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Abstract
The primary aims of this study were to evaluate the
time course and dose response of microtubule bundle formation in peripheral blood mononuclear cells (PBMCs) and
to correlate these data with BMS-247550 pharmacokinetics.
The data presented here were obtained from 17 patients
enrolled in a Phase I trial who received five dose levels of
BMS-247550 (7.4 –59.2 mg/m2), given as a 1-h infusion once
every 3 weeks. Plasma drug exposure or area under the
curve (AUC), and tubulin bundle formation in PBMCs were
assessed in cycles 1 and 2. Similar analyses were also performed on tumor biopsies from one eligible patient. PBMCs
exhibited dramatic microtubule bundle formation 1 h after
infusion that declined by 24 h, showing a positive correlation
with AUC(0 –24) for cycles 1 and 2. A similar pattern of
tubulin bundle formation also was observed in a smaller
proportion of breast tumor cells from one patient who exhibited a partial response to BMS-247550. This patient’s
tumor expressed multidrug resistance (MDR1) and MDRassociated protein (MRP1), and in addition poly(ADPribose) polymerase cleavage, a marker of cell death, was
observed within 23 h after drug infusion. This patient was
also heterozygous for a novel polymorphism at the extreme
COOH terminus of ␤-tubulin (Gly 437 Gly/Ser), although
the relevance of the polymorphism to the response is
unknown. In summary, microtubule bundle formation in
PBMCs occurs within 1 h of treatment with BMS-247550
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and is related to plasma AUC. Similar bundle formation was
seen in one tumor sample, despite expression of MDR1 and
MRP1. Cell death occurred 23 h after peak microtubule
bundle formation in these tumor cells. These findings validate in vitro pharmacodynamic observations.

Introduction
Tubulin and its polymerized form, the microtubule, are
legitimate chemotherapeutic targets. Numerous small molecules
bind to tubulin inducing either depolymerization of the polymer
(e.g., Vinca alkaloids), or the polymerization of stable microtubules (e.g., taxanes). Typically, these drugs induce mitotic arrest
and abrogate normal microtubule dynamics, effects that eventually result in cell death. Taxol has demonstrated activity, often
in combination with other agents, in the treatment and palliation
of several solid tumor types, including ovarian, breast, lung, and
head and neck cancers.
However, a number of disease types are inherently resistant
to Taxol, notably gastrointestinal tumors and melanomas,
thereby limiting the therapeutic applications for the drug. Ultimately, the majority of patients acquire resistance to Taxol,
which may be mediated by a number of putative mechanisms.
These include mutations in ␤-tubulin that have been documented in cell lines cultured in vitro (1, 2) and also in human
tumors (3, 4). Other mechanisms of drug resistance include
overexpression of the MDR4 gene product, MDR1 (5), alterations in ␤-tubulin isotype expression levels (6), aberrant signal
transduction pathways (7, 8) and/or apoptotic regulating proteins (9), and alterations in levels of endogenous regulators of
microtubule dynamics, such as stathmin (10). It is likely that in
human tumors, clinical resistance is multifactorial. The problems related to drug resistance have motivated a search for novel
antimitotic agents that improve the taxane prototype by demonstrating activity in a broad spectrum of tumor types, including
taxane-refractory tumors, and have a reduced propensity for
acquired clinical resistance as well as having manageable toxicities, thus yielding an enhanced duration of response.
Preclinical evaluations have indicated that the epothilones
are promising candidates with respect to these criteria (11). The
appealing properties of the epothilones include their greater
water solubility compared with Taxol and their ability to retain
efficacy in cell lines expressing the MDR1 phenotype. The
epothilones were originally isolated from the fermentation broth
of the soil-derived myxobacterium, Sorangium cellulosum. The
drug can be mass produced by bacterial fermentation or, more
recently, by cloning of the gene cluster responsible for biosyn-

4

The abbreviations used are: MDR, multidrug resistance; MRP, MDRassociated protein; PBMC, peripheral blood mononuclear cell; AUC,
area under the curve (plasma drug exposure); CLT, clearance; PARP,
poly(ADP-ribose) polymerase; NAT, N-acetyltransferase.
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Fig. 1 Chemical structures of epothilone B and BMS-247550.

thesis of epothilone followed by its expression in Streptomyces
(12). Despite these encouraging properties, the in vivo activities
of the epothilones in animal models of human cancers were
modest with a narrow therapeutic window (13). A metabolically
more stable epothilone B derivative, BMS-247550, a semisynthetic lactam analogue, was designed and synthesized (Fig. 1).
BMS-247550 has demonstrated antitumor activity in a number
of preclinical human tumor models, including cancer cells that
are inherently resistant to Taxol (14).
These data motivated an ongoing Phase I clinical evaluation of the drug (15). The biological aims of this study were to
evaluate patient specimens obtained in the Phase I study and to
determine the time course and dose response of microtubule
bundle formation in PBMCs after exposure to BMS-247550,
using the degree of microtubule bundle formation as a marker of
drug binding. The occurrence of tubulin mutations/polymorphisms in available tumor tissue and PBMCs of patients enrolled in the trial, as well as other potential molecular mechanisms of drug sensitivity/resistance in this group of patients,
were evaluated. This paper reports the findings of the mechanisms of action of BMS-247550 in vivo and corroborates in vitro
data.

Patients and Methods
Phase I Clinical Evaluation of BMS-247550. Patient
eligibility, BMS-247550 formulation and dosing, together with
patient pretreatment and follow-up studies will be presented in
detail in a forthcoming study summarizing the clinical trial. All
blood and tissue specimens used in this study were obtained
under an institutional review board-approved protocol at The
Albert Einstein College of Medicine.
Pharmacokinetic Sampling. The plasma pharmacokinetics of BMS-247550 were determined by collecting blood
samples at 0 (predose), 0.5, 1 (end of infusion), 1.25, 1.5, 1.75,
2, 3, 4, 6, 8, 24, 48, and 72 h during cycles 1 and 2 for all
patients. Blood was collected into labeled Vacutainer CPT Cell
Preparation Tubes (Becton Dickinson, Lincoln Park, NJ) that

are used to separate mononuclear cells from whole blood. Samples were centrifuged at 2500 rpm (⬃1000 ⫻ g) for 30 min at
room temperature within 1 h after collection. The PBMCs and
platelets that migrate as a whitish layer below the plasma were
retained for subsequent tubulin bundle formation analysis (at 0-,
1-, and 24-h time points during cycles 1 and 2). In addition,
purified PBMCs were stored as frozen dry pellets at ⫺80°C for
subsequent sequence analysis of class I ␤-tubulin. Plasma samples were transferred to labeled tubes and stored at ⫺80°C
before shipping on dry ice to the analysis site. The methods (16)
used for the pharmacokinetic analysis of BMS-247550 will be
described in a subsequent report.
AUC(0 –24)s were generated from peak plasma concentrations for each patient at the various pharmacokinetic sampling
time points using GraphPad Prism 3.0 (GraphPad Software,
Inc., San Diego, CA), in AUC mode. Correlative studies of
pharmacokinetic parameters [AUC(0 –24) and CLT(0 –24)] with the
percentage of PBMCs exhibiting microtubule bundle formation
were analyzed using linear regression modes.
Tumor Biopsy Acquisition. Biopsy specimens were obtained at 0, 1, and 24 h after BMS-247550 treatment in one
patient with an accessible tumor, wherein sample acquisition
involved a noninvasive procedure that required only local anesthesia. Slides for immunofluorescence were immediately prepared from tumor biopsies by imprinting the cut tumor surface
onto labeled Superfrost plus slides (Fisherbrand; Fisher Scientific, Pittsburgh, PA). The slides were air dried and fixed in
100% methanol for 5 min at ⫺20°C, after which slides were air
dried and stored at 4°C. The residual tumor biopsies were
immersed in 5⫻ volumes of RNA Later (Ambion, TX) and
stored at 4°C overnight to preserve endogenous nucleic acids.
After refrigeration, biopsies were transferred to labeled cryostat
tubes and stored at ⫺80°C. Sections of tumor were also taken
for standard histological examination (H&E staining). When
required, patients submitted buccal washings for molecular analysis by rinsing briefly in water, then swirling ⬃5 ml of water in
the mouth for ⬃2 min. The buccal washings were decanted into
a sterile tube and centrifuged to pellet the cells that were washed
with 0.5 ml of 5% FBS in PBS. The washed buccal cells were
immersed in 5⫻ volumes of RNA Later and stored at 4°C
overnight to preserve endogenous nucleic acids and then stored
as dry pellets at ⫺80°C, or the total RNA was extracted immediately after recovery of the cells.
Preparation of Cytospins. PBMC pellets were washed
twice with 0.5 ml of 5% FBS in PBS containing 0.02% NaN3.
The washed PBMCs were gently resuspended in 0.5 ml of 5%
FBS in PBS, and the cell number was determined from ⬃0.1 to
0.2 ml of this cell suspension using a Coulter counter (Coulter
Electronics Inc., Hialeah, FL). Glass slides (Fisherbrand) were
prewet by pipetting 50 l of 5% FBS/PBS into cytofunnels
(ThermoShandon, Inc., Pittsburgh, PA) and centrifuging at maximum speed for 5 min in a cytospin (ThermoShandon, Inc.). One
hundred l of PBMC cell suspension containing approximately
0.75 ⫻ 106 cells/ml were added to cytofunnels and centrifuged
at 1000 rpm for 10 min and then allowed to air dry. The slides
were fixed in 100% methanol for 5–10 min at ⫺20°C, air dried,
and stored at 4°C.
Immunohistochemistry. Slides were rehydrated, and
cells were blocked in 10% normal goat serum (Vector Labora-
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tories Inc., Burlingame, CA) in PBS for 20 min at room temperature and then incubated with a 1:100 dilution of ␣-tubulin
monoclonal antibody (Sigma Chemical Co., St. Louis, MO)
diluted in 5% normal goat serum in PBS for 1 h at 37°C. The
slides were rinsed in PBS and incubated with Cy3-conjugated
goat antimouse IgG (1:200; Amersham, Arlington Heights, IL)
for 1 h in the dark before mounting in Vectashield solution
(Vector). To evaluate the degree of cell death, slides were
stained with a polyclonal anti-PARP p85 antibody (Promega
Corp., Madison, WI) at a dilution of 1:500, followed by a 1:200
dilution of Alexa 488 goat-antirabbit secondary antibody (Molecular Probes, OR) and mounted as described above. Slides
were visualized and digitized on an Olympus IX70 inverted
microscope, and cell numbers were quantified using a Zeiss
Axioscop microscope. At least 500 cells/slide were counted, and
the number of cells exhibiting tubulin bundle formation, or
PARP positivity, was expressed as a percentage of the total
number of cells counted. Samples were blinded and counted by
two individual investigators to determine the mean value.
␤-Tubulin Sequence Analysis. Tumor biopsies were
homogenized (Ultra-turrax T8; IKA Laboratories) according to
the RNeasy isolation method (Qiagen, Inc., Chatsworth, CA)
yielding DNA-free total RNA. PBMCs and buccal cells were
immersed in lysis buffer and homogenized manually. Approximately 1–2 g of total RNA were reverse transcribed in a 50-l
reaction volume containing 300 units of Moloney murine leukemia virus reverse transcriptase (Life Technologies, Inc.,
Grand Island, NY) in the presence of random hexamers at a final
concentration of 3.3 ng/l, 60 units of RNAguard (Pharmacia
Biotech), 0.5 mM deoxynucleotide triphosphates, 10 mM DTT,
and 1⫻ reverse transcriptase buffer at 37°C for 1 h. Samples
were incubated at 95°C for 5 min and diluted 1:2 with DNase/
RNase free water. Samples were aliquoted and stored at ⫺70°C.
Sequence-specific primers that span the coding region of the
class I ␤-tubulin were designed in our laboratory and used to
amplify the gene. Approximately 1 l of cDNA was amplified
in a reaction mix using 2.5 l of 10⫻ buffer, 2 l of 2.5 mM
MgCl2, 125 ng of forward and reverse primers, and 1 unit of
proofreading Taq. The PCR products were purified using the
Qiaquick gel extraction kit (Qiagen), and the samples were
sequenced (Genwiz, Inc., New York, NY) using the same primers as the PCR amplification. Nucleotide analysis was performed using the software Sequencher (Gene Codes Corp., Ann
Arbor, MI), and the sequences were compared with the GenBank sequence for class I ␤-tubulin (accession number J00314).
Reverse Transcription-PCR. For the determination of
MDR1 expression, a competitive PCR reaction using ␤2-microglobulin was performed as described previously (6). MRP1
expression levels were also determined using sequence-specific
primers for both genes as described previously (17). The expected PCR product size for MRP1 was 165 bp. Each experiment was performed three times.

Results
Clinical Endpoints ( n ⴝ 17)
A Phase I/II study of BMS-247550 as a 1-h infusion
administered every 3 weeks is ongoing, and the maximum
tolerated dose has been established in patients who received

prior taxane-based chemotherapy (15). The Phase I study, as
well as pharmacokinetic-pharmacodynamic relationships, will
be presented subsequently. This study presented here will summarize key findings relevant to the description of molecular
determinants of drug response, based on the data obtained from
17 patients enrolled in the trial. Of the patients included in this
analysis, 100% had prior taxane-based chemotherapy, and
⬎90% had either a breast or gynecological malignancy.
Microtubule Bundle Formation in PBMCs as a Marker of
BMS-247550 Pharmacodynamics
The extent of bundle formation in PBMCs was assessed in
all patients as a surrogate marker of BMS-247550 binding to
tubulin. Microtubule bundle formation in interphase cells is a
hallmark of microtubule-stabilizing agents, such as Taxol, and is
a well-documented phenomenon (5, 18). The tubulin morphology of PBMCs before and after BMS-247550 drug infusion at
the 50 mg/m2 dose for cycle 2 is illustrated in Fig. 2A. There
was no bundle formation observed in PBMCs at baseline. The
mean percentages of PBMCs exhibiting microtubule bundle
formation at the 1- and 24-h time points were approximately 70
and 25%, respectively. The majority of PBMCs at 24 h (⬃75%)
appeared to have normal microtubule morphology, whereas the
minority (⬃25%) exhibited bundle formation. Fig. 3 illustrates
the dose-dependent effect of BMS-247550 on microtubule bundle formation in PBMCs during cycle 1 (Fig. 3A) and cycle 2
(Fig. 3B) of treatment. Similar to the plasma pharmacokinetics
of BMS-247550 (19), the degree of microtubule bundle formation in PBMCs increased to a maximum 1 h after drug infusion
and then decreased by 24 h after drug infusion. This pattern was
observed for all doses evaluated, except for 7.4 mg/m2, a dose
at which microtubule bundle formation was not detected. At the
50 mg/m2 dose, where unacceptable dose-limiting toxicity was
observed (15), 68 –70% of PBMCs exhibited microtubule bundle formation at 1 h after infusion for cycles 1 and 2, whereas
25–28% of PBMCs exhibited the same effect at 24 h. At the 40
mg/m2 dose, the values were 63% and 16 –23% for 1 and 24 h
after drug infusion, respectively. The pattern of bundle formation, like the pharmacokinetics of BMS-247550, was similar
across cycles 1 and 2 (Fig. 3C), suggesting that drug binding to
tubulin in PBMCs was similar across cycles 1 and 2, and that the
PBMCs affected by bundle formation in cycle 1 either died or
recovered by cycle 2.
To endorse these initial observations, the degree of bundle
formation in PBMCs was correlated with AUC [AUC(0 –24)]
(Fig. 4) and clearance [CLT(0 –24)] (Fig. 5). Because of the
incomplete sampling of blood in some patients, these data were
not available for all subjects. There was a positive correlation
between the degree of microtubule bundle formation in PBMCs
and the AUC(0 –24) of BMS-247550 for both cycles 1 and 2 at 1 h
(Fig. 4). Equally, there was a negative correlation between
CLT(0 –24) and the degree of microtubule bundle formation in
PBMCs in cycles 1 and 2 at 1 h (Fig. 5, A and B, respectively).
The relationship between microtubule bundle formation in
PBMCs and both AUC(0 –24) and CLT(0 –24) at 24 h was poor.
Therefore, these data indicate that the extent of microtubule
bundle formation in PBMCs is related to plasma drug exposure (AUC) at 1 h after drug infusion.
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Fig. 2 Reorganization of microtubules and bundle formation (arrows) before and after
BMS-247550 infusion at cycle
2 (1 and 24 h) in PBMCs (A)
and tumor (B) of a patient
treated at the 50 mg/m2 dose.
At 24 h after infusion, the majority (⬃75%) of PBMCs had
tubulin morphology that resembled baseline. ⫻90 Tumor biopsies were obtained at the various times from the chest wall
mass, depicted in the CT scan.

Fig. 3 Dose- and time-dependent effects of BMS-247550 on
microtubule bundle formation
in PBMCs during cycle 1 (A)
and cycle 2 (B) of treatment.
Microtubule bundle formation,
similar to pharmacokinetics, is
linear across cycles 1 and 2 (C).
Bars, SE.

Response to BMS-247550 in Taxotere-refractory Breast
Cancer: Molecular Correlates
Microtubule Bundle Formation and Cell Death. One
of the patients that had a partial response to BMS-247550 had an

accessible chest wall mass (Fig. 2B), from which core biopsies
were taken before and after drug infusion (1 and 24 h) in cycle
2. This patient had received prior taxotere chemotherapy and
after initially responding, developed progressive disease after
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Fig. 4 Positive correlation between percentage of microtubule bundle formation in
PBMCs and AUC(0 –24) at cycle
1 (A) and cycle 2 (B) of treatment for 1 h (f) and 24 h (Œ)
by linear regression analysis.
Dashed lines, 95% confidence
limits. The slopes and corresponding r2 and Ps are shown.

Fig. 5 Negative
correlation
between the percentage of microtubule bundle formation in
PBMCs and CLT(0 –24) at cycle
1 (A) and cycle 2 (B) of treatment for 1 h (f) and 24 h (Œ)
by linear regression analysis.
Dashed lines, 95% confidence
limits. The slopes and corresponding r2 and Ps are shown.

⬃12 cycles of drug. Hence, for the purposes of this analysis, the
patient was defined as taxotere refractory. This patient was
treated with 50 mg/m2 of BMS-247550, and a similar pattern of
microtubule bundle formation was observed in the tumor cells
compared with the PBMCs that were analyzed at the same cycle
(Fig. 2B). Therefore, BMS-247550 is efficiently accrued in
tumor cells within this relatively short time. No bundle formation was observed in tumor cells at baseline. The percentage of
tumor cells that exhibited bundle formation were 54 ⫾ 2% and
40 ⫾ 4% at 1 and 24 h after drug infusion, respectively. The
value for 1 h was lower than the 84 ⫾ 4% observed in the
PBMCs of the same patient at cycle 2. In contrast, the value at

24 h was higher in tumor cells than the 27 ⫾ 5% observed in
PBMCs. The difference in tumor cells compared with PBMCs at
1 and 24 h is interesting and may imply differential drug uptake
and clearance kinetics, although the analyses of additional tumor
biopsies after treatment will be required to validate this observation.
Because microtubule bundle formation indicates the extent
of drug binding but does not provide a measure of cytotoxicity,
we also evaluated the degree of PARP cleavage, a marker of cell
death, in this patient’s tumor cells using a highly specific antibody that recognizes only the cleaved Mr 89,000 fragment of the
protein. Fig. 6A illustrates the pattern of PARP p89 immuno-
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Fig. 6 PARP p89 immunostaining (A) and the contrasting phase images (B) in two representative areas of tumor, 24 h after BMS-247550
infusion (cycle 2) at the 50 mg/m2 dose. 500 cells were counted to
quantify the number of p89-positive cells. These data are shown for 0,
1, and 24 h. ⫻90.

staining in two representative areas of tumor, 24 h after exposure to BMS-247550. The contrasting phase images are shown
in Fig. 6B. PARP p89 immunostaining appears to be localized to
predominately nuclear regions, which is consistent with previous reports (20). The number of tumor cells exhibiting p89
staining was also quantified before and after BMS-247550. At
1 h, the number of cells exhibiting p89 staining was similar to
preinfusion numbers, ⬃3%. At 24 h after BMS-247550 infusion, ⬃28% of tumor cells exhibited p89 immunostaining, indicating cytotoxic activity of BMS-247550 within 24 h after
infusion. These data are consistent with the mechanism of action
of chemotherapeutic agents in which cytotoxic effects occur
after binding of the drug to the target. The pattern of microtubule bundle formation that we observed in these tumor cells fits
this consensus, with maximum effects observed at 1 h that
decreased by 24 h after infusion.
Expression of MDR1 and MRP1. Taxol accumulation
is inhibited by the expression of MDR1, an energy-dependent
drug efflux pump that maintains a low intracellular drug concentration. The role of MRP1 with respect to taxane resistance
is conflicting (21, 22). We investigated the expression of both
drug transporters in the tumor cells of the patient who developed
progressive disease after taxotere treatment. In addition to biopsies obtained at 0, 1, and 24 h after BMS-247550, we also
obtained a biopsy of normal skin, adjacent to the chest wall
mass. This patient had a positive response to BMS-247550,
evident after two cycles of treatment, and the chest wall mass,
from which the biopsies were obtained, had a sustained regression of 5 months. The MDR1 and MRP1 status of this biopsy
was also investigated. SKVLB cells that overexpress both transporters were used as a positive control. MDR1 was expressed in

Fig. 7 Expression of MDR1 (A) and MRP1 (B) cDNA in human
ovarian SKVLB cells that overexpress both MDR1 and MRP1, in tumor
biopsies (at 0 and 24 h) after treatment with BMS-247550 and in a
normal skin biopsy. ␤2-Microglobulin (B2M) was used as a control.

both the normal skin and tumor samples, but there was no
up-regulation of mRNA levels in the tumor samples compared
with skin or after treatment with BMS-247550 for 24 h (Fig.
7A). MRP1 was expressed in both the skin and tumor biopsies,
and there appeared to be an overexpression of MRP1 mRNA in
the tumor biopsies compared with skin (Fig. 7B). These data
suggest that BMS-247550 retains efficacy in tumor cells expressing both MDR1 and MRP1, although more tumor samples
are required to validate this preliminary finding.
Sequence Analysis of ␤-Tubulin. Increasing evidence
suggests that mutations in ␤-tubulin may confer resistance to
microtubule-interacting agents, including Taxol (23), the epothilones (1, 2), and vincristine (24). Mutations in ␤-tubulin also
have been reported in tumor DNA isolated from the serum of
patients with advanced non-small cell lung cancer (3). In light of
the potential prognostic implications of these data, we sequenced the ␤-tubulin from the tumor biopsies obtained from
one of the patients who had exhibited the partial response to
BMS-247550. Sequence analysis of the cDNA and genomic
DNA isolated from this patient’s tumor, normal skin, PBMCs,
and buccal cells indicated the presence of a novel polymorphism
at the extreme COOH terminus of ␤-tubulin that has not been
documented previously. The alteration was heterozygous:
[GGT(Gly) to G/AGT(Gly/Ser)] at amino acid residue 437,
present in a region of ␤-tubulin that is involved in its interaction
with microtubule-associated proteins, motor proteins, and tau
(25). The relevance of the polymorphism to the patient’s response, if any, is unknown. We also analyzed the ␣-tubulin
sequence from the tumor biopsies isolated from this patient and
found no nucleotide alterations (data not shown). The remaining
16 patients were also screened for polymorphisms in ␤-tubulin
using PBMCs as a source of nonmalignant cells. None of these
patients exhibited nucleotide alterations.
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Discussion
This study of BMS-247550 in patients with advanced solid
tumors describes pharmacodynamics of the drug, as well as
indications of preliminary antitumor activity. The completed
Phase I study will be presented in a later report. The characteristics of BMS-247550 that have been described in preclinical
studies (14) have also been validated here, using molecular
analyses of defined targets that potentially influence response to
microtubule-stabilizing agents.
The data presented indicate that microtubule bundle formation in PBMCs is related to BMS-247550 exposure, occurs
within 1 h of treatment, and correlates with the pharmacokinetics of the drug. In the context of this study, microtubule bundle
formation in PBMCs is an indicator of the ability of BMS247550 to bind to ␤-tubulin, and as Fig. 3 illustrates, this
binding increases as the concentration of drug increases. Microtubule bundle formation is a phenotypic consequence of BMS247550 binding to microtubules in interphase cells (5). At low
drug concentrations where microtubule bundle formation is not
apparent, there are still cytotoxic drug effects, presumably because of perturbations of normal microtubule dynamics (26, 27).
Therefore, quantitation of microtubule bundle formation in
PBMCs does not reflect intrinsic BMS-247550 activity, or the
ability of this drug to produce a pharmacological effect when
bound to ␤-tubulin, and is probably an underestimation of the
number of cells that have bound BMS-247550. Despite this
limitation, the preliminary data presented here suggest that
microtubule bundle formation is an easily measurable, early
pharmacodynamic effect.
An interesting observation that will require prospective
analysis was noted with respect to the degree of microtubule
bundle formation in the PBMCs of a patient who expired after
one cycle of drug at the 50 mg/m2 dose because of neutropenic
sepsis. This patient exhibited abnormally elevated levels of
bundle formation 24 h after drug infusion (42% compared with
a mean of 25% ⫾ 4 for other patients treated at this dose level).
The highest percentage of bundle formation observed 24 h after
infusion was 32% in a patient treated at the highest dose level of
59.2 mg/m2. This patient, who exhibited high levels of bundle
formation at 24 h after BMS-247550 infusion, had a CLT of 229
ml/min/m2 compared with the mean value of 430 ml/min/m2 for
all other patients treated at this dose level, suggesting that
indeed CLT was substantially lower in this patient. This suggests that higher than average levels of microtubule bundle
formation in PBMCs at 24 h after BMS-247550 infusion may
predict for poor clearance and may be related to subsequent
toxicity.
The observation that microtubule bundle formation was
reduced in the tumor cells of one patient treated at 50 mg/m2
dose compared with the PBMCs at 1 h is not unexpected,
because one would anticipate that drug accumulation would be
highest in PBMCs that are suspended in the circulatory system.
In fact, it has been demonstrated previously that the accumulation of drugs such as Taxol is reduced in multicellular spheroids,
a model that closely mimics the microregions of solid tumors,
compared with cells exposed to Taxol when grown in monolayers (28). Furthermore, at 24 h after infusion, the number of cells
exhibiting bundle formation was higher in tumor cells compared

with PBMCs (40 ⫾ 4 compared with 27 ⫾ 5%), suggesting that
the kinetics of drug clearance may differ between the two cell
types. In light of this observation, it would have been interesting
to evaluate the duration of microtubule bundle formation in
tumor cells; however, this was not possible because it would
have required additional biopsies, although extended times for
sample acquisition of both PBMCs, and tumor cells can be
analyzed in prospective studies.
PARP p89 expression was chosen as a cytotoxic marker
instead of the terminal deoxynucleotidyl transferase-mediated
nick end labeling assay, which measures DNA strand breaks,
primarily because PARP cleavage occurs before DNA strand
breaks (29) and therefore is an earlier indicator of cell death.
Additionally, PARP cleavage occurs during both apoptosis and
necrosis (30), and we thought it prudent to measure both modes
of cell death because they contribute equally to tumor regression
that constitutes a clinical response. One would expect drug
binding (bundle formation) to precede cell death (p89 staining),
because Taxol-induced cell death is thought to be mediated via
a mitochondria- regulated death pathway. Compared with classical receptor-mediated death, which occurs more quickly, activation of a mitochondria-regulated death pathway would account for the delayed time observed between bundle formation
and the appearance of dead cells. The level of cell death in
PBMCs was not evaluated in this study, because background
levels (pre-BMS-247550) of apoptosis were high in these cells
(data not shown), likely reflections of spontaneous apoptosis in
mononuclear cells after collection and processing. It has been
shown previously that PBMCs isolated from head and neck
cancer patients undergo apoptosis more rapidly than those from
persons with no evidence of cancer (31), suggesting that the
lymphocytes of cancer patients may be more susceptible to
apoptosis. Furthermore, apoptotic PBMCs are rapidly removed
from the circulatory system by phagocytes; therefore, the quantitation of these cells undergoing apoptosis is likely to be inaccurate.
The data presented in this study document microtubule
bundle formation and in vivo cytotoxic activity of BMS-247550
⬃23 h after drug infusion in one tumor sample from a patient
with taxotere-refractory metastatic breast cancer, despite expression of both drug transporters MDR1 and MRP1. These observations authenticate the preclinical data for both the epothilones
and BMS-247550 (11, 14). The expression of MDR1 confers
resistance to a broad spectrum of chemotherapeutic agents including the taxanes, Vinca alkaloids, and anthracyclines. MRP1
also mediates resistance to these drugs, although its role in
taxane resistance is uncertain, and its role in the transport of
epothilones has yet to be defined. MDR1 is intrinsically expressed in a number of tissue types including colon, rectum,
pancreas, liver, and kidney, and its expression is induced in a
number of tumor types after chemotherapy. MRP1 is expressed
in epithelial cells of most normal tissues and is overexpressed in
leukemia, neuroblastoma, and non-small cell lung cancer. There
have been various clinical trials involving modulators of both of
these drug transporters as a means of enhancing chemotherapeutic efficacy; however, a number of these modulators interact
with the drugs, altering their pharmacokinetic profiles, and are
therefore undesirable (32). A more acceptable means of circumventing this type of resistance is to use drugs whose transport is
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minimally affected by MDR1, such as the epothilones. The
findings presented here, although preliminary, are encouraging
in that they confirm the expression of both MDR1 and MRP1 in
the tumor of a patient who responded to BMS-247550. Furthermore, responses to epothilone B have been observed in patients
with advanced colorectal cancer in a Phase I clinical evaluation
(33), suggesting that this class of drug has the potential to exert
cytotoxic effects in tumors that may be resistant to taxane-based
chemotherapy by virtue of endogenous expression of MDR1.
A unique polymorphism was expressed in the ␤-tubulin of
one patient, although the relevance of this polymorphism to the
patient’s response is unknown. This alteration was located at
amino acid residue 437 of class I ␤-tubulin, a region of the
protein that is crucial for interactions with microtubule-associated proteins, tau, and motor proteins. Although this polymorphism has not been documented previously, epothilone-resistant
HeLa cells that have a heterozygous mutation at amino acid
residue 422, also in the COOH terminus of class I ␤-tubulin,
have been described (1). Attempts to increase the concentration
of epothilone in which the cells were grown did not result in a
more resistant phenotype with a homozygous mutation. This
suggests that alterations in the COOH terminus of ␤-tubulin
may result in severe perturbations of normal microtubule function, causing lethality. Future studies will determine whether
this and other polymorphisms are expressed at the protein level
and their incidence in human tumors and tissue.
The concept of genetic polymorphisms influencing drug
response is not novel and constitutes an important reason for
interpatient variability in chemotherapy. Examples include NAT
(34), an enzyme that catalyzes the acetylation of a variety of
amines. Polymorphisms have been identified in an isoform of
NAT, NAT2, that were determined to mediate toxicity to
amonafide, an anticancer agent that exhibited activity in breast
cancer and leukemia. Amonifide is no longer in clinical development because of the potentially harmful impact of polymorphisms in NAT2. Likewise, there are polymorphisms that positively influence tumor response (35); therefore, the possibility
exists that polymorphisms in class I ␤-tubulin may modulate
response to drugs that bind to this target, including the taxanes
and epothilones. This hypothesis will require validation, but the
outcome may benefit patients who will be treated with this class
of drug.
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