufacturer. The
signals on X-ray films were scanned using a densitometer and analyzed with ImageQuant
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software (both from GE Healthcare Bio-Sciences, Piscataway, NJ) and the SuperArray
Analysis Suite.

Real Time PCR
The high capacity cDNA Archive kit (Applied Biosystems, Foster City, CA) was used to
synthesize cDNA. Real time PCR amplification was performed using either Taqman probe- or
SYBR Green-based assay with the 7500 Real Time PCR System (Applied Biosystems). The
quantification of gene expression was carried out by comparative CT methodology (i.e.,
threshold cycle number at which the increase in fluorescence was logarithmic); the ABL1 gene
was used as an endogenous control. The genes analyzed with real time PCR were selected
based on the results of the microarray analysis.

Western Blot Analysis
Cells in logarithmic growth phase (1 × 106 cells/ml) were either mock-exposed or pulse-
exposed to Bu at 37°C for 1 h. The cells were then washed with PBS containing 0.1% glucose
+ 1% FBS, and allowed to recover in complete IMDM for 48 h at 37°C as described above.
They were then centrifuged, resuspended in PBS, lysed with Laemmli buffer and boiled for 5
min. Normalization of the amount of protein in the Laemmli buffer was done by immuno-blot
analysis using anti-β-actin antibody. Densitometric analysis of the β-actin signals was done
and protein concentrations were adjusted as appropriate. The Bradford method [14] was also
used to determine protein concentrations of some cell extracts.

Western blot analysis was done by separating protein extracts on polyacrylamide-SDS gels
and blotting onto Hybond ECL membranes (GE Healthcare). Immunoblot analysis by
chemiluminescence was done using the ECL plus Western blotting Detection System (GE
Healthcare) and the SuperSignal West Pico/Dura Substrate (Pierce, Rockford, IL). All
antibodies, their sources and other relevant information are listed in Table 1.

Inhibition of caspases
Cells were pre-treated with DMSO or 40 µM Z-VAD-FMK (Axxora, LLC, San Diego, CA)
for 1 h, then pulse-exposed to Bu for 1 h at 37°C and washed as described above. Cells were
allowed to recover at 37°C in complete IMDM containing DMSO or 40 µM Z-VAD-FMK for
48 h and analyzed by Western blot and PI staining followed by FACS analysis.

Inhibition of HSP90
Cells were treated with DMSO or 2 µM GA for 16 h at 37°C, 5% CO2. Cells were washed
with PBS/0.1% glucose, resuspended in serum-free IMDM (1 × 106 cells/ml), pulse-exposed
to Bu for 1 h at 37°C and washed as described above. After 48-h recovery in complete IMDM,
cells were analyzed by FACS, MTT assay and Western blot as described above.

Patient cell samples
Mononuclear cell samples from peripheral blood or bone marrow of AML patients who had
intravenous Bu-based pretransplant therapy were obtained from the AML cell sample core
repository of the MD Anderson Cancer Center. Samples were assigned as deriving from
“clinically sensitive” or “clinically resistant” patients; patients who had achieved a complete
remission (CR) after HSCT or received the HSCT in CR and remained in CR for a minimum
of one year after HSCT and either were alive in ongoing CR or later died of causes unrelated
to leukemia progression were considered clinically sensitive. Patients with active AML who
were transplanted and either did not achieve a CR, or achieved CR but suffered a recurrence
within the first 100 days, were considered clinically resistant. All analyzed pre-transplant cell
samples contained at least 95% leukemic cells. CD34+ cells (normal control) were obtained
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from a healthy volunteer who received filgrastim for 4 days prior to peripheral blood apheresis
collection of CD34+ cells. This cell product was enriched using a CD34+ selection column in
an “Isolex” machine (Miltenyi Biotec, Auburn, CA). Total RNA from these cell samples was
isolated using TRIzol™ as described above.

Results
Establishment and phenotypic characterization of Bu-resistant cell lines

The first parental strain was KBM7/B5 (“B5”), a cloned subline of KBM7 [10]. A Bu-resistant
subline was established through intermittent in-vitro exposure of B5 cells to gradually
increasing drug concentrations as described above. Using the MTT assay, the Bu-resistant and
-sensitive sublines have IC50 values of 180 µg/ml and 40 µg/ml Bu, respectively, giving a
resistance index of ~4.5 for B5/Bu2506 cells (Figure 1A). A similar result was obtained by
clonogenic assay (data not shown). This phenotypic resistance of B5/Bu2506 cells has been
maintained for more than four months of in-vitro passaging without drug exposure (data not
shown), suggesting genotypic stability. The resistance of B5/Bu2506 cells to Bu did not alter
their growth rate; a doubling time of approximately 22 h for both B5 and B5/Bu2506 cells
suggests a lack of growth advantage of B5/Bu2506 cells in the absence of drug.

Using a similar protocol of intermittent exposure to gradually increasing Bu concentrations, a
Bu-resistant cell line was established from the human AML cell line KBM3 [12]. Figure 1B
compares the survival of KBM3 and KBM3/Bu2506 cells after Bu exposure. The Bu-resistant
subline has an IC50 of 260 µg/ml and the parental cells exhibit an IC50 of 65 µg/ml (Figure
1B), indicating a resistance index of ~4.0 similar to the B5 model (Figure 1A).

Busulfan is known to arrest cells in the G2 phase of the cell cycle [15,16]. To determine how
Bu would affect the cell cycle of B5 and B5/Bu2506 cells, PI staining and FACS analysis were
conducted. Cells were exposed to 180 µg/ml Bu for 1 h and allowed to recover in complete
IMDM for 48 h. A significant difference in the fraction of cells arrested in G2 was observed,
as evidenced by the %G2-phase/%G1-phase (G2/G1) ratios; B5 cells exhibited a G2/G1 ratio
of 5.3, while the B5/Bu2506 cells had a G2/G1 ratio of 0.7 (Figures 1C and 1D). Similar results
were obtained in the KBM3 model (Figure 1D). Furthermore, ~35% of the Bu-exposed B5
cells had undergone apoptosis as indicated by the proportion of cells exhibiting a sub-G1 DNA
content. Apoptosis was not observed after 24-h post-exposure (data not shown); hence, all
subsequent analyses were done 48 h after Bu exposure. In contrast, the B5/Bu2506 cultures
showed less sub-G1 DNA content/apoptosis 48 h after exposure to the same drug concentration
(Figure 1C). Note that, in the MTT assay, this drug exposure would result in the loss of viability
of more than 80% of the parental B5 cells and of about 50% of the B5/Bu2506 cells (Figure
1A). Interestingly, and in contrast to the absence of caspase and PARP1 cleavage in Bu-exposed
B5/Bu2506 cells (see below), there still was a residual sub-G1 signal in these cells (Figure 1C).

At equi-cytotoxic drug concentrations and 48-h post-treatment, B5 and B5/Bu2506 cells
showed a slight difference in their G2/G1 ratios, similar to that seen in the control (Figure 1D).
At 40 µg/ml Bu, B5 cells show a G2/G1 ratio of 1.1 whereas B5/Bu2506 cells exhibited a G2/
G1 ratio of 0.7 at 180 µg/ml Bu. Similar results were obtained in the KBM3 cell model; the
G2/G1 ratios were 1.9 (KBM3) and 1.6 (KBM3/Bu2506), at 48 h after exposure to 65 µg/ml
and 260 µg/ml Bu, respectively (Figure 1D). At the same drug concentration of 180 µg/ml Bu
and 48-h post-exposure, B5 and B5/Bu2506 cells showed G2/G1 ratios of 5.3 and 0.7,
respectively. Similar exposure at 250 µg/ml Bu of KBM3 and KBM3/Bu2506 cells resulted in
G2/G1 ratios of 4.0 and 1.6, respectively (Figure 1D). The lower G2/G1 ratios for the two Bu-
resistant cell lines relative to their Bu-sensitive parental cells may suggest a common
mechanism of evading G2-arrest and apoptosis in the B5/Bu2506 and KBM3/Bu2506 cells.
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To further understand the mechanism of Bu-mediated G2-arrest in human myeloid leukemia
cells, expression of various cell cycle-related proteins was determined. CDC2, a critical protein
for G2/M phase [17], was constitutively up-regulated in both Bu-resistant cell lines (Figure
1E, upper panel). Since phosphorylation of CDC2 at Thr14 and Tyr15 is a hallmark of G2-
arrest [18], we determined the effects of Bu on the level of P-CDC2 relative to solvent alone
control in each cell line. In general, the level of P-CDC2 is higher in the resistant cells but Bu
exposure resulted in a more dramatic change in the phosphorylation of CDC2 at Thr14 and
Tyr15 in Bu-sensitive B5 and KBM3 cells compared to their Bu-resistant counterparts.
Exposure of B5 cells to 40 µg/ml Bu, which corresponds to its IC50 value, resulted in ~4-fold
increase in P-CDC2(Tyr15) relative to solvent alone control; a similar increase in P-CDC2
(Tyr15) was observed for KBM3 exposed to 65 µg/ml Bu (Figure 1E, lower panel). Exposure
of the two Bu-resistant cell lines to Bu did not result in a significant change in the level of P-
CDC2( Tyr15) or P-CDC2(Thr14). To identify the upstream factor that may contribute to the
inhibitory phosphorylation of CDC2 kinase, we examined the level of phosphorylated CHK2
at Thr68 which is known to inactivate CDC25 phosphatase that acts on P-CDC2 [19]. Exposure
of B5 and KBM3 cells to Bu increased the relative level of P-CHK2(Thr68) to a greater extent
compared to B5/Bu2506 and KBM3/Bu2506 (Figure 1E, upper panel). Our data suggest that
exposure of sensitive cells to Bu results in activation of the P-CHK2/CDC25/P-CDC2 pathway
that leads to G2 cell cycle arrest. The same pathway is activated to a lesser extent in Bu-resistant
cells and may, in addition to the up-regulation of CDC2, explain their abilities to evade G2-
arrest.

Lack of caspase activation in drug-exposed B5/Bu2506 cells
As shown in Figure 1C, the cytotoxic activity of Bu towards the parental B5 cells was to a
significant extent due to activation of the apoptotic pathway, as indicated by the number of
cells with sub-G1 DNA content. In contrast, the resistant B5/Bu2506 cells effectively evade
this response at the same level of drug exposure. Apoptosis is intimately linked to the activation
of proteolytic caspases triggered by DNA damage [20, 21]. We therefore sought confirmation
and further insight into the role of mitigated apoptosis in the Bu-resistant phenotype of B5/
Bu2506 cells by examining the cleavage/activation of two key apoptotic proteins, caspases 3
and 8. The data in Figure 2A indicate extensive dose-dependent activation of caspases 3 and
8 in B5 cells treated with Bu (40 and 180 µg/ml, 1 h), as indicated by their cleaved products
at 48 h post-exposure. In contrast, little or no caspase cleavage was apparent in B5/Bu2506

cells following exposure to the same Bu concentrations. A similar activation of caspases 3 and
8 was observed in Bu-exposed KBM3 cells, but this effect was again less marked in KBM3/
Bu2506 cells (data not shown). This caspase activation was associated with significant cleavage
of the PARP1 protein in Bu-exposed parental cells (Figure 2A and 2B) and DNA fragmentation
as measured by the alkaline comet assay (data not shown). DNA fragmentation following Bu
exposure of B5 cells was also suggested by the observed phosphorylation of histone 2AX
(H2AX, Figure 2A). Exposure of B5/Bu2506 cells to the same drug concentration caused
dramatically less PARP1 cleavage and minimal phosphorylation of H2AX (Figures 2A and
2B).

Thus, Bu exposure triggers activation of caspases 3 and 8, PARP1 cleavage, DNA strand
breakage and H2AX phosphorylation in Bu-sensitive cells. Perhaps the most intriguing finding,
however, is the virtual absence of apoptosis activation in the Bu-resistant cells after exposure
to an IC50 drug concentration (180 or 260 µg/ml Bu). This finding suggests that the Bu-induced
cytotoxicity observed in the resistant cells is mediated by mechanisms other than apoptosis.

It was reported that Bu selectively induces cellular senescence but not apoptosis in WI38
fibroblasts [22]. We sought to determine if Bu-resistant cells exposed to Bu might undergo
accelerated senescence. However, analysis of expression of senescence-associated p14ARF
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and staining for β-galactosidase did not show any difference between untreated and treated
(180 µg/ml Bu) Bu-resistant cells.

Abrogation of caspase activation by the inhibitor Z-VAD-FMK
The role of caspases in Bu-mediated apoptosis in the two cell-line models was confirmed using
the inhibitor Z-VAD-FMK. Figure 2B shows significant inhibition of caspase-mediated
PARP1 cleavage in cells pre-treated with 40 µM Z-VAD-FMK for 1 h, followed by a 1-h
exposure to Bu, and a 48-h recovery in complete IMDM containing 40 µM Z-VAD-FMK.
FACS analysis showed an approximately 50% reduction in Bu-induced apoptosis in the Z-
VAD-FMK-exposed B5 cells (Figure 2C). The partial inhibition of apoptosis (Figure 2C)
despite the almost complete abrogation of PARP1 cleavage (Figure 2B) suggests that caspase-
independent pathways contribute to cell death.

The lack of Bu-mediated caspase activation in B5/Bu2506 cells suggests possible cross-
resistance to TRAIL or Apo2L. Indeed, treatment of B5 and B5/Bu2506 cells with 0.05 µg/ml
TRAIL for 18 h resulted in 87% and 14% Annexin V-positive cells, respectively. A 10-fold
increase in TRAIL concentration did not cause significant apoptosis of B5/Bu2506 cells (Figure
2D). Similar results were obtained for the KBM3 model (data not shown). Although the TRAIL
signaling pathway might be initially different from Bu-mediated apoptosis, the results suggest
that insufficient activation of caspases might be a common feature and thus may explain the
resistance of B5/Bu2506 and KBM3/Bu2506 cells to apoptosis in the presence of TRAIL or
Bu.

Gene expression profiling
To further understand the mechanism(s) of Bu resistance, we identified differentially expressed
genes in B5 versus B5/Bu2506 cells, as well as KBM3 versus KBM3/Bu2506 cells, at steady
state in the absence of drug exposure, using the apoptosis-specific gene expression profiling
system from SuperArray. Real-time PCR and Western blot analyses were used to confirm the
microarray results. Table 2 shows the major differences in expression of apoptosis-related
genes in Bu-resistant cells relative to their Bu-sensitive counterparts. At the mRNA level, the
biggest differences were observed for the pro-apoptotic genes BIK, TNFSF7, BNIP3, LTBR,
BID, and BAK1, which were all down-regulated in Buresistant B5/Bu2506 cells. BIK, BNIP3
and LTBR were also down-regulated whereas TNFSF7, BID and BAK1 were either unchanged
or slightly up-regulated in KBM3/Bu2506 cells. Anti-apoptotic genes that were up-regulated
in both Bu-resistant lines include IAP2/BIRC3, BAG3, BCL2L10, BCL-XL, and BCL2 (Table
2).

Levels of pro- and anti-apoptotic proteins with and without Bu exposure
Having established major differences in the constitutive expression of key apoptosis-regulating
genes at the mRNA level, we sought to determine the corresponding protein levels and how
they are affected by Bu exposure. We analyzed mock- or Bu-exposed cells using concentrations
close to their IC50 values: 40 µg/ml for B5, 180 µg/ml for B5/Bu2506, 65 µg/ml for KBM3,
and 260 µg/ml for KBM3/Bu2506. Figure 3 shows constitutive down-regulation of the pro-
apoptotic proteins BNIP3 and BID and up-regulation of the anti-apoptotic protein BCL-XL in
Bu-resistant B5/Bu2506 cells. The protein levels of BNIP3 and BCL-XL, but not BID, show a
similar pattern in the KBM3/Bu2506 cells. This pattern is similar to that observed for the mRNA
levels (Table 2).

As shown in Figure 3, BNIP3 protein was strongly constitutively expressed in both parental
cell lines but was not induced following Bu exposure, and was essentially absent in the resistant
cells. BCL-XL protein showed the opposite pattern, being strongly constitutively expressed in
the resistant cells while not being induced following Bu exposure and being essentially absent
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in the parental cell lines. The expression of another pro-apoptotic protein BID was not induced
by Bu but was constitutively higher in the B5 compared to the B5/Bu2506 cells. It is surprising
that BID was up-regulated at both the mRNA and protein levels (Table 2 and Figure 3) in
KBM3/Bu2506 cells and the phenotypic implication of this finding is not clear. The CDK
inhibitor p21/WAF1/Cip1/CDKN1A was up-regulated in B5/Bu2506 cells and exposure to Bu
further induced its expression. This induction of p21 is p53-independent as suggested by the
lower expression of p53 in B5/Bu2506 cells and absence of p53 induction in the presence of
Bu (Figure 3). The inducibility of p21 expression in B5/Bu2506 cells might be responsible for
the inhibition of cell growth seen at high Bu concentrations (Figure 1A), which correlates with
less apoptosis than in the B5 parental cell line (Figure 1C and Figure 2A). Expression of p21
in the KBM3 cell-line model suggests a different mechanism. Whereas the p21 and p53 proteins
were both constitutively up-regulated in KBM3/Bu2506 cells, expression of the two proteins
was not induced by Bu exposure.

Overexpression of HSP90 in Bu-resistant cells contributes to Bu resistance
Further analysis of the expression of survival-related proteins in these cell lines shows
constitutive up-regulation of HSP90 protein in B5/Bu2506 and KBM3/Bu2506 cells (Figure
4A) relative to the parental cell lines. Analysis of HSP90 mRNA by real-time RT-PCR did not
show any significant difference between Bu-sensitive and Bu-resistant cells, suggesting post-
transcriptional control of HSP90 expression. HSP90 was not inducible by Bu exposure in any
of the cell lines (data not shown). To determine whether this constitutive up-regulation may
contribute to Bu resistance, cells were pre-exposed at 37°C for 16 h to 2 µM GA, an inhibitor
of HSP90 [23]. The level of RAF-1 protein was analyzed to determine if GA disrupts the
function of HSP90 under our experimental conditions. RAF-1 is a client protein of HSP90 and
inhibition of HSP90 causes misfolding and degradation of RAF-1 [24]. Figure 4B shows that
exposure of B5/Bu2506 cells to GA resulted in the disappearance of RAF-1, suggesting
efficient inhibition of HSP90 activity. Pre-exposure to GA partially restored Bu sensitivity in
both B5/Bu2506 (Figure 4B) and KBM3/Bu2506 (data not shown) cells as suggested by PARP1
cleavage (cPARP1 in Figure 4B). Cell cycle analysis showed a marked G2-arrest of GA-
exposed B5/Bu2506 and KBM3/Bu2506 cells following exposure to 250 and 300 µg/ml Bu,
respectively (Figure 4C). Pre-exposure to GA increased the G2/G1 ratio up to 14-fold and the
proportion of cells in sub-G1 up to 3-fold (Figure 4C). These results strongly suggest that
disruption of cellular HSP90 activity partially restores Bu sensitivity in the resistant cells. This
interpretation is further supported by a 2-fold decrease in the survival of GA-exposed Bu-
resistant cells in the presence of 150 µg/ml Bu (Figure 4D). Overall, these findings suggest
that Bu resistance in B5/Bu2506 and KBM3/Bu2506 cells may be partly due to their constitutive
overexpression of HSP90.

To determine a possible mechanism of HSP90-mediated Bu resistance and myeloid leukemia
cell survival, we compared the levels of expression of STAT3 in the Bu-sensitive and -resistant
cells. A recent report links HSP90 and STAT3 to drug resistance and survival of myeloma cells
[25]. Figure 4E shows greatly up-regulated constitutive expression of STAT3 protein in both
B5/Bu2506 and KBM3/Bu2506 cells compared to their parental cells. We then examined the
activation of STAT3 protein in Bu-resistant cells exposed to GA. Figure 4E shows that
inhibition of HSP90 activity by GA is associated with attenuated levels of phosphorylated
STAT3, whereas the levels of total STAT3 were minimally influenced under these conditions.
The attenuated STAT3 and HSP90 activities might contribute to the observed restoration of
Bu sensitivity of B5/Bu2506 and KBM3/Bu2506 cells.

Gene-expression studies in clinical material
To determine the possible clinical relevance of these results, we used real-time PCR to
determine the levels of expression of BNIP3, BIK, BCL-XL, p21/CDKNIA, HSP90 and
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STAT3 in clinically sensitive (n = 6) and resistant (n = 5) patient-derived cell samples (see
Materials and Methods for classification of patients from whom these samples were obtained).
Comparison of their median relative values shows down-regulation of pro-apoptotic BNIP3
and BIK in resistant cell samples and up-regulation of anti-apoptotic BCL-XL and p21/
CDKN1A (Figure 5), findings which are consistent with the results obtained using the cell-line
models (Figure 3). HSP90 and STAT3, which are up-regulated in Bu-resistant B5/Bu2506 and
KBM3/Bu2506 cells (Figure 4), may have slightly higher levels of expression in refractory
patient leukemia cells than the sensitive patient samples.

Discussion
Clinical “drug resistance” is a major obstacle to long-term control of myeloid leukemia after
HSCT. A large fraction of high-risk AML and CML patients who achieve CR after transplant
eventually relapse, suggesting that suboptimal/incomplete eradication of leukemic cells
contributes to leukemic recurrence. It has been demonstrated that higher intensity pretransplant
conditioning programs translate into better disease-free survival [26]. Bu treatment is one of
the most widely used conditioning therapies and Bu resistance is a problem in HSCT. As a
bifunctional alkylating agent, Bu is known to cause DNA intra- and inter-strand crosslinks
[27,28]. The molecular mechanisms of its cytotoxic action, and more importantly, potential
mechanisms underlying the subsequent emergence of tumor-cell resistance to this agent, are
not well understood. We hypothesize that a better understanding of genetically determined
cellular resistance mechanisms to alkylating agents will forward our ability to control the
malignancy/leukemia. While we recognize that resistance to DNA-alkylating agents might be
multifactorial, and cross-resistance to various cytotoxic agents is possible, it is important to
understand the cellular mechanisms involved in conferring phenotypic resistance. It might be
possible to manipulate such mechanisms to increase therapeutic response. Alternatively,
relevant surrogate resistance markers can be used to follow the development of resistant cell
populations over time and alternative treatment modalities can also be offered to patients
carrying genetic markers of drug resistance.

To dissect the genetic mechanism(s) responsible for cellular Bu resistance we established cell-
line models through intermittent exposures to incrementally increasing drug concentrations of
the myeloid leukemia cell lines B5 and KBM3 [10,12]). This approach has been extensively
used to induce cellular drug resistance to DNA-alkylating agents including melphalan [29,
30], cyclophosphamide [31], and 2-chloroethyl-N-nitrosourea [32]. This procedure resulted in
cell lines with clinically relevant degrees of Bu resistance compared with the parent lines
(Figure 1). Based on our results and previously published findings for other DNA-alkylating
agents [9,33], it appears likely that cellular resistance to Bu is multifactorial. In this report we
focused on the role of altered apoptosis and the up-regulated expression of STAT3 and HSP90
as causative factors in the emergence of Bu resistance.

Our data suggest that Bu causes a G2 cell cycle arrest and apoptosis in these myeloid leukemia
cells (Figure 1C), consistent with previous reports [16, 34]. However, the magnitude of the G2
arrest and the apoptotic response was much reduced in both of the Bu-resistant cell lines
compared with their parental counterparts. Thus, a more dramatic increase in the G2/G1 ratio
was observed in the parental cells compared to their Bu-resistant sublines when cells were
exposed to 180–260 µg/ml Bu (Figure 1D). We reasoned that the ability of Bu-resistant cells
to evade Bu-mediated G2-arrest and cell death might be due to up-regulated expression of
CDC2, abrogation of its phosphorylation at Thr14 and Tyr15, and/or differential expression
of genes involved in mediating apoptosis. Exposure of sensitive cells to Bu resulted in a more
dramatic increase in P-CHK2(Thr68) and P-CDC2(Tyr15) relative to mocktreated control.
These two proteins are critical in controlling the G2 phase of cell cycle. Phosphorylation at
Thr68 activates CHK2 kinase activity which inhibits CDC25 phosphatase activity resulting in
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a higher level of inactive P-CDC2(Tyr15) and ultimately in G2-arrest. In contrast, exposure of
resistant cells to Bu resulted in a less significant change in the phosphorylation of these two
proteins (Figure 1E). These results suggest that low expression and increased phosphorylation
of CDC2 are associated with Buinduced G2 cell cycle arrest of Bu-sensitive cells which might
be followed by apoptosis, whereas the upregulated expression of CDC2 and its lower
phosphorylation may allow Bu-resistant cells to exit from G2-arrest and enter mitosis, thereby
evading apoptosis. Indeed, this phenotype is most likely mediated by the observed constitutive
down-regulation of pro-apoptotic genes including BNIP3, BIK, LTBR and TNFSF7 and up-
regulation of anti-apoptotic genes including BCL2, BCL-XL (or BCL2L1), BAG3, BCL2L10
and IAP2/BIRC3 in the Bu-resistant cells (Table 2 and Figure 3).

The Bu-mediated signal transduction events that lead to apoptosis of B5 and KBM3 cells
include the activation of caspases 3 and 8, eventually leading to the cleavage of PARP1 and
DNA fragmentation. Such activation is less marked in resistant B5/Bu2506 and KBM3/
Bu2506 cells (Figure 2), substantiating the observation that these cells acquired the ability to
evade apoptosis. The inability of the caspase inhibitor Z-VAD-FMK to completely prevent
apoptosis in B5 and KBM3 cells (Figures 2B and 2C) suggests that Bu induces apoptosis
through additional mechanism(s) in these cells. In fact, the phosphorylation of H2AX is not
completely inhibited by Z-VAD-FMK (data not shown) suggesting the presence of DNA nicks
or cleavages probably mediated by mechanisms other than caspase activation.

A possible contributing mechanism to explain how Bu-resistant cells evade Bu-mediated
toxicity is through up-regulation of stress response genes. The ability of cells to tolerate
stressful conditions contributes to cellular drug resistance [35,36]. One such stress factor is the
HSP90 protein, which catalyzes proper folding of some pro-survival proteins, and was
substantially up-regulated in the Bu-resistant cells (Figure 4A). Furthermore, inhibition of
HSP90 activity by GA rendered B5/Bu2506 and KBM3/Bu2506 cells more sensitive to Bu as
demonstrated by an increase in the G2/G1 ratio, increase of cells in sub-G1, increased cleavage
of PARP1, and a decreased survival (Figure 4). HSP90 client proteins include AKT, RAF1,
BCR-ABL, RIP, JAKs and cyclin dependent kinases, all of which are involved in cell survival
and apoptosis [37,38]. We have identified STAT3 signaling as a possible HSP90-dependent
pathway (Figure 4E) which contributes to Bu resistance and myeloid leukemia cell survival.
These results suggest that Janus kinases (JAKs), which phosphorylate STAT3, are dependent
on HSP90 activity, and this observation is consistent with a previous report on the interaction
of JAK and HSP90 [39]. Other specific HSP90 client proteins that might be of importance for
the development of Bu resistance remain to be identified.

An interesting observation here is the up-regulated expression of the cyclin-dependent kinase
inhibitor 1A (p21/CDKN1A) gene, which encodes the p21 or CIP1 protein, in B5/Bu2506 and
KBM3/Bu2506 cells (Figure 3). The lower level of expression of p53 in B5/Bu2506 cells
compared with B5 cells (Figure 3) suggests that the expression of the p21/CDKN1A gene is
p53-independent in this cell line, although a different scenario was apparent in the KBM3 cell
lines where both p21 and p53 were constitutively up-regulated in the Bu-resistant cells. P21
protein is an important effector of cell cycle arrest in response to DNA damage [40,41].
Moreover, the anti-apoptotic activity of p21 is attributed to its binding with apoptosis signal-
regulating kinase 1 (ASK-1) in the cytoplasm, which consequently down-regulates the stress-
induced MAPK cascade and mediates cellular resistance to genotoxic agentinduced apoptosis
[42,43]. Up-regulated p21 also has been observed in other drug-resistant leukemia and breast
cancer cell lines [44,45], but the exact mechanism of this effect is unclear.

In conclusion, we have established human myeloid leukemia cell line models of clinically
relevant (i.e., “low-degree”) and stable Bu resistance that appears multifactorial. We have
determined expression levels of possible genetic biomarkers for Bu resistance related to
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alteration of the apoptotic pathways. Moreover, the similarities in altered gene expression
between the experimental model and the clinically-derived samples are intriguing and support
the clinical relevance of our model which will be used to investigate the molecular mechanism
(s) of Bu resistance. Although the small number of patient samples in the present study warrants
the need for a prospective study of cells from a larger patient population, our results suggest a
possible relevance for gene expression profiling as part of HSCT-pretreatment planning,
ultimately leading to individualized pre-transplant conditioning programs in AML. For
example, up-regulation of the HSP90 and STAT3 genes in clinically resistant AML, similar to
their high levels of expression in B5/Bu2506 and KBM3/Bu2506 cells, would suggest that GA
or a small molecule analog thereof and an inhibitor of STAT3 activation could be combined
with Bu to obtain synergistic cytotoxicity in myeloablative treatment. Similarly, manipulation
of the apoptotic signaling mechanisms using antisense oligonucleotides, BH3-peptides and
small molecular weight chemicals combined with a bifunctional alkylating agent such as Bu
might provide a more effective treatment modality for high-risk leukemia patients. If Bu
resistance gene markers are established in cells from high-risk AML patients, alternative
treatment strategies could be assigned based on putative collateral sensitivity patterns.
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Figure 1. Characterization of busulfan (Bu)-sensitive and -resistant cell lines
(A, B) Cells were pulsed with the indicated concentration of Bu at 37°C for 1 h, washed, and
plated at 20,000 cells/well. After 4 days, cell proliferation was analyzed by the MTT assay.
The data represent an average of 5 replicates respective to solvent alone control. The P values
were obtained using paired t test. (C) Cell cycle analysis was done by pulsing cells with solvent
or 180 µg/ml Bu at 37°C for 1 h. The cells were then washed and allowed to recover for 2 days.
Cells were stained with propidium iodide, sorted by flow cytometry and analyzed using the
ModFit LT™ program. (D) The same procedure used in panel C was done at different
concentrations of Bu using the two parental cell lines B5 and KBM3 and their respective Bu-
resistant subline. Cell cycle analysis was used to compare the G2/G1 ratio of Bu-sensitive and
-resistant cells. (E) Cells were pulsed-exposed to various concentrations of Bu or solvent alone
for 1 h, allowed to recover for 2 days and analyzed for expression of cell cycle-related proteins
by Western blot immunostaining (upper panel). Films were scanned using a densitometer and
the ratio P-CDC2(Tyr15)/CDC2 was calculated for each treatment. Using the obtained ratios,
the level of P-CDC2(Tyr15) was then determined relative to the solvent alone control (i.e. 0
µg/ml Bu) for each cell line (lower panel). The mean values and standard deviations were
obtained from three independent Western blot analyses.
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Figure 2. Involvement of caspases in busulfan-mediated apoptosis
(A and B) Total cell extracts from cells previously pulsed with busulfan (Bu) with or without
Z-VAD-FMK exposure were analyzed by Western blot. (C) B5 cells were pre-treated with 40
µM Z-VAD-FMK for 1 h, pulse-exposed to 180 µg/ml busulfan or its solvent for 1 h, allowed
to recover for 48 h in the presence or absence of 40 µM Z-VAD-FMK, and analyzed by
propidium iodide staining followed by flow cytometry. The proportion of cells in different
phases of the cell cycle (including apoptotic cells) was determined using a ModFit LT™
software. (D) Cells were exposed to different concentrations of TRAIL for 18 h and Annexin
V-positive cells were measured by flow cytometry. The graph represents an average of three
independent experiments and P values were calculated using unpaired t test.
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Figure 3. Levels of expression of apoptosis-related proteins
Cells were pulse-exposed to the indicated concentrations of busulfan (Bu) for 1 h and allowed
to recover for 48 h prior to extraction of total protein and Western blot analysis.
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Figure 4. HSP90 and STAT3 contribute to the resistance of B5/Bu2506 and KBM3/Bu2506 cells to
busulfan (Bu)
(A) Western blot analysis showing constitutive overexpression of HSP90 in Bu-resistant cells
compared to their parental cell lines. (B) Cells were exposed overnight to DMSO or 2 µM
geldanamycin (GA) to inhibit HSP90 activity and a fraction of the cells was used to determine
the level of RAF1 protein by Western blot analysis. The remaining fraction of pre-treated cells
was pulse-exposed to the indicated concentrations of Bu for 1 h and allowed to recover for 2
days prior to (B) extraction of total protein and Western blot analysis for cleaved PARP1
(cPARP1), (C) cell cycle analysis, and (D) proliferation assay. Results shown for % survival
(D) are means of three independent experiments and P values were determined using unpaired
t test. (E) Constitutively up-regulated expression of STAT3 protein in Bu-resistant B5/
Bu2506 and KBM3/Bu2506 cells relative to their parental cell lines. Overnight exposure to 2
µM GA inhibits the phosphorylation of STAT3 at Tyr-705 (P-STAT3) in Bu-resistant cells.
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Figure 5. Gene expression analysis using samples from clinically sensitive or resistant AML patients
cDNAs were prepared using total RNA extracted from patient cell samples and expressions of
specific genes were analyzed by real time RT-PCR. The bar shows the median value for each
group of patient samples (A). The median and mean values are summarized in panel B.
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Table 1
List of primary antibodies, their sources and dilutions

Antigen Source/Cat. # Clone type* Dilution**

BCL-XL Santa Cruz Biotech/8392 mAb 500

BID Cell Signaling/2002 pAb 1000

BNIP3 Abcam/Ab10433 mAb 1000

Caspase 3 Cell Signaling/9662 pAb 1500

Caspase 8 Cell Signaling/9746 mAb 1500

CDC2 Cell Signaling/9112 pAb 1500

HSP90 Axxora/ALX-804-078 mAb 1500

p14ARF Santa Cruz Biotech/8613 pAb (goat) 500

p21 Upstate Biotech/05-345 mAb 1000

p53 Santa Cruz Biotech/1315 pAb 1000

PARP1 Santa Cruz Biotech/8007 mAb 1000

P-CDC2 (Thr14) Cell Signaling/2543 pAb 1500

P-CDC2 (Tyr15) Cell Signaling/9111 pAb 1500

P-CHK2(Thr68) Cell Signaling/2661 pAb 1500

P-STAT3(Tyr705) Cell Signaling/9131 pAb 1000

RAF1 Santa Cruz Biotech/133 pAb 500

STAT3 Cell Signaling/9132 pAb 1000

β-actin Sigma/A5316 mAb 10000

γ-H2AX Upstate Biotech/05-636 mAb 1000
*
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

**
Fold dilution in PBS with 0.05% Tween 20

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



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Valdez et al. Page 20

Table 2
Differentially expressed apoptosis genes in Bu-resistant cells relative to their Bu-sensitive parental lines by real time
RT-PCR.

Gene Symbol Description GenBank # Fold difference

B5/Bu250-6 KBM3/Bu250-6

BIK BCL2-interacting killer NM_001197 0* 0*

TNFSF7 Tumor necrosis factor (ligand) superfamily,mem
7CD27L/CD70

NM_001252 0.1 1.0

BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 NM_004052 0.2 0.3

LTBR Lymphotoxin beta receptor (TNFR superfam, 3) NM_002342 0.2 0.5

BID BH3 interacting domain death agonist NM_001196 0.3 2.0

BAK1 BCL2 antagonist/killer 1 NM_001188 0.4 1.0

BCL2 B-cell CLL/Lymphoma 2 NM_000633 3.4 2.4

BCL-XL BCL-XL/BCL2-like 1 NM_138578 3.7 1.5

BCL2L10 BCL2-like 10 NM_020396 5.2 7.0

BAG3 BCL2-associated athanogene 3 NM_004281 10.2 16.0

IAP2/BIRC3 Inhibitor of apoptosis protein 2/baculoviral IAP
repeat-containing 3

NM_001165 86.0 2.5

*
Undetectable in the Bu-resistant cells
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