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CANCER

Cytotoxicity of Paclitaxel in Breast Cancer Is due to
Chromosome Missegregation on Multipolar Spindles

Lauren M. Zasadil,"? Kristen A. Andersen,” Dabin Yeum,' Gabrielle B. Rocque,® Lee G. Wilke,*>
Amye J. Tevaarwerk,>> Ronald T. Raines,>® Mark E. Burkard,?>> Beth A. Weaver'>*

The blockbuster chemotherapy drug paclitaxel is widely presumed to cause cell death in tumors as a consequence of
mitotic arrest, as it does at concentrations routinely used in cell culture. However, we determine here that paclitaxel
levels in primary breast tumors are well below those required to elicit sustained mitotic arrest. Instead, cells in these
lower concentrations of drug proceed through mitosis without substantial delay and divide their chromosomes on
multipolar spindles, resulting in chromosome missegregation and cell death. Consistent with these cell culture data,
most mitotic cells in primary human breast cancers contain multipolar spindles after paclitaxel treatment. Contrary to
the previous hypothesis, we find that mitotic arrest is dispensable for tumor regression in patients. These results dem-
onstrate that mitotic arrest is not responsible for the efficacy of paclitaxel, which occurs because of chromosome
missegregation on highly abnormal, multipolar spindles. This mechanistic insight may be used to improve selection
of future antimitotic drugs and to identify a biomarker with which to select patients likely to benefit from paclitaxel.

INTRODUCTION

Paclitaxel is the best-selling chemotherapy drug in history and is cur-
rently used to treat patients with a variety of cancers, including those of
the breast, lung, and ovaries (I, 2). Paclitaxel is a microtubule poison (3)
that arrests cells in mitosis (4, 5) because of activation of the mitotic
checkpoint (also known as the spindle assembly checkpoint), the major
cell cycle checkpoint that regulates progress through mitosis (6-8). Un-
like previously identified microtubule toxins, which result in micro-
tubule depolymerization, paclitaxel promotes microtubule assembly
and stabilization (3, 5, 9). Lower concentrations of paclitaxel suppress
the rate at which microtubules grow and shrink, without substantially
increasing microtubule polymer mass, while still arresting cells in mito-
sis on bipolar spindles (4, 10, 11).

Cells arrested in mitosis can either die during that mitosis or
undergo a process known as mitotic slippage, in which they enter G,
without undergoing anaphase or cytokinesis to produce a single, tetra-
ploid cell. Cells may arrest, cycle, or die after slippage (12-14). What
determines the outcome of mitotic arrest currently remains unknown.
In an elegant series of experiments, chromosomally stable, nontrans-
formed cells were followed by time-lapse microscopy to identify daugh-
ter cells that originated from the same parent through a division that did
not include chromosome missegregation. Even these genetically identi-
cal daughters exhibited differing responses to mitotic arrest (15).

Although serum concentrations of paclitaxel have been measured
(16-18), paclitaxel is known to accumulate intracellularly at levels up
to and exceeding 1000-fold, depending on cell type and concentration
(4, 11, 19). Thus, the clinically relevant, intratumoral concentration of
paclitaxel in breast cancer has never been determined.

Here, we measured the intratumoral paclitaxel concentration in naive
breast tumors from patients receiving neoadjuvant paclitaxel and
correlated it with treatments used in cell culture to establish a clinically
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relevant concentration range. At clinically relevant paclitaxel concentra-
tions, cells did not show a substantial mitotic arrest. Instead, they completed
mitosis on multipolar spindles, resulting in chromosome missegregation.
Patient tumors treated with paclitaxel exhibited multipolar spindles,
and mitotic arrest was not required for tumor regression. These results
demonstrate that paclitaxel-mediated cell death in patient tumors is due
to chromosome missegregation on abnormal mitotic spindles.

RESULTS

Paclitaxel has concentration-dependent effects

in cell culture

Because the concentration of paclitaxel that mimics the intratumoral
concentration was unknown, we initially sought to determine whether
paclitaxel exerted similar effects over a broad concentration range in breast
cancer cells in culture. The triple-negative breast cancer cell lines MDA-
MB-231 and Cal51, which are negative for the estrogen receptor, the pro-
gesterone receptor, and the human epithelial growth factor receptor 2
(HER2), were treated with paclitaxel concentrations spanning five orders
of magnitude. Bipolar spindles have previously been reported after
paclitaxel treatment (4, 10, 20). However, we observed multipolar spin-
dles in all concentrations of paclitaxel tested (Fig. 1A), the incidence of
which rose with increasing drug concentration (Fig. 1, B and C).

Distinct concentrations of paclitaxel also differed in their ability to
induce mitotic arrest. After micromolar paclitaxel treatment, both
MDA-MB-231 and Cal51 cells displayed a substantial increase in mi-
totic index, indicative of mitotic arrest, as expected (Fig. 1, D and E). In
even higher concentrations of paclitaxel, the mitotic index was reduced,
as has been previously reported to occur because of the ability of the
large mass of polymerized tubulin to satisfy the mitotic checkpoint
through syntelic chromosome attachments (21, 22). More subtle effects
on mitotic index were observed in low nanomolar concentrations of
paclitaxel (Fig. 1, D and E).

Time-lapse videomicroscopy was used to determine the influence of
paclitaxel on the duration of mitosis (measured as the time from cell round-
ing to the flattening of the first daughter cell). Similar to mitotic index,
the duration of mitosis rose, peaked, and then declined in response to
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increasing concentrations of paclitaxel (Fig. 1, F and G). Thus, paclitaxel
exhibits concentration-dependent effects in cell culture, emphasizing
the need to identify the clinically relevant dose(s) to study in cell culture
and animal models.

Mitotic arrest is not required for response to paclitaxel
To determine the clinically relevant concentration range of paclitaxel,
we designed a clinical trial to enroll six female patients with newly di-
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agnosed, locally advanced breast cancer, who had not received pre-
vious treatment. One patient was excluded from analysis because of
insufficient tumor tissue in the post-paclitaxel biopsy. Enrolled pa-
tients ranged in age from 42 to 65 years and had Nottingham grade
2 or 3 tumors (Table 1). To minimize confounding variables, we did
not enroll patients with HER2-amplified tumors, because these pa-
tients receive HER2-targeted antibody therapy in combination with
chemotherapy.

The research protocol is depicted in
Fig. 2A. After diagnostic core needle
biopsy, initial tumor measurements were
obtained using mammography, ultrasound,
or both. Patients were then treated with
neoadjuvant paclitaxel (175 mg/m?) infused
over 3 hours. A second tumor biopsy was
obtained 20 hours after initiation of the
paclitaxel infusion and was divided into
two parts. One part was flash-frozen to
measure paclitaxel levels, whereas the other
was fixed for histological analysis. Blood
was also collected at this time point to
measure the concentration of paclitaxel in
serum. The 20-hour time point was selected
because breast cancer cells in culture mounted
a robust mitotic arrest after 20 hours of treat-
ment (Fig. 1, A to E). Mitotic index was
elevated >15-fold from 16 hours through
at least 32 hours after paclitaxel adminis-
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raphy, ultrasound, or both, about 2 weeks
after the final dose of paclitaxel. Finally,
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patients received four cycles of the DNA-
damaging drugs Adriamycin/doxorubicin
and cyclophosphamide (AC) before surgery.

To determine whether patients responded
to paclitaxel treatment, we obtained tumor
measurements at baseline and after the
completion of paclitaxel therapy (before
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Fig. 1. Paclitaxel has concentration-dependent effects. (A) Paclitaxel-treated cells exhibit mitotic
spindles containing the indicated number of spindle poles as assessed by staining for microtubules (red)
and DNA (teal) in MDA-MB-231 cells. (B and C) MDA-MB-231 (B) and Cal51 (C) triple-negative breast cancer
cell lines both show a direct relationship between number of poles per spindle and paclitaxel concentration.
n > 100 cells from each of three independent experiments. (D and E) In response to increasing concentra-
tions of paclitaxel, mitotic index in both MDA-MB-231 (D) and Cal51 (E) cells peaks and then declines. n >
1500 cells from three separate experiments. (F and G) Duration of mitosis in response to paclitaxel in both
MDA-MB-231 (F) and Cal51 (G) cells closely mimics mitotic index. Duration of mitosis was measured as
length of time from rounding to flattening of the first daughter cell in 10x phase-contrast movies acquired

every 10 min for 65 hours. n > 30 cells per condition.
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initiation of AC) using mammogram (Fig.
2B) and/or ultrasound (Fig. 2, Cand D). Tu-
mor response was evaluated according to
Response Evaluation Criteria in Solid Tu-
mors (RECIST) 1.1 guidelines (23). Partial
tumor response, determined as >30% de-
crease in the largest tumor diameter, was
observed in patients 1 to 3, but not in pa-
tients 4 to 6 (Fig. 2E).

To determine whether patient response
correlated with mitotic arrest, we analyzed
tumor sections before and after paclitaxel
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Table 1. Patient characteristics. Note that all patients were Caucasian, not Hispanic or Latino, and were diagnosed with HER2-negative invasive

ductal carcinoma.

Patient no Age (years) Estrogen Progesterone No. of positive lymph Nottingham
: ge ly receptor status receptor status nodes/no. sampled* grade

1 42 Positive Positive 0/17 3

2 53 Negative Negative 14/14 2

3 65 Negative Negative 1/22 3

4 45 Negative Negative /11 3

5 57 Positive Negative 0/20 3

6 49 Positive Positive 22/23 2

*At surgery.
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were used to identify mitotic cells. Tumor
sections were costained for cytokeratin to
distinguish breast tumor epithelial cells from
stroma (Fig. 2, F and G). Mitotic cells were
detected in all tumor samples. Tumors from
patients 4 and 6 exhibited an increase in mi-
totic index in response to paclitaxel treat-
ment (Fig. 2F), consistent with mitotic
arrest, although these tumors only mini-
mally regressed in response to paclitaxel
(Fig. 2, D and E). In contrast, the tumor
from patient 3 shrank markedly in response
to paclitaxel (Fig. 2, B, C, and E), despite a
decline in mitotic index (Fig. 2F). Thus, mi-
totic arrest is not a prerequisite for efficacy
of paclitaxel.

Clinically relevant doses

of paclitaxel are in the low
nanomolar range

Paclitaxel is known to accumulate intra-
cellularly at levels that vary from 67- to
more than 1000-fold, depending on cell
type and concentration (4, 11, 19). To de-
termine the amount of intratumoral accu-
mulation in breast cancer patients, we
measured paclitaxel concentrations using
high-performance liquid chromatography
(HPLC) analysis in patient plasma and
tumor samples obtained 20 hours after
initiation of the first paclitaxel infusion
(Table 2). Patient plasma concentrations
of paclitaxel ranged from 80 to 280 nM,
in good agreement with previous mea-
surements (16-18). Paclitaxel concentra-
tions in patient tumors were measured
both by volume and by weight, which
gave consistent results (Table 2 and table
S1). Intratumoral concentrations ranged
from 1.1 to 9.0 uM as calculated using
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Fig. 2. Mitotic arrest is not required for response to paclitaxel. (A) Schematic showing the trial design.
Research biopsy and serum were obtained 20 hours after the start of the first 3-hour paclitaxel infusion.
Tumor measurements were obtained by mammogram and/or ultrasound, depending on patient insurance.
(B to D) Mammograms (B) and ultrasounds (C and D) used to measure tumor response. Yellow lines in (C)
and (D) indicate tumor measurements. (E) Waterfall plot showing change in largest tumor diameter. Re-
sponse to paclitaxel is determined as a decrease of >30% in largest tumor diameter, according to RECIST
1.1 criteria (23). The gray line indicates this threshold. *Note that the second tumor measurement was ob-
tained after cycle 1 of AC in patient 1, but before AC in all other patients. (F) Mitotic index before (open
square) and after 20 hours of paclitaxel treatment (arrowhead; the direction indicates increase or decrease
in mitotic index in response to paclitaxel). n > 500 cells. (G) Patient 5 tumor stained with phosphorylated
histone H3 (pH3; to mark mitotic cells), 4',6-diamidino-2-phenylindole (DAPI), and cytokeratin (to identify
epithelial cells). Insets, enlargements of mitotic cells. Scale bar, 50 um.
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tumor weight, representing a degree of concentration of 4- to 70-fold
(Table 2).

To identify the concentration(s) of paclitaxel with which to treat
MDA-MB-231 and Cal51 cells to mimic the clinically relevant intratu-
moral concentration, we added a range of paclitaxel concentrations to
the media of MDA-MB-231 and Cal51 breast cancer cells. Cells were
collected 20 hours later. Intracellular paclitaxel concentration was
measured using HPLC. The uptake of paclitaxel ranged from 8- to
1600-fold (Table 3). In both cell lines, lower amounts of added paclitaxel
resulted in higher degrees of concentration (Table 3), as has been ob-
served previously (4, 11, 19). Also consistent with previous reports, the
different cell lines varied in their level of paclitaxel uptake, resulting in
distinct intracellular concentrations [Table 3; (19)]. Addition of low
concentrations of paclitaxel, which were not sufficient to cause substan-
tial mitotic arrest (Fig. 1, D to G), resulted in intracellular concentra-
tions analogous to those in patient tumors in both MDA-MB-231
and Cal51 cells (Table 3).

Low concentrations of paclitaxel are sufficient

to cause cell death

Paclitaxel-mediated cell death is generally studied at concentrations that
cause mitotic arrest, in part because higher levels of drug produce death
more rapidly (11, 24). To test whether low concentrations of paclitaxel

are sufficient to cause cell death, we added <100 nM paclitaxel to MDA-
MB-231 and Cal51 cells, which were incubated for an additional 24, 72,
or 120 hours. Indeed, clinically relevant paclitaxel concentrations were
sufficient to cause a substantial reduction in live cells (Fig. 3A) and an
increase in dead cells (Fig. 3B). These effects were particularly apparent
over the longest time course of 120 hours. To assess the impact of clini-
cally relevant concentrations of paclitaxel on colony-forming ability, we
plated the cells at low density and grew them in the presence or absence
of paclitaxel for 14 days. Colony formation was substantially inhibited
by paclitaxel concentrations >5 nM in both MDA-MB-231 and Cal51
cells (Fig. 3C). Thus, clinically relevant concentrations of paclitaxel induce
cell death and inhibit proliferation in cell culture.

Clinically relevant concentrations of paclitaxel cause
chromosome missegregation

The analysis of fixed cells in Fig. 1 (A to C) suggested that cells entering
mitosis in intratumoral concentrations of paclitaxel would develop
multipolar spindles, which, upon DNA segregation, are predicted to
give rise to aneuploid progeny. To test this hypothesis, we analyzed
chromosome number per cell by counting chromosomes in metaphase/
chromosome spreads. Cal51 cells were used for this analysis because
they are a near-diploid, chromosomally stable cell line, whereas MDA-
MB-231 cells are chromosomally unstable. Forty-eight hours of treatment

Table 2. Paclitaxel measurements in patients by tumor weight. —, not tested.

Patient no. Plasma [paclitaxel] (uM) Tumor [paclitaxel] (1M) Degree of concentration
1 0.08 26 32x
2* _ N —_
3 0.14 9.0 64x
4 0.11 7.7 70x
5 0.28 11 4x
6 0.15 25 17x
*Skin biopsy of superficial tumor that yielded minimal tumor tissue.
Table 3. Paclitaxel concentration in breast cancer cells. ND, not detected; —, not tested.
MDA-MB-231 Cal51

[Paclitaxel] in medium (uM) Nonfluorescent

GFP-tub RFP-H2B

Nonfluorescent GFP-tub RFP-H2B

[Paclitaxel], Fold [Paclitaxel], Fold [Paclitaxel], Fold [Paclitaxel], Fold

pM (n) = SE uptake pM (n) = SE uptake pM (n) = SE uptake pM (n) = SE uptake
DMSO ND ND ND ND
0.005 3.8 (4) + 0.68 760x — 0.35 (4) £ 0.07 70x — —
0.01 7.0 (4) £ 0.93 700x 16 (3) £ 3.8 1600x 0.77 (4) £ 0.01 77x% 1.7 3) £ 0.15 170
0.02 24 (3) £ 6.0 1200x — — 1.5 (4) £ 0.08 75% — —
0.05 33 (5) £ 36 660x — — 32 (5 £0.74 64x 33(3)£1.7 66X%
0.1 29 (3) £ 6.1 290x 89 (2) £ 10 890x 6(4)+15 46X 9.7 3) £ 1.1 97%x
1 75 (3) £ 12 75%x 140 (2)+ 9.6 140x 11 (4) £22 11X 1(3) £0.70 21x
10 420 (2) £ 11 42x — — 0(4) £13 8x — —
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with 5, 10, or 50 nM paclitaxel substantially increased the incidence of
near-diploid aneuploidy, with little evidence of tetraploidy, in the mitotic
populations analyzed (Fig. 4, A to C).

These data suggested that, in clinically relevant concentrations of
drug, cells proceed through mitosis after only a brief delay on multipolar
spindles to produce aneuploid progeny. To test this directly, we ob-
served cell lines expressing green fluorescent protein (GFP)-tubulin
and red fluorescent protein (RFP)-histone H2B using time-lapse mi-
croscopy in the presence or absence of low nanomolar paclitaxel (Fig.
4D, fig. S2A, and videos S1 to S6). Indeed, whereas cells often initially
assembled a bipolar mitotic spindle in the presence of low concentra-
tions of paclitaxel, additional spindle poles frequently developed before
anaphase onset (Fig. 4D, fig. S2A, videos S5 and S6). In some cases,
multipolar spindles coalesced before anaphase onset into bipolar
spindles, as reflected by the difference between incidences of multipolar
spindle formation and >2-way DNA divisions (Fig. 4E and fig. S2B).
However, many cells divided their chromosomes in three or more
directions once they entered anaphase (Fig. 4, D and E, fig. S2, A and
B, and videos S2, S3, S5, and S6). The number of directions in which the
chromosomes were separated was not necessarily predictive of the
number of cells generated, because DNA segregated to two or more
spindle poles could be incorporated into the same daughter cell (Fig.
4D, fig. S2A, and videos S2, S3, S5, and S6).

In Cal51 cells, 10 and 50 nM paclitaxel increased the percentage of
abnormal mitoses from 5.5% to 34.5% and 54.5%, respectively, pre-

dominantly because of multipolar spindles and divisions, rather than
lagging chromosomes (Fig. 4E and videos S1 to S3). In the portion of
Cal51 cells in which nuclear envelope breakdown (NEB) was observed, 4
of the 14 cells that initially established a bipolar spindle developed addi-
tional spindle poles before anaphase onset. Only two of the seven cells that
formed multipolar spindles upon NEB focused them to become bipolar.

MDA-MB-231 cells, like a large percentage of human breast cancers,
exhibit chromosomal instability. Even for this cell line, in which 53% of
unperturbed cells underwent an abnormal division, primarily because
of lagging chromosomes during anaphase or the failure to align all chro-
mosomes at the metaphase plate [fig. S2B; (25)], addition of 5 or 10 nM
paclitaxel increased the percentage of mitoses exhibiting at least one mi-
totic abnormality to 100% (fig. S2B and videos $4 to S6).

To test whether spindle multipolarization occurs as a generic conse-
quence of mitotic delay, we arrested Cal51 cells in mitosis using the
proteasome inhibitor MG132. Zero of 16 cells developed multipolar
spindles during an arrest of >3 hours. Twelve of these cells were ar-
rested for >10 hours without the formation of additional poles, demon-
strating that the additional spindle poles seen in paclitaxel-treated cells
are not simply a result of delayed mitosis.

Clinically relevant concentrations of paclitaxel cause death

in interphase only after a perturbed mitosis

Our data suggest that clinically relevant concentrations of paclitaxel

result in cell death after chromosome missegregation. High rates
of chromosome missegregation have
previously been shown to result in rapid

A:o 2.0 VDAMB23T B24h L 8 cell death in tumor cells, independent of
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Fig. 3. Clinically relevant concentrations of paclitaxel cause cell death. (A) Low nanomolar concentra-
tions of paclitaxel cause a decrease in live cell number over 120 hours in MDA-MB-231 (left) and Cal51 (right)
cells. (B) Trypan blue assay showing an increase in the proportion of dead cells in both MDA-MB-231
(left) and Cal51 (right) cell lines by 120 hours of paclitaxel treatment. (C) Low nanomolar paclitaxel in-
hibits the ability of cells to form colonies after 14 days of paclitaxel treatment. No colony formation was
observed at concentrations greater than 100 nM paclitaxel in either cell line. (A to C) n > 3 independent
experiments. *P < 0.05 compared to dimethyl sulfoxide (DMSO) control by Wilcoxon (A and C) or Mantel-

Haenszel (B) statistical analysis. Exact P values are listed in table S2.
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of the cell cycle death occurred. In clini-
cally relevant concentrations of paclitaxel,
most cell death was seen during or after
mitosis in both MDA-MB-231 and Cal51
cells (fig. S4, A and B). In higher con-
centrations of the drug, cell death was
also predominantly seen during or after
mitosis, although there was a minor in-
crease in cell death in interphase cells
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that had not passed through mitosis in the presence of paclitaxel
(fig. S4, A and B).

To test whether paclitaxel could induce cell death in interphase
cells before division, we arrested cells in S phase for 72 hours using
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Fig. 4. Low concentrations of paclitaxel increase aneuploidy and chromosome missegregation. (A)
Chromosome spread from a Cal51 cell containing 46 chromosomes. (B and C) Cal51 cells treated for 48 hours
with 5, 10, or 50 nM paclitaxel show an increase in aneuploidy (B) that is predominantly near diploid with
little effect on triploidy or tetraploidy (C). n = 50 cells from each of three independent experiments. (D and E)
Low-dose paclitaxel increases abnormal mitotic events. (D) Cal51 cells expressing H2B-RFP (red) and GFP-
tubulin (green) were filmed at 60x with 2-min intervals during mitosis in DMSO (top row) or 10 nM paclitaxel
(middle and bottom rows). Shown are still frames from videos S1 to S3. Time is shown in hours:minutes. Cells
are able to divide in the presence of drug on multipolar spindles. (E) Quantitation of mitotic defects in Cal51
cells. The increase in defects is mainly due to multipolar spindles and >2-way DNA divisions. n = 20 to 36 cells
per condition. *P < 0.05 compared to DMSO control by Wilcoxon statistical analysis. Exact P values are listed
in table S2.
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thymidine in the presence or absence of paclitaxel (fig. S4C). The
addition of any concentration of paclitaxel did not cause substantial
decreases in the live cell population of MDA-MB-231 cells (fig. S4D).
Only micromolar concentrations of paclitaxel caused substantial

cell death from interphase in Cal51 cells
(fig. S4E).

Levels of proliferation in patient tu-
mors, as scored by Ki67 reactivity, were
substantial enough to be congruent with
an antimitotic effect of paclitaxel, and
were unchanged by 20 hours of paclitaxel
therapy (fig. S5), suggesting that paclitaxel
did not cause widespread quiescence in
interphase cells. This evidence suggests
that, at clinically relevant concentrations,
death from interphase occurs only when a
preceding mitosis is perturbed by paclitaxel.

Paclitaxel induces multipolar
spindles in patient tumors

To verify that effects observed on mitosis in
cell culture also occurred in patient tumors,
we analyzed tumor sections using immu-
nofluorescence to determine spindle pole
number (Fig. 5A). Spindle poles were
labeled with nuclear matrix apparatus pro-
tein (NuMA), and centrosomes were iden-
tified with y-tubulin. Most mitotic cells in
patient tumors exhibited more than two
NuMA-labeled spindle poles (Fig. 5, A
and B). This occurred even in cells with only
two y-tubulin-labeled centrosomes (Fig.
5A), and additional spindle poles did not
colocalize with y-tubulin, demonstrating
that centrosome amplification and/or split-
ting are not necessary for paclitaxel to
induce multipolar spindles in patients.
Misaligned chromosomes were also ob-
served in cells containing bipolar spindles
(Fig. 5A, asterisks in bottom row), sug-
gesting that initially multipolar spindles
had later clustered their spindle poles to
become bipolar, as has been reported pre-
viously in cell culture (31).

A portion of patient samples exhib-
ited multipolar spindles before paclitaxel
treatment, as has been previously re-
ported in cancers and malignant cell lines
(32, 33). However, paclitaxel resulted in
an increase in the incidence of multipolar
spindles in all patient samples observed
(Fig. 5B), consistent with our findings
in cell culture (Figs. 1, B and C, and 4,
D and E, and fig. S2, A and B). The high-
est percentages of multipolar spindles were
reached in patients 1 and 3, who also had
the largest level of tumor regression (Figs.
2E and 5B).
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DISCUSSION

Paclitaxel entered human trials in 1984 and has since become a widely
used chemotherapeutic agent. Extensive studies have been performed to
delineate its effects on purified tubulin and cultured cells, as well as its
efficacy in a wide range of tumors. Although it is considered a highly
effective agent in breast cancer, a substantial proportion of treated pa-
tients are primarily resistant to paclitaxel therapy. Biomarkers predict-
ing which patients will respond to paclitaxel would be indispensable, yet
remain elusive. In part, this may be because most studies have focused
on concentrations of paclitaxel that cause mitotic arrest and rapid cell
death, but are unlikely to be achieved in patient tumors. Here, we dem-
onstrate that, contrary to the predominant hypothesis that paclitaxel
causes cell death as a consequence of mitotic arrest, intratumoral con-
centrations result in chromosome segregation on multipolar spindles,
producing aneuploid progeny. Cell death occurs with slower kinetics
than when higher concentrations of drug are used, and presumably
occurs because of loss of both copies of one or more essential chromo-
somes. This is likely to account for the time delay between the formation
of abnormal mitotic spindles and the onset of substantial cell death in a
population, suggesting that sufficient time must be spent in the presence
of paclitaxel for a large proportion of the cell population to have under-
gone aberrant, lethal mitoses, which may not occur during the first di-
vision in the presence of the drug. Consistent with this, the percentage of
cell death increases with time spent in paclitaxel. Although passage
through mitosis on multipolar spindles can and does result in cell death,
a portion of cells may also arrest or slow their cell cycle progression after
a multipolar division, as suggested by stronger effects on live cell num-
ber and colony-forming ability than on cell death in Cal51 cells treated
with 5 nM paclitaxel. These mechanistic insights may enable the devel-
opment of a biomarker to predict paclitaxel response.

Previous reports of intratumoral paclitaxel concentrations in
humans are exceedingly limited given the large body of paclitaxel liter-
ature. Measurements that have been reported are in microgram per
gram of tumor tissue, and the density of the tumor is required to convert
these measurements into concentrations used in cell culture (uM or
ug/ml). Before this study, we were uncertain whether the density of tu-
mors differed significantly from that of water. Encouraged by the agree-
ment in our measurements of paclitaxel concentration by weight and by
volume, we converted previous studies’ measured levels of paclitaxel in
tumors to molar concentrations. Paclitaxel concentrations measured
in brain tumors 2 to 3 hours after a 3-hour administration of the drug
(175 mg/mz) were about 3 M (34), which is in the range of 1 to 9 uM
we measured 20 hours after administration of the same dose to breast
cancer patients. Uterine cervical cancer patients treated with paclitaxel
(60 mg/m” per week) for 2 to 4 weeks had about 400 nM paclitaxel re-
maining in their tumors 6 days after the final dose was administered
(35). These results suggest that paclitaxel levels are not appreciably high-
er at earlier time points than at 20 hours, and indicate that paclitaxel is
retained in tumor tissue (at least in uterine cervical tumors) for a sub-
stantial period of time.

Before this work, the major alternative to the hypothesis that paclitaxel
causes anticancer effects as a consequence of mitotic arrest was that it
causes cell death in interphase without affecting mitosis (29, 36). A key
argument for the alternate hypothesis of interphase action is that hu-
man tumors have a slow doubling time, suggesting that an insufficient
proportion of cells pass through mitosis in the presence of paclitaxel for
mitosis to be its target. However, tumor doubling time is a measure of

both proliferation and cell death, which is prevalent in untreated tu-
mors. Indeed, tumor doubling times have been estimated to be <5%
of what would be predicted based on proliferative rates (37-40). Patient
samples obtained in this study displayed rates of proliferation sufficient
for the antimitotic effects of paclitaxel to account for its cytotoxicity. The
mitotic index (the percentage of mitotic epithelial cells) in patient tu-
mors before paclitaxel administration was 0.4, 1.3, 2.2, 2.3, and 3.9%.
This is in the range of primary murine embryonic fibroblasts, which
have a mitotic index of 2.0 to 2.5%, and are commonly used for mitotic
analysis (41-44). The extended retention of paclitaxel in uterine cervical
cancers (35), coupled with the failure of paclitaxel to reduce the prolif-
erative index of breast tumors, strongly suggests that a sufficient number
of dividing cells pass through mitosis in the presence of paclitaxel to allow
for substantial cytotoxic effects in sensitive tumors.

A second argument for paclitaxel enacting cell death from inter-
phase is that paclitaxel-induced mitotic arrest does not necessarily lead
to response to paclitaxel in syngeneic murine (45) or human cancers
(46). However, patients with tumors containing a higher mitotic index
before chemotherapy are more likely to respond to paclitaxel than those
with a lower mitotic index (47). Our results offer the unifying explana-
tion that paclitaxel produces cell death in patients by inducing chromo-
some missegregation without mitotic arrest.

The success of paclitaxel and other microtubule poisons is limited by
peripheral neuropathy, which presumably occurs because of deficits in
axonal transport on the longest axons in the body. Because the activity
of paclitaxel was attributed to its ability to induce mitotic arrest, this
limitation led to the development of novel antimitotic drugs that arrest
cells in mitosis without disrupting microtubules (48). Antimitotic drugs
directed against a variety of targets, including Eg5/KSP and the kinases
polo and Aurora A, have entered clinical trials (NCT01034553,
NCT01510405, and NCT01065025). Some have concluded that these
drugs lack efficacy (36), although others have argued that this conclu-
sion is premature (49, 50). Our data suggest that inducing mitotic arrest
is unlikely to mimic the full range of effects of paclitaxel on mitosis. Al-
though some portion of cell death and tumor regression in response to
paclitaxel treatment may arise as a consequence of mitotic arrest, this is
clearly not the only mechanism by which paclitaxel exerts its effects.
However, these newer antimitotic agents may still be able to mimic
the chromosome missegregation caused by paclitaxel if dosed continu-
ously at low levels. This effect occurs, for example, from partial loss of
polo-like kinase 1 activity (51).

In higher concentrations of paclitaxel, cells frequently slip out of mi-
tosis into G; without segregating their chromosomes or completing cy-
tokinesis, to produce a tetraploid cell with two centrosomes. After
centriole duplication in S phase, this can result in the formation of
multipolar spindles. However, patient tumors treated with paclitaxel show
multipolar spindles without supernumerary centrosomes. Additionally,
only two of seven Cal51 cells that initially established multipolar
spindles were able to focus these to become bipolar. Together, these data
suggest that multipolar spindles in clinically relevant doses of paclitaxel
occur as a consequence of a failure to efficiently cluster de novo spindle
poles rather than because of mitotic slippage.

Recently, two groups used state-of-the-art, high-resolution intravital
imaging to observe mitosis in xenograft or isograft tumors (52, 53). This
is a powerful technique that permits visualization of cell division and
death before, during, and after treatment with chemotherapy. By using
a photoconvertible fluorophore, the same cells can be marked and im-
aged over multiple days (53). Hopefully, this powerful technique can
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now be applied to mammary tumors containing clinically relevant con-
centrations of paclitaxel.

This study is limited by the small number of patients and the acqui-
sition of biopsies at a single time point after paclitaxel administration.
Future studies of paclitaxel concentrations in breast cancer will ideally
include a time course of biopsies to determine the kinetics of drug re-
tention in breast tumor tissue. Larger sample sizes will permit a more
robust test of the prevalence of multipolar spindles/divisions and
whether this correlates with patient response to paclitaxel.

Understanding the mechanism of taxane therapy is crucial to make
rational improvements in cancer treatments targeting mitosis. Many ef-
forts have focused on new drugs that elicit mitotic arrest and slippage
(54). Our data suggest, instead, that new antimitotics might optimally be

A DNA NuMA y-Tubulin

designed to dysregulate mitosis without eliciting prolonged arrest.
Moreover, our study indicates that taxane resistance is primarily related
to an enhanced ability to withstand irregular chromosome segregations.
Thus, identifying tumors that are more or less susceptible to missegre-
gation is the key to selection of patients who will and will not benefit
from paclitaxel.

MATERIALS AND METHODS

Study design

This was a six-subject nonrandomized study of paclitaxel effect on hu-
man breast cancer and on breast cancer cell lines MDA-MB-231 and
Cal51. The patient sample size was se-
lected to provide a sufficient number of
replicates for sampling intratumoral drug
concentrations. All subjects had newly di-
agnosed breast cancer for which neoadju-
vant chemotherapy was recommended
per standard of care. Subjects received initial
chemotherapy with paclitaxel (175 mg/m®)
dosed every 2 weeks with filgrastim sup-
port. Biopsy was obtained 18 to 22 hours
after start of the first infusion. After four
cycles of paclitaxel, follow-up imaging or
exam was performed to assess response to
therapy, and patients continued with stan-
dard anthracycline-based chemotherapy
before surgery. One patient was excluded
from tissue analysis because of insufficient
sample collected by biopsy. The objectives
were to measure intratumoral paclitaxel
concentrations and effects on mitosis and
cell proliferation and compare with re-
sponse to treatment.

DAPI NuMA y-Tubulin

Patients

Patients who volunteered were enrolled in
a clinical trial specifying the treatment,
biopsy, and analysis plan. The protocol
was approved by the University of Wis-

3

40-

Multipolar spindles (%)

201

consin Health Sciences Institutional Re-
view Board, ID 2010-0357, assigned
UWCCC (University of Wisconsin Com-
prehensive Cancer Center) protocol num-
ber 0S10103, conducted in accordance
with the ethical standards established in
the 1964 Declaration of Helsinki and regis-
tered on ClinicalTrials.gov (NCT01263613).
All subjects provided written informed
consent before enrollment. Patients were

3 Pretreatment
A Post-paclitaxel

Pt1 Pt3 Pt4 Pt5

Fig. 5. Paclitaxel causes multipolar spindles in patient tumors. (A) Inmunofluorescence of patient tu-
mors reveals additional spindle poles, indicated by NuMA staining. Not all poles contain y-tubulin. Asterisks
in bottom row denote misaligned chromosomes, which occur even on bipolar spindles. Scale bar, 2.5 um. (B)
The incidence of multipolar spindles, defined as containing more than two NuMA foci, increased in every
patient after paclitaxel treatment. Samples sizes for patients 1, 3, 4, 5, and 6, respectively, are 9, 9, 25, 53, and
19 mitotic cells before treatment and 11, 31, 29, 35, and 26 mitotic cells after paclitaxel treatment.
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Pt6 enrolled if they had previously untreated

locally advanced breast cancer for which
neoadjuvant chemotherapy was indicated.
All subjects received four cycles of standard-
dose paclitaxel (175 mg/mz) infused over
3 hours with biopsy and treatment as outlined
in Fig. 2A. Biopsies and serum collection
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were scheduled for 20 hours after initiation of paclitaxel infusion. Ac-
tual times between initiation of paclitaxel infusion and tumor biopsies
in hours:minutes were 21:06, 19:14, 19:54, 19:39, 18:41, and 19:42 for
patients 1 to 6, respectively. There were no major complications from
protocol therapy.

Cell culture

MDA-MB-231 and Cal51 breast cancer cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% (v/v) fetal bovine
serum, 2 mM L-glutamine, and penicillin/streptomycin (50 pg/ml) at
37°Cand 5% (Cal51) or 10% (MDA-MB-231) CO,. RFP-tagged histone
H2B and GFP-tagged a-tubulin were stably integrated into MDA-MB-231
cells by transfection in a pBabe vector, and into Cal51 cells by lentiviral
infection (Millipore LentiBrite). Single clones were isolated with cloning
cylinders (MDA-MB-231) or by single-cell sorting (Cal51). All paclitaxel
and MG132 used in cell culture were dissolved in DMSO. Final con-
centration of DMSO in medium was 0.1%. Chromosome spreads and
immunofluorescence were performed as in (25). Staining was per-
formed with antibodies to a-tubulin (YL1/2; Serotec) and Golgin-97
(Life Technologies).

Thymidine block

Cells (1 x 10° per well) were seeded in 12-well plates. After 24 hours,
thymidine (2.5 mM for MDA-MB-231 and 5 mM for Cal51) * indi-
cated concentrations of paclitaxel was added. Seventy-two hours after
drug treatment, cells were collected and scored by trypan blue exclusion.

High-performance liquid chromatography

Cells in 10- and 15-cm (5 nM paclitaxel condition only) dishes were
treated with the indicated concentrations of paclitaxel in 20-ml total vol-
ume (50 ml for 15 cm). After 20 hours, cells were pelleted, resuspended
in 1 ml of ddH,0, and stored at —80°C. Thawed cells were sonicated in
water, and patient biopsies were homogenized in water before ap-
plication to the column. Cell, tumor biopsy, or patient plasma sam-
ples were applied to C18 Bond Elut solid-phase extraction columns
(Agilent). Paclitaxel was eluted from the Bond Elut columns with
acetonitrile. Solvent was removed with a SpeedVac, and samples were
reconstituted in 100 ul of HPLC mobile phase. Analysis was performed
by monitoring the signal of a 50-pl injection at 227 nm during an
isocratic elution with 60% of 35 mM acetic acid and 40% acetonitrile
on an analytical HPLC instrument (Waters system equipped with
Waters 996 photodiode array detector, Empower 2 software, and a Waters
Nova-Pak C18 4-um 4.6 X 150-mm column).

Immunohistochemistry

Five-micrometer sections of formalin-fixed, paraffin-embedded tissue
sections were subjected to antigen retrieval in citrate buffer, serum-blocked,
and stained with rabbit anti-NuMA antibody [a gift from D. Compton
(55)], y-tubulin (Sigma), Ki67 (Dako), cytokeratin (to mark epithelial
cells; Abcam), and/or pH3 (Cell Signaling) antibodies overnight at 4°C.
Alexa Fluor-conjugated secondary antibodies (Invitrogen) were used.
DNA was stained with DAPL

Microscopy

Images were acquired on a Nikon Ti-E inverted microscope with focus
drift compensation with a CoolSNAPHQ2 camera driven by Nikon
Elements software. Images are single z planes acquired with a 100x/1.4
numerical aperture (NA) (Fig. 4A) or a 20x/0.1 NA objective (Fig. 2G

and fig. S5A). Multipolar spindle examples were acquired with high-
dynamic range imaging and a 100x/1.4 NA objective. Images in
Fig. 5A and fig. S3 are maximum projections from 0.2-um z-stacks col-
lected with a 100x/1.4 NA objective after deconvolution with the AQI
3D Deconvolution module in Elements. Overlays were generated in
Photoshop.

For phase-contrast time-lapse analysis, cells were placed under 10%
CO, flow at ~30 ml/min in a heated chamber at 37°C. Images were
acquired at 10-min intervals with a 10x/0.13 NA objective. For fluores-
cence time-lapse analysis, five 2.5-um (MDA-MB-231) or seven 2-um
(Cal51) z planes were acquired every 2 min with a 60x/1.4 NA objective.
Maximum projections of in-focus planes (MDA-MB-231) or the max-
imally focused single z plane (Cal51) were assembled in Elements, ex-
ported as .jpg files, and converted to .mov files in QuickTime. Cal51 cells
were treated with paclitaxel for 20 hours before observation.

Statistical analysis

Statistical analysis was performed with Mstat 5.5 software (http://www.
mcardle.wisc.edu/mstat/index.html). Sample sizes were chosen on the
basis of previously published work. Outliers were determined using
Grubbs’ method and excluded from analysis. Two outliers were re-
moved from the data in Table 3 (one measurement of Cal51 + 10 nM
and one measurement of MDA-MB-231 + 10 uM paclitaxel were re-
moved). Fixed data analysis was blinded by concealment of slide labels.
P values are listed in table S2.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/229/229ra43/DC1

Fig. S1. Mitotic index is >15-fold elevated between 16 and 32 hours after paclitaxel administration
in breast cancer cells in culture.

Fig. S2. Clinically relevant concentrations of paclitaxel cause abnormal mitoses in MDA-MB-231
cells.

Fig. S3. Clinically relevant doses of paclitaxel do not disrupt Golgi structure.

Fig. S4. Clinically relevant doses of paclitaxel do not cause substantial cell death in interphase.
Fig. S5. The proliferative index in patient tumors is unchanged by paclitaxel treatment.
Table S1. Paclitaxel measurements in patients by tumor volume.

Table S2. Statistical P values from Figs. 3 and 4.

Video S1. Normal bipolar division in a control Cal51 breast cancer cell.

Video S2. Abnormal division in a Cal51 cell treated with 10 nM paclitaxel.

Video S3. Abnormal division in a Cal51 cell treated with 10 nM paclitaxel.

Video S4. Normal division in an MDA-MB-231 cell.

Video S5. Abnormal division in an MDA-MB-231 cell treated with 5 nM paclitaxel.

Video S6. Abnormal division in an MDA-MB-231 cell treated with 10 nM paclitaxel.
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