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Abstract

Paclitaxel (Taxol) is a cornerstone of cancer treatment. However, its mechanism of cytotoxicity 

is incompletely understood and not all patients benefit. We discovered that breast cancer patients 

did not accumulate sufficient intratumoral paclitaxel to induce mitotic arrest. Instead, clinically 

relevant concentrations induced multipolar mitotic spindle formation. However, the extent of early 

multipolarity did not predict patient response. While multipolar divisions frequently led to cell 

death, multipolar spindles focused into bipolar spindles prior to division at variable frequency, and 

maintaining multipolarity throughout mitosis was critical to induce the high rates of chromosomal 

instability necessary for paclitaxel to elicit cell death. Increasing multipolar divisions in paclitaxel 

resulted in improved cytotoxicity. Conversely, decreasing paclitaxel-induced multipolar divisions 

reduced paclitaxel efficacy. Moreover, we discovered that pre-existing chromosomal instability 

sensitized breast cancer cells to paclitaxel. Both genetic and pharmacological methods of inducing 

chromosomal instability were sufficient to increase paclitaxel efficacy. In patients, pre-treatment 

chromosomal instability directly correlated with taxane response in metastatic breast cancer, such 

that patients with a higher rate of pre-existing chromosomal instability showed improved response 

to taxane. Together, these results support the use of baseline rates of chromosomal instability as 

a predictive biomarker for paclitaxel response. Furthermore, they suggest that agents that increase 

chromosomal instability or maintain multipolar spindles throughout mitosis will improve the 

clinical utility of paclitaxel.

One Sentence Summary:

Paclitaxel cytotoxicity in breast tumors depends on multipolar spindle maintenance and pre

existing chromosomal instability.

Introduction

Paclitaxel is the founding member of the taxane family of microtubule stabilizing drugs, 

and is used clinically as anti-mitotic chemotherapy to treat a variety of cancers, including 

breast, ovarian, and lung (1). In breast cancer, paclitaxel is a cornerstone of treatment and is 

used for primary and metastatic tumors of all subtypes (2). Paclitaxel can be administered 

preoperatively (neoadjuvant) or postoperatively (adjuvant) and is delivered as a single agent 

prior or subsequent to anthracycline chemotherapy (3). There are two standard-of-care 

dosing regimens for patients with primary breast cancer receiving paclitaxel therapy. Patients 

either receive four doses of 175 mg/m2 paclitaxel every other week or 12 weekly doses of 

80 mg/m2 paclitaxel. The results of a large clinical trial (SWOG S0221) suggested that both 

regimens are equally effective (4). Similar doses and schedules are used in the metastatic 

cancer setting. However, only about 50% of breast cancer patients display tumor regression 

following paclitaxel treatment (5). There is currently no clinically used biomarker to predict 

patient response to paclitaxel, underscoring the importance of further mechanistic studies.

Despite the long history of paclitaxel use, its mechanism of therapeutic response remains 

controversial (6). A range of paclitaxel concentrations have been tested in cell culture, with 

most studies focusing on high concentrations that cause cell death due to mitotic arrest 

resulting from activation of the mitotic checkpoint [also known as the spindle assembly 
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checkpoint (7)]. It was widely assumed that mitotic arrest was necessary for the therapeutic 

action of paclitaxel; however, other drugs developed to cause mitotic arrest have been largely 

ineffective in patients due to an inadequate therapeutic window, including drugs targeting 

Aurora kinase A, Eg5/kinesin spindle protein, and Polo-like kinase 1 (6). Moreover, 

paclitaxel-induced mitotic arrest does not correlate with tumor response in preclinical 

allograft studies in mice (8) or in human breast cancer patients (9). These observations 

suggest that paclitaxel exerts antitumor effects through mechanisms other than unresolved 

mitotic arrest.

We recently discovered that breast cancer patients receiving 175 mg/m2 paclitaxel have 

intratumoral concentrations of paclitaxel too low to cause mitotic arrest in patient tumors 

or cell models (10). High doses of paclitaxel (5 μM) cause supraphysiological intracellular 

drug concentrations and mitotic arrest, and increase the mitotic index ≥15 fold over baseline. 

In contrast, low nanomolar, clinically relevant concentrations of paclitaxel do not cause 

mitotic arrest and only increase the mitotic index ~3 fold (10). In all primary breast tumors 

examined, paclitaxel increased the percentage of multipolar, as distinct from normal bipolar, 

mitotic spindles (10). In cell culture, mitotic divisions on multipolar spindles resulted in 

a relatively brief mitotic delay, chromosome missegregation, aneuploid daughter cells, and 

increased cell death (10, 11). Thus, we proposed that paclitaxel exerts its anti-cancer effects 

by causing chromosome missegregation on multipolar spindles. In this study we address 

whether low-dose, weekly paclitaxel also induces multipolar spindles without mitotic arrest. 

Verifying this mechanism provides crucial insight necessary to elucidate why some tumors 

respond to paclitaxel, whereas others are resistant.

About 50% of breast tumors exhibit chromosomal instability, an ongoing rate of 

chromosome missegregation that generates heterogenous aneuploid cells (12, 13). The 

rate of chromosomal instability dictates cell viability (14-17). Low rates of chromosomal 

instability can be advantageous to tumor cells, since ongoing changes in genomic content 

provide variable karyotypes that allow cells to survive under various selective pressures 

(12, 18, 19). However, high rates of chromosomal instability cause cell death and tumor 

suppression, likely due to loss of both copies of an essential chromosome (20, 21) or 

the antiproliferative effects of aneuploidy-induced stress (22). In patients, high rates of 

chromosomal instability are associated with improved prognosis (23-25). Since 175 mg/m2 

paclitaxel induces multipolar spindles without mitotic arrest, and multipolar spindles elevate 

chromosomal instability (10, 11), we propose that paclitaxel exerts its anti-cancer effects by 

increasing chromosomal instability over a maximally tolerated threshold. Moreover, breast 

cancers that exhibit chromosomal instability prior to therapy may be poised to respond to the 

increase in chromosomal instability caused by paclitaxel.

Results

Both 80 mg/m2 and 175 mg/m2 paclitaxel result in similar intratumoral concentrations in 
primary breast cancers

To determine whether multipolar mitotic spindles without mitotic arrest were fundamental 

for the efficacy of paclitaxel and were therefore caused by 80 mg/m2 as well as 175 mg/m2 

paclitaxel, we enrolled patients in an ongoing clinical trial in which patients with newly 

Scribano et al. Page 3

Sci Transl Med. Author manuscript; available in PMC 2022 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diagnosed primary breast cancer were treated with standard-of-care weekly low-dose (80 

mg/m2) paclitaxel as a single agent. Enrolled patients were female with treatment naïve 

HER2-negative breast cancer, and consented to have timed research biopsies and blood 

tests. Patients with HER2-positive tumors were excluded from this study to eliminate the 

confounding variable of concurrent therapy with a HER2-targeted antibody. Data from the 

first 15 patients enrolled are reported here (ages 37-62, median 50; table S1). One patient 

withdrew from the study and three patients were evaluated for a subset of endpoints due to 

insufficient biopsy material (2) or deviation from treatment protocol (1).

The trial design is depicted in Fig. 1A. After diagnostic core needle biopsy, tumors were 

measured by ultrasound before patients received 12 weekly doses of 80 mg/m2 paclitaxel 

infused over 1 hour. A second core biopsy and blood draw were obtained 20 hours 

after initiation of the first infusion of paclitaxel. This timepoint was selected because 

cultured breast cancer cells mount a robust mitotic arrest to high doses of paclitaxel 

at 20 hours, showing ≥15 fold increase in mitotic index as compared to vehicle-treated 

cells (10). Therefore, we expected that mitotic arrest would also be evident in patient 

tumors at 20 hours. After 12 doses of 80 mg/m2 paclitaxel, tumors were measured 

again by ultrasound. Tumor response was evaluated by measurement of the largest tumor 

diameter at baseline and after paclitaxel therapy, according to Response Evaluation Criteria 

in Solid Tumors (RECIST) 1.1 guidelines (26). After paclitaxel treatment and tumor 

imaging, patients received 4 cycles of the DNA damaging drugs Adriamycin/doxorubicin 

and cyclophosphamide (AC) and surgery, with the order at the discretion of the treating 

physician.

Quantification of paclitaxel concentrations in patient samples revealed that intratumoral 

concentrations ranged from 0.34 to 3.43 μM 20 hours after the first dose of 80 mg/m2 

paclitaxel, which extends the lower limit of the clinically relevant range measured after 175 

mg/m2 paclitaxel [1.1-9.0 μM; Table 1, (10)]. Plasma concentrations of paclitaxel 20 hours 

after the first infusion ranged from 0.011 to 0.094 μM in our patient cohort (Table 1), in 

agreement with previous measurements (27) and similar to what was observed after 175 

mg/m2 paclitaxel (10). The degree of intratumoral accumulation of paclitaxel ranged from 9- 

to 172-fold (Table 1), consistent with its known uptake variability.

Mimicking the appropriate intratumoral concentration in cell lines was complicated by 

the fact that paclitaxel accumulates intracellularly to varying extents depending on the 

cell type and concentration used (10, 28, 29). Therefore, identifying the concentration of 

paclitaxel with which to treat cells in order to achieve a clinically relevant intracellular 

concentration required measurements over a range of concentrations in each cell line. Liquid 

chromatography followed by tandem mass spectrometry (LC-MS/MS) was used to identify 

clinically relevant ranges of paclitaxel in MDA-MB-231 triple negative breast cancer cells 

and MCF10A nontransformed breast epithelial cells, as well as in commonly used cellular 

models including HeLa cervical cancer cells and h-TERT immortalized retinal pigmented 

epithelial (RPE-1) cells (table S2). As expected based on previous results (10, 28, 29), 

the degree of intracellular paclitaxel concentration varied from 32-fold to 1360-fold based 

on cell type and the dose of paclitaxel administered. Low nanomolar doses of paclitaxel 
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recapitulated clinically relevant intracellular paclitaxel concentrations in each of these cell 

lines (table S2).

Paclitaxel induces multipolar spindles without mitotic arrest in primary breast cancer

To determine whether 80 mg/m2 paclitaxel induces mitotic arrest or, like 175 mg/m2 

paclitaxel, multipolar mitotic spindles without mitotic arrest, tumor core biopsies acquired 

before and after paclitaxel therapy were analyzed by immunofluorescence (Fig. 1B). Before 

paclitaxel therapy, the majority of mitotic cells displayed a normal bipolar mitotic spindle 

(Fig. 1, B top and C). At 20 hours after 80 mg/m2 paclitaxel treatment there was a 

substantial increase in multipolar mitotic cells in all patient cancers examined (Fig. 1, B 

bottom and C), with increases ranging from 25-60% (Fig. 1C, paired t test p≤0.001). This 

substantial increase in multipolar spindles was accompanied by only modest effects on 

the percentage of cells in mitosis (mitotic index; Fig. 1D). Thus, both standard doses of 

paclitaxel induce multipolar spindles without mitotic arrest in patient tumors.

Multipolar spindles induced by paclitaxel focus into bipolar spindles with variable 
frequency

Division of duplicated chromosomes into >2 daughter cells on a multipolar spindle typically 

results in massive chromosome missegregation and inviable progeny (11). However, 

multipolar spindles often focus into bipolar spindles prior to chromosome segregation, 

which reduces chromosome missegregation rates and increases cell viability (11). Because 

spindle pole focusing could not be assessed in patient samples, which are fixed specimens 

that contain an insufficient observed number of cells in late stages of mitosis for accurate 

analysis, the propensity of paclitaxel-induced multipolar spindles to focus into bipolar 

spindles was assessed in MDA-MB-231 and Cal51 cells. These cells were selected because 

they are human triple negative breast cancer cell lines that lack expression of the estrogen 

receptor (ER) and progesterone receptor (PR) and do not overexpress human epithelial 

growth factor receptor 2 (HER2). Treatment with 10 nM paclitaxel resulted in a clinically 

relevant intracellular concentration in both MDA-MB-231 and Cal51 cells [as well as 

in MCF10A, RPE1 and HeLa cells; table S2; (10)]. Henceforth, all experiments using 

paclitaxel are at clinically relevant concentrations unless otherwise noted.

Consistent with the effects in patient tumors, 10 nM paclitaxel caused a substantial 

increase in multipolar spindles without inducing the peak mitotic index caused by higher 

concentrations of drug in all 5 cell lines (Fig. 1E and F, S1A to G). However, these cell lines 

differed in their ability to maintain paclitaxel-induced multipolar spindles (Fig. 1G, S1H to 

M). The percentage of spindle multipolarity increased as cells progressed from early stages 

of mitosis (prometaphase and metaphase) to later stages (anaphase and telophase) in MDA

MB-231 cells (Fig. 1G) and remained largely unchanged in RPE1 and HeLa cells (fig. S1L 

and M). Whereas MDA-MB-231 (as well as RPE1 and HeLa) cells maintained multipolar 

spindles throughout division, Cal51 and MCF10A cells appeared to focus paclitaxel-induced 

multipolar spindles during mitotic transit (Fig. 1G, S1K).

Timelapse microscopy confirmed the propensity of Cal51 cells to focus paclitaxel-induced 

multipolar spindles (fig S1 H and I, movie S1 to S3). Cal51 cells expressing fluorescent α
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tubulin and histone H2B (from transgenes or after CRISPR-mediated tagging of endogenous 

loci) to visualize microtubules and chromosomes respectively, were observed in the presence 

or absence of 10 nM paclitaxel. Whereas control Cal51 cells had bipolar spindles at 

anaphase onset and formed two daughter cells, in the presence of a clinically relevant dose 

of paclitaxel, most cells exhibited a transient multipolar spindle in the early stages of mitosis 

and approximately 40% of cells had a multipolar spindle at anaphase onset (fig. S1H and 

I). Although over a third of cells entered anaphase with a multipolar spindle, continued 

spindle focusing coupled with partial cytokinesis failure produced two daughter cells in 95 

± 2% (range 93-96%) of divisions. While control-treated Cal51 cells showed the typical 

striking spindle elongation during anaphase (movie S1), multipolar spindle elongation in 

the presence of paclitaxel was often quite abbreviated (movie S2) and/or followed by rapid 

spindle focusing (movie S3), impeding identification of multipolar anaphase and telophase 

cells in fixed analysis. Thus, though fixed analysis underestimates anaphase/telophase 

multipolarity, timelapse analysis confirms that, unlike MDA-MB-231 cells, Cal51 cells 

readily focus paclitaxel-induced multipolar spindles into bipolar spindles.

Persistent multipolarity causes paclitaxel-induced cell death

Next, we performed timelapse microscopy to track the fate of paclitaxel-treated cells. We 

noted that mitotic arrest, which is followed by death during mitosis or mitotic slippage to 

produce a tetraploid G1 cell, occurred very rarely in cells treated with clinically relevant 

concentrations of paclitaxel. Of all cells observed here, mitotic slippage occurred in 4 of 

1060 (0.38%), death from mitosis in 17 of 1060 (1.6%), and mitotic arrest with an unknown 

fate in 7 of 1060 (0.67%), while the remaining cells successfully transited mitosis and 

divided their chromosomes in anaphase after a relatively brief mitotic delay.

Given that the vast majority of cells successfully completed mitosis, we tracked the fate 

of daughter cells resulting from these divisions in DMSO-treated controls and in clinically 

relevant concentrations of paclitaxel using 72-hour timelapse microscopy. We categorized 

cells based on whether they exhibited only a normal bipolar spindle or at least transient 

multipolarity. Cells with multipolar spindles, whether transient or persistent, showed a 

higher frequency of daughter cell death than cells with only bipolar spindles (Fig. 1H). In 

order to determine if multipolar persistence led to cell death, cells with multipolar spindles 

were further subdivided based on the duration the multipolar spindle was maintained. Cells 

with the most persistent multipolar spindles maintained multipolarity throughout mitosis and 

produced three or more daughter cells. These divisions resulted in higher frequencies of 

daughter cell death than cells with a multipolar spindle that persisted until anaphase onset, 

but produced two daughter cells as a result of spindle pole focusing after anaphase onset 

and/or partial cytokinesis failure (Fig. 1H). These divisions resulted in higher frequencies 

of cell death than divisions with the lowest degree of multipolar persistence, which had a 

multipolar spindle in prometaphase that was subsequently focused into a bipolar spindle 

prior to anaphase onset and remained bipolar throughout anaphase and telophase to produce 

two daughter cells. Overall, multipolar divisions resulted in more cell death than bipolar 

divisions in both cell lines (Fig. 1H), although multipolar divisions were rarer in Cal51 

cells compared to MDA-MB-231 cells due to their increased propensity to cluster multipolar 

spindles.
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To disentangle the contributions of persistent multipolarity from the effects of a delayed 

mitosis on cytotoxicity, we treated MDA-MB-231 and Cal51 breast cancer cell lines 

and nontransformed breast epithelial MCF10A cells with concentrations of paclitaxel that 

yielded similar mitotic delays (fig. S2A). We found no significant difference in the duration 

of divisions that resulted in death of at least one daughter cell as compared to divisions 

that produced only viable daughter cells (fig. S2 B to D). When comparing multipolar 

spindle persistence and cell fate under these conditions, we again observed that multipolar 

divisions resulted in more cell death than bipolar divisions in all three cell lines (fig. S2E 

to G). Moreover, we found that multipolar spindles that were maintained longer in mitosis 

led to a higher rate of cell death compared to cells that focused multipolar spindles into 

bipolar spindles earlier in mitosis (fig. S2E to G). These data support the conclusion that 

persistent multipolarity that causes high rates of chromosome missegregation, rather than 

mitotic delay, is responsible for paclitaxel cytotoxicity.

Increasing multipolar divisions improves paclitaxel efficacy in breast cell lines

If chromosome division on multipolar spindles is important for the efficacy of paclitaxel, 

increasing paclitaxel-induced multipolar divisions should increase paclitaxel cytotoxicity. 

Two methods were used to increase multipolar divisions in Cal51 breast cancer cells, which 

readily cluster paclitaxel-induced multipolar spindles (Fig. 1G, S1, H and I). First, an 

inhibitor of the kinesin-like protein HSET/KifC1, which functions in spindle pole clustering 

in cells with and without centrosome amplification (30, 31), was used. Though Cal51 cells 

did not overexpress HSET (fig. S1J), inhibition of HSET activity with CW-069 (32) in the 

presence of paclitaxel was sufficient to increase multipolar spindles in late stages of mitosis 

without affecting early mitotic spindle polarity (Fig. 2, A to C, S3, A and B). Moreover, this 

combination substantially decreased cell viability and increased cell death when compared 

to cells treated with paclitaxel alone (Fig. 2, D and E, S3, C and D). Similar results were 

achieved with a second inhibitor of HSET, AZ82 (fig. S3, E to H).

As a second approach to increase multipolar divisions in paclitaxel, we genetically 

introduced centrosome amplification, which is known to induce at least transient multipolar 

spindles (11). For these experiments, we used nontransformed breast epithelial MCF10A 

cells, which have a low basal rate of centrosome amplification. Centrosome amplification 

was accomplished by tetracycline (tet)-inducible overexpression of Polo-like kinase 4 

(Plk4), the master regulator of centriole duplication (33, 34). Overexpression of Plk4 

produced centrosome amplification in a majority of cells over at least 10 days (fig. S4, 

A and B). In fixed cells, Plk4 overexpression increased multipolar spindles early in mitosis, 

but these had largely focused into bipolar spindles in anaphase and telophase cells (fig. 

S4, C to F). However, in a subclinical dose of paclitaxel (1 nM), centrosome amplification 

substantially increased the incidence of multipolar spindles both before and after anaphase 

onset, as compared to paclitaxel treatment alone (fig. S4, C to F). Timelapse analysis of 

MCF10A cells expressing histone H2B-mNeonGreen and mScarlet-tubulin (Fig. 3, A and 

B, movies S4 and S5) revealed that compared to paclitaxel treatment alone, centrosome 

amplification increased the incidence of multipolar spindles and the number of poles per 

spindle before (fig. S4, G and H), after (Fig. S4I), and at (Fig. 3C, S4J) anaphase onset. 

Importantly, death of cells treated with paclitaxel was dramatically increased by Plk4 
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overexpression and the resulting increase in multipolarity (Fig. 3, C to E). Although overall 

mitotic duration did not predict cell fate (fig. S4K), cells that spent more time after anaphase 

onset with multipolar spindles than bipolar spindles were particularly likely to die (Fig. 3E). 

Consistent with this, centrosome amplification substantially reduced the metabolic viability 

of parental MCF10A cells treated with a subclinical dose of paclitaxel (fig. S4L). Thus, 

increasing multipolar divisions via HSET inhibition or centrosome amplification sensitizes 

cells to paclitaxel.

Reducing multipolar divisions reduces paclitaxel cytotoxicity

If chromosome division on multipolar spindles is important for the efficacy of paclitaxel, 

reducing paclitaxel-induced multipolar divisions should decrease paclitaxel cytotoxicity. 

To test this, we used two strategies to reduce paclitaxel-induced spindle multipolarity 

in MDA-MB-231 human breast cancer cells, a majority of which underwent multipolar 

divisions when treated with clinically relevant concentrations of paclitaxel (Fig. 1G). The 

first strategy involved chemical inhibition of the kinase Monopolar spindles 1 (Mps1; also 

known as TTK). Multiple clinical trials aimed at determining whether Mps1 inhibition 

increases the efficacy of paclitaxel in solid tumors are currently ongoing (NCT03411161, 

NCT03328494, NCT02366949), providing a rationale to mechanistically examine this 

combination treatment. A pharmacological inhibitor of Mps1, reversine (35), reduced 

mitotic timing both in the absence and presence of paclitaxel (fig. S5A). Reversine treatment 

did not affect establishment of bipolar spindles in control cells or multipolar spindles in 

paclitaxel-treated cells (Fig. 4, A and B, S5B). However, inhibition of Mps1 substantially 

reduced the incidence of multipolar spindles in late stages of mitosis (Fig. 4A and C, S5C), 

suggesting that reversine impaired the maintenance of paclitaxel-induced multipolarity, 

permitting cells to form bipolar spindles. Timelapse microscopy of MDA-MB-231 cells 

expressing GFP-tubulin and RFP-histone H2B confirmed that Mps1 inhibition substantially 

reduced the number of spindle poles in MDA-MB-231 cells entering anaphase (Fig. 4D). 

Spindle poles continued to focus after initial chromosome separation at anaphase onset 

(fig. S5D), resulting in a substantial decrease in the number of daughter cells formed 

(Fig. 4E), including an increase in the formation of a single daughter cell from divisions 

in the combined treatment of paclitaxel and reversine (Fig. 4E). These single daughter 

cells almost exclusively resulted from spindle pole focusing after anaphase onset and/or 

cytokinesis failure, rather than from mitotic slippage, which was observed in only 2 of 224 

(0.89%) of cells. Consistent with a reduction in multipolar divisions and in chromosome 

missegregation, reversine treatment increased metabolic survival and decreased cell death in 

cells treated with paclitaxel (Fig. 4, F and G). Whole genome doubling as a result of single 

daughter cell formation may contribute to the buffering of chromosome missegregation in 

the combination treatment. A second Mps1 inhibitor, AZ3146 (36), also increased metabolic 

survival and colony-forming ability in cells treated with paclitaxel (fig. S5, E and F), 

decreasing the likelihood that the reduction in paclitaxel efficacy was due to off-target 

effects of reversine.

A second method of reducing paclitaxel-induced multipolar divisions involved upregulation 

of the mitotic checkpoint protein Mitotic Arrest Deficient 1 (Mad1), which is frequently 

observed in breast cancer and is associated with poor patient prognosis (37). We generated 
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MDA-MB-231 breast cancer cells stably expressing tet-inducible Mad1-YFP (38). 24 hour 

tet treatment induced uniform, clinically relevant Mad1 upregulation [fig. S6, A and B, (37, 

38)], which decreased the duration of mitosis (fig. S6C), without affecting the incidence 

of early mitotic spindle multipolarity in cells treated with paclitaxel (Fig. 5, A and B, 

S6D). However, Mad1-YFP expression substantially decreased the incidence of multipolar 

anaphase and telophase spindles in MDA-MB-231 cells treated with 10 nM paclitaxel 

(Fig. 5A and C, S6E) and reduced the number of daughter cells formed (Fig. 5D). While 

most divisions in MDA-MB-231 cells treated with paclitaxel produced 3 daughter cells, in 

paclitaxel-treated cells expressing Mad1-YFP most divisions resulted in 2 daughter cells 

(Fig. 5D). Although these divisions sometimes resulted in a single daughter cell, these 

single daughters exclusively resulted from spindle pole focusing after anaphase onset and/or 

cytokinesis failure, rather than from mitotic slippage, which was observed in 0 of 203 

cells analyzed. Hence, Mad1 upregulation had no impact on multipolar spindle formation 

early in mitosis but reduced the maintenance of multipolar spindles in MDA-MB-231 cells, 

resulting in fewer multipolar divisions and reduced chromosomal instability. Importantly, 

when treated with 10 nM paclitaxel, cells expressing Mad1-YFP showed decreased cell 

death (Fig. 5E) and increased metabolic viability and colony formation (Fig. 5F and S6F) as 

compared to isogenic MDA-MB-231 cells without Mad1 upregulation.

Consistent with these results in cell culture, expression of Mad1-YFP reduced the paclitaxel 

sensitivity of orthotopic MDA-MB-231 tumors in athymic nude mice treated with a 

clinically relevant dose of paclitaxel every other day for 5 days once tumors reached a 

minimum volume of 75 mm3 (1.19-2.28 μM after iv injection of 30 mg/kg paclitaxel; 

Fig. 5G, S6G). Tumors expressing Mad1-YFP were resistant to paclitaxel as compared to 

isogenic parental MDA-MB-231 cells with endogenous Mad1 expression. Whereas tumors 

expressing Mad1-YFP shrank by 31% over a period of 14 days and then grew to their 

original size by 18 days, parental tumors shrank by 53% over a period of 25 days and 

did not recover to their initial size given a period of 44 days (Fig. 5H, S6, H and 

I). Thus, reducing paclitaxel-induced multipolar divisions in MDA-MB-231 cells reduced 

chromosomal instability and decreased the cytotoxicity of paclitaxel in vitro and in vivo.

Pre-anaphase multipolarity is not predictive of paclitaxel patient response

Although cell culture experiments demonstrated that the maintenance of multipolar spindles 

in late stages of mitosis was critical for paclitaxel efficacy, patient samples cannot be 

assessed for multipolar spindle maintenance due to a lack of observed anaphase and 

telophase cells. In all patient samples, a large majority of mitotic cells identified both before 

and after paclitaxel treatment were in stages of mitosis prior to anaphase onset (96 +/− 

4%, mean +/− SD, range 88%−100%). This precludes determination of the prevalence of 

multipolar spindle focusing in fixed biopsy specimens.

In our analysis of predominately pre-anaphase mitotic cells, neither the overall incidence 

of spindle multipolarity achieved in response to paclitaxel nor the percent increase in 

multipolar spindles were predictive of patient response (fig. S7, A to D), likely because 

these spindles in early stages of mitosis could be subsequently focused into bipolar spindles 

with varying efficiency. As in our previous patient cohort treated with 175 mg/m2 paclitaxel 
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(10), response did not correlate with the intratumoral concentration of paclitaxel (fig. S7E). 

Ki67, which is used clinically as a measure of the proliferative ability of tumors, correlated 

with mitotic index (fig. S7F). However, neither pre-treatment Ki67 nor mitotic index before 

or after treatment correlated with tumor response (fig. S7, G to I) suggesting that, though 

a minimum amount of proliferation is likely necessary for paclitaxel response, above a 

minimal threshold of proliferation, additional factors dictate patient outcome. Thus, these 

characteristics are not sufficient to predict the response of individual tumors to paclitaxel 

and an additional metric(s) is necessary.

Chromosomal instability sensitizes breast cancer cells to paclitaxel

To test whether other mechanisms of chromosomal instability sensitize cells to paclitaxel, 

we increased chromosomal instability in Cal51 cells, which typically focus paclitaxel

induced multipolar spindles such that a majority of cells undergo bipolar divisions (Fig. 1G, 

S1, H and I), via two mechanisms. First, we inducibly upregulated Mad1-mNeonGreen (fig. 

S8, A to B). Whereas expression of Mad1 decreased chromosomal instability in paclitaxel

treated MDA-MB-231 cells by reducing the high percentage (>89%) of cells that underwent 

multipolar divisions (Fig. 1G, 5C), the incidence of multipolar divisions in paclitaxel-treated 

Cal51 cells was relatively low and unaffected by expression of Mad1-mNeonGreen (Fig. 6, 

A to C, S8, C and D). Although upregulation of Mad1 did not impact multipolar divisions 

in this cell type, it impaired mitotic checkpoint signaling which reduced mitotic timing 

and increased mitotic errors consistent with chromosome missegregation in the absence of 

paclitaxel, as expected (Fig. 6D, S8E). Expression of Mad1-mNeonGreen also increased 

mitotic defects indicative of chromosomal instability in the presence of paclitaxel in Cal51 

cells (Fig. 6D). Defects during anaphase and telophase primarily occurred on bipolar 

spindles (fig. S8, F to H). This increase in chromosomal instability increased paclitaxel 

sensitivity; Cal51 cells expressing Mad1-mNeonGreen had decreased metabolic viability 

and colony forming ability and increased cell death in paclitaxel as compared to cells 

without Mad1-mNeonGreen (Fig. 6, E and F, S8, I and J). Similar results were observed in 

DLD1 cells, which also primarily exhibited bipolar divisions when treated with paclitaxel 

(fig. S8, K to M).

We also induced chromosomal instability by inhibition of the plus-end directed kinesin 

CENtromere associated Protein E (CENP-E) with GSK923295 (39). Timelapse microscopy 

of cells with endogenously labeled histone H2B-mScarlet and α-tubulin-mNeonGreen (Fig. 

6, G to O) revealed that, as expected, control cells typically underwent a normal division 

(Fig. 6G), while CENP-E inhibition alone caused a substantial increase in misaligned 

chromosomes at or near spindle poles (Fig. 6H). 80% +/− 8.0% (mean +/− SEM) of cells 

treated with GSK923295 alone initially displayed misaligned chromosomes, though many of 

these ultimately aligned prior to anaphase onset (Fig. 6H and J to L). CENP-E inhibition did 

not affect the propensity of Cal51 cells to focus paclitaxel-induced multipolar spindles (Fig. 

6M and N). It did, however, substantially increase the frequency with which cells entered 

anaphase with misaligned chromosomes, as well as the number of misaligned chromosomes 

at anaphase onset, which increased chromosomal instablility over paclitaxel treatment alone 

(Fig. 6I and J to L). In addition to increased chromosomal instability, treatment of cells with 

GSK923295 and paclitaxel also increased cell death (O). Importantly, a formal Chou-Talalay 
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synergy test (40) confirmed that CENP-E inhibition is synergistic with clinically relevant 

doses of paclitaxel (table S3). Thus, two mechanisms of increasing chromosomal instability 

(Mad1 upregulation and CENP-E inhibition) increased sensitivity to paclitaxel.

Pre-treatment chromosomal instability sensitizes metastatic breast cancer to taxane 
treatment

To investigate the effect of chromosomal instability on the sensitivity of patient cancers to 

paclitaxel, we followed these promising results in cell culture with a retrospective analysis 

of patient samples. We identified 37 cases of metastatic breast cancer with measurable 

disease and available archived tissue that were treated with single agent taxane therapy. 

Patients either received paclitaxel (16 cases), albumin-bound paclitaxel (nab-paclitaxel; 17 

cases), or the paclitaxel analog docetaxel (4 cases). Patient characteristics are summarized 

in table S4. Response to taxane therapy was evaluated according to RECIST 1.1 guidelines 

[Fig. 7, A to C; (26)]. Rates of chromosomal instability prior to treatment were measured 

with interphase fluorescence in situ hybridization (FISH) using centromeric probes for 6 

different chromosomes. Chromosomal instability was quantified by calculating the average 

percentage of non-modal chromosomes [Fig. 7D, supplementary methods, (13)]. Taxane 

response did not correlate with breast cancer receptor subtype (Fig. 7C) or several variables 

previously suggested to influence taxane sensitivity, including β-tubulin III and phospho

glycoprotein 1 (P-gp1) expression (fig. S9). Samples from metastatic tumors were available 

in 21 cases, 11 of which also had matching tissue from the primary site. Only primary tumor 

samples were available in 16 cases. When including both primary and metastatic samples, 

we observed a direct correlation between pre-treatment chromosomal instability and taxane 

response, such that cancers with higher rates of chromosomal instability before therapy 

responded preferentially to taxane treatment (Fig. 7E). This correlation plot yielded a slope 

of −0.71%, meaning for every percent increase in non-modal chromosomes, response to 

therapy improved by 0.71%. Removal of the cases containing samples from only primary 

tumors reduced the sample size but yielded a stronger correlation with a slope of −0.93% 

(Fig. 7F). These results demonstrate that, in this cohort, metastatic breast cancers with 

higher baseline rates of chromosomal instability experienced greater tumor shrinkage in 

response to taxane therapy.

Discussion

Paclitaxel remains a cornerstone of breast cancer treatment, even with the introduction 

of targeted therapy and immune checkpoint inhibitors. Prior to our work, it was largely 

accepted that paclitaxel exerts its anti-cancer effects by causing mitotic arrest, as it does 

at typically used concentrations in cell culture. It is now clear that neither standard-of-care 

paclitaxel treatment regimen produces an intratumoral concentration that is sufficient to 

arrest breast cancers in mitosis. Instead, contrary to the expectation of the last several 

decades, the anti-cancer effects of both doses of paclitaxel are due to chromosome 

missegregation on multipolar spindles and not mitotic arrest.

Our data further demonstrated that clustering of multipolar spindles represents a major 

mechanism of paclitaxel resistance, while drug efflux pumps do not. Paclitaxel accumulated 
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in all tumor samples at 9- to 172-fold the concentration found in plasma (Table 1) and 

induced multipolar spindles in all samples (Fig. 1C). No correlation was observed between 

intratumoral paclitaxel concentration and patient response (fig. S7E). These data support 

the conclusion that resistance is due to multipolar spindle focusing rather than reducing the 

intratumoral concentration of paclitaxel. Tumor cells exhibit varying capacities to focus 

paclitaxel-induced multipolar spindles (Fig. 1G and S1H to M). Previous experiments 

have established that daughter cells arising from multipolar divisions that produce more 

than two cells are often inviable and rarely continue to proliferate (11, 30). Paclitaxel

induced multipolar spindles can be focused into bipolar spindles throughout mitosis (Fig 

1H, S2). However, increasing the duration of spindle multipolarity, particularly after 

anaphase onset, increased the likelihood of chromosome missegregation and cell death 

(Fig. 1H, 2 and 3, S2). Conversely, decreasing the time spindles spend in a multipolar 

state increased cell survival and decreased paclitaxel efficacy (Fig. 1H, 4, 5, S2). These 

data support the conclusion that multipolar spindle persistance contributes substantially to 

paclitaxel cytotoxicity. Consistent with this, down-regulation of the MTUS1 gene, which 

was associated with complete response to neoadjuvant chemotherapy that included taxane in 

three cohorts of breast cancer patients, increased the incidence of multipolar spindles in low

dose paclitaxel (41). Thus, treatments that prevent cells from focusing paclitaxel-induced 

multipolar spindles into bipolar spindles are likely to improve paclitaxel efficacy. In cells, 

inhibition of HSET increased multipolar spindle persistence and paclitaxel efficacy (Fig. 

2, S3), but HSET inhibitors suitable for in vivo use are not yet available. Low amounts 

of replication stress have also been shown to increase the incidence of paclitaxel-induced 

multipolar divisions in cell culture, suggesting this may be a method of potentiating 

paclitaxel efficacy translatable to patient tumors (42).

Although efforts have been made to identify a biomarker for paclitaxel, none have been 

implemented in the clinic, in part due to a limited – and erroneous – understanding of 

the mechanism of paclitaxel. The importance of paclitaxel-induced multipolar spindles is 

their ability to induce chromosomal instability. Genetic or pharmacological insults that each 

cause low, tolerated rates of CIN can be combined to increase the rate of CIN over a 

maximally tolerated threshold (14-17, 43). Multipolar divisions result in missegregation of 

multiple chromosomes, typically more than bipolar divisions with lagging or misaligned 

chromosomes (11). However, in cells that focused paclitaxel-induced multipolar spindles 

into bipolar spindles, further increasing the rate of chromosomal instability effectively 

increased sensitivity to paclitaxel (Fig 6, table S3). Importantly, pre-treatment chromosomal 

instability correlated with response to taxane in metastatic breast cancer, even without 

determining the ability of individual tumors to focus paclitaxel-induced multipolar spindles 

(Fig 7). Thus, these data strongly support the utility of pre-treatment chromosomal 

instability as a predictive biomarker for paclitaxel response and suggest that treatments that 

increase the rate of chromosomal instability will increase response to paclitaxel.

Surprisingly, inhibition of Mps1 – which abrogates the mitotic checkpoint and causes 

chromosomal instability in otherwise unmanipulated cells – decreased chromosomal 

instability and cell death in MDA-MB-231 cells treated with clinically relevant 

concentrations of paclitaxel due to a decrease in multipolar divisions (Fig. 4, S5). Previous 

preclinical studies, which typically used high concentrations of paclitaxel we now recognize 
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to be above the clinically relevant range, have found that Mps1 inhibition sensitizes cells 

to paclitaxel (44, 45). Based on this, clinical trials aimed at determining whether Mps1 

inhibition increases the efficacy of paclitaxel in solid tumors are ongoing (NCT03411161, 

NCT03328494, NCT02366949). It is possible that Mps1 inhibition will sensitize cancer 

cells that focus paclitaxel-induced multipolar spindles by increasing the rate of chromosomal 

instability on bipolar spindles, similar to what we observed with Mad1 upregulation in Cal51 

and DLD1 cells and CENP-E inhibition in Cal51 cells (Fig. 6, S8, table S3). However, the 

variability in spindle focusing among cancers may present an unexpected challenge when 

combining Mps1 inhibitors with paclitaxel that prevents this approach from being uniformly 

successful.

We previously showed that Mad1 upregulation causes resistance to high concentrations 

of microtubule poisons, including paclitaxel, that cause mitotic arrest (37). We now 

understand that these concentrations are supraphysiological. At clinically relevant doses 

of paclitaxel, the differential impact of Mad1 upregulation on paclitaxel sensitivity in Cal51 

and MDA-MB-231 cells was initially surprising. The differing ability of these cell lines 

to focus paclitaxel-induced multipolar spindles offers a unifying explanation, in which 

Mad1 upregulation increases chromosomal instability in paclitaxel-treated Cal51 cells but 

decreases chromosomal instability in paclitaxel-treated MDA-MB-231 cells (Fig. 5, 6). 

Discovery of the cell-intrinsic mechanisms used to focus paclitaxel-induced multipolar 

spindles is an important area for future research that will permit further mechanistic insight.

There are several limitations to our study. Our primary cohort is relatively young (median 

age 50), in part due to a relatively high proportion of triple negative patients, and consists 

of predominately white, non-Hispanic or Latino patients. The retrospective metastatic study 

was underpowered to validate a predictive biomarker and chromosomal instability does not 

explain all of the patient-to-patient variation in response in this cohort. We have considered 

three possible explanations. First, this may be because of modifying roles of other factors, 

including proliferation rate, p-glycoprotein, and β-tubulin III expression, though we did not 

find that these correlated with response in our dataset (fig. S9). Multipolar spindle clustering 

is likely to be a key additional factor in determining taxane response that could be used to 

improve a chromosomal instability-based biomarker. Given that centrosome amplification 

increased maintenance of paclitaxel-induced multipolar spindles in MCF10A cells (Fig. 

3), centrosome amplification prior to therapy may impair focusing of paclitaxel-induced 

multipolar spindles and provide an additional predictor of response. Our recently developed 

method to quantitate centrosome amplification in circulating tumor cells from metastatic 

breast cancer patients (46) may be useful in this regard. Second, FISH is limited by sampling 

errors, sectioning artifacts, and analysis of only a subset of chromosomes. In the future, 

more comprehensive measures of cell-to-cell variation in chromosomes, like single-cell 

sequencing, may provide more accurate measures of chromosomal instability. Third, in this 

retrospective study, we were unable to control for prior treatments, site of biopsy, type 

of taxane used, and other sources of biologic variation such as breast cancer subtype or 

hormone receptor status. Therefore, we regard this as proof-of-principle that chromosomal 

instability relates to taxane reponse which accords with the laboratory experiments and 

mechanistic insights obtained from timed tumor biopsies after paclitaxel. Future studies 
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of a larger homogenous cohort of patients will permit a more robust test of chromosomal 

instability as a predictive biomarker.

In conclusion, paclitaxel uniformly increases multipolar spindles in breast cancers. Focusing 

of paclitaxel-induced multipolar spindles is a major mechanism of paclitaxel resistance, and 

identification of agents that maintain paclitaxel-induced multipolarity is of high priority to 

improve the clinical utility of paclitaxel. Cancers with a pre-existing rate of chromosomal 

instability are more sensitive to taxanes than chromosomally stable cancers, and our findings 

provide support that pre-treatment chromosomal instability can be used as a predictive 

biomarker of paclitaxel response. Such a biomarker would substantially improve patient 

outcomes by sparing non-responders paclitaxel-associated toxicities and reducing delays in 

receiving effective treatment.

Materials and Methods

Study Design

This is an ongoing study of the mechanism of paclitaxel in human breast cancer. The 

objectives were to determine clinically relevant paclitaxel concentrations and their effects 

on mitosis, chromosomal instability, cell proliferation, and response to treatment. These 

objectives were addressed by measurement of intratumoral and intracellular paclitaxel 

concentrations, immunofluorescence analysis of patient biopsies and cell lines treated with 

clinically relevant concentrations of paclitaxel (unless otherwise noted), orthotopic studies, 

FISH, and quantification of patient response according to RECIST 1.1 guidelines (26). All 

data presented here have been replicated in three mice (six tumors) or in 2-5 biological 

replicates for cell culture experiments. The patient sample size was selected to provide 

a sufficient number of biopsies for sampling intratumoral drug concentrations, effects on 

mitosis, cell-to-cell variation in chromosome copy number, and patient response. Fixed data 

analysis was blinded by concealment of slide labels. Cell samples and mice were assigned 

randomly to experimental groups. Data collection for each experiment is detailed in the 

respective figures, figure legends, and methods. Data for experiments where n < 20 are 

included in data file S1.

80 mg/m2 paclitaxel study

Patients who volunteered to participate in the 80mg/m2 paclitaxel study were enrolled in 

a prospective trial at the UW Carbone Cancer Center specifying the treatment, biopsy, 

and analysis plan. The protocol was approved by UW Health Sciences Institutional 

Review Board, ID 2016-1489, assigned UWCCC protocol number UW16106, conducted 

in accordance with the ethical standards established in the 1964 Declaration of Helsinki 

and registered on clinicaltrials.gov (NCT03096418). Patients were enrolled if they had 

previously untreated locally advanced breast cancer for which neoadjuvant chemotherapy 

was indicated. Subjects received four cycles of 80 mg/m2 paclitaxel, per standard-of-care, 

with biopsy and treatment as outlined in Fig. 1A. A research biopsy was obtained 18–22 

hours after start of the first infusion. After four cycles of paclitaxel, follow-up ultrasound 

imaging was performed to assess response to therapy and patients continued with surgery 

and anthracycline-based chemotherapy, per physician discretion. Data analysts were blinded 
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from patient response information until the study was completed and all data had been 

collected. Patient response was evaluated by an independent board-certified breast imaging 

radiologist who was blinded from the results of the study objectives. One patient withdrew 

and 3 patients were excluded from specific endpoints because of insufficient sample 

collected by biopsy (2) or deviation from treatment protocol (1). There were no major 

complications from protocol-mandated research biopsy.

Metastatic taxane study

We identified patients who were treated with a taxane-based regimen for metastatic breast 

cancer and then identified those with measurable disease. For these cases, response to 

taxanes was assessed by manual review of CT imaging following RECIST 1.1 criteria 

(26). Next, all cases with available archived tissue were identified and selected for analysis 

of potential biomarkers of paclitaxel as described. The protocol was approved through 

waiver of consent by UW Health Sciences Institutional Review Board, ID 2015-1584, 

assigned UWCCC protocol number UW15089, and conducted in accordance with the ethical 

standards established in the 1964 Declaration of Helsinki.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism, R, or Mstat 6.4.2 software (http://

www.mcardle.wisc.edu/mstat/index.html). Student’s t-tests (two-tailed) were used to assess 

significance, unless otherwise noted. The Sen-Adichie test for parallelism was used for MTT 

assay growth curves (Fig. 2D, 4F, 5F, 6E and S4L) and mouse orthotopic growth curves (Fig. 

5H, S6H-I), Wilcoxon rank sum test was used in Fig. 3E, a Mann-Whitney test was used in 

Fig. S8J, and simple linear regression was used for correlation plots (fig. S7C-I). The lines 

in Fig. 7 and S9 were fit using least squares regression in the R computing language, version 

3.6.3. Other statistical parameters including the number of cells analyzed and the number of 

replicates are reported in the respective figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Clinically relevant concentrations of paclitaxel cause multipolar spindles without mitotic 
arrest in breast cancer patients and cells.
A) Schematic showing trial design. Research biopsies were obtained prior to paclitaxel 

treatment and 20 hours after the first dose of paclitaxel. AC = Adriamycin and 

cyclophosphamide. **indicates that surgery could occur before or after AC, per physician 

recommendation. B) Representative images of bipolar (top) and multipolar (bottom) mitotic 

cells in patient tumors before and after paclitaxel treatment. Mitotic cells were identified 

based on DNA morphology and the presence of a mitotic spindle, labeled by Nuclear 

Mitotic Apparatus protein (NuMA), which localizes to spindle poles. Pan-cytokeratin was 

used to discriminate between breast epithelial (tumor) cells and stroma. Scale bar, 5 μm. 

C-D) Mitotic effects of 80 mg/m2 paclitaxel treatment in primary breast cancer patients. 

Quantification of (C) multipolar mitotic spindles, defined as containing >2 NuMA foci, and 

(D) mitotic index before (open circle) and after (arrowhead; the direction indicates increase 

or decrease) paclitaxel treatment. D, n≥500 cells. For assessment of multipolar spindles 

in C, mitotic cell sample sizes for patients are 113, 41, 100, 101, 106, 79, 75, 35, 6, 24, 

106, 86, and 116 cells, respectively, pre-treatment and 109, 100, 104, 103, 108, 103, 27, 

63, 11, 30, 110, 102 and 101 cells, respectively, after treatment. Samples from patients 
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5 and 10 could not be analyzed due to insufficient tumor tissue collected by biopsy and 

withdrawal of consent, respectively. E) Images of mitotic spindles with the indicated number 

of poles in MDA-MB-231 cells after treatment with 10 nM paclitaxel. F) Quantification 

of mean mitotic index +/− SEM. n≥300 cells from each of 3 independent experiments. G) 
Quantification of multipolar spindles (mean +/− SD) in Cal51 and MDA-MB-231 cells prior 

to anaphase onset (n≥100 cells in each of 3 replicates) and in anaphase and telophase (n≥50 

cells in each of 3 replicates) in response to 10 nM paclitaxel. H) Quantification of percent 

daughter cell death from long term timelapse microscopy. n≥50 daughter cells in each of 2 

replicates. *P<0.05.
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Fig. 2: Elevating the incidence of multipolar divisions in paclitaxel via HSET inhibition increases 
cytotoxicity.
A) Images of bipolar (top) and multipolar (bottom) anaphase cells. Scale bar, 5 μm. 

B-C) Percent of multipolar pre-anaphase, and anaphase/telophase spindles in Cal51 cells 

following treatment with paclitaxel and the HSET inhibitor CW-069. Mean percentage +/− 

SEM of mitotic cells with multipolar spindles prior to anaphase (B, n≥ 100 cells in each of 

3 replicates) and after anaphase onset (C, n≥ 50 anaphase and telophase cells in each of 3 

biological replicates). D-E) MTT absorbance and percentage of dead cells after treatment of 

Cal51 cells with paclitaxel and CW-069. D) Mean absorbance +/− SEM from MTT viability 

assays with 10 nM paclitaxel and 50 μM CW-069. n=3. E) Mean percentage +/− SEM of 

dead cells measured by trypan blue exclusion assay. n=3. *P<0.05. ns=not significant.
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Fig. 3: Increasing the incidence of multipolar divisions through Plk4-induced centriole 
amplification increases paclitaxel cytotoxicity.
72-hour timelapse analysis of Plk4 inducible MCF10A cells expressing histone H2B

mNeonGreen and mScarlet-tubulin. A-B) Still images of (A) control cell undergoing 

bipolar division which produces two viable daughter cells (see Movie S4) and (B) 

Plk4 inducible cell undergoing a multipolar division in the presence of paclitaxel with 

eventual pole focusing, resulting in the formation of two daughter cells, one of which 

subsequently dies (see Movie S5). Arrows indicate daughter cells formed after division. 

White arrows indicate viable daughter cells. Yellow arrow indicates daughter cell that dies 

after division. Time is indicated in hours:minutes. Scale bar, 5 μm. C-D) Quantification 

of cells observed by timelapse microscopy. C) Mean percentage +/− SEM of cells with 

multipolar spindles at anaphase onset. n=91 control, n=86 paclitaxel, n=95 +doxycycline 

(Plk4), and n=83 paclitaxel+doxycycline (Plk4) cells from four independent replicates. D) 

Mean percentage of cell death +/− SEM during timelapse. n=167 control, n=111 paclitaxel, 

n=176 +doxycycline (Plk4), and n=146 paclitaxel+doxycycline (Plk4) daughter cells from 

four independent replicates. E) Ratio of time spent after anaphase onset with a multipolar 

versus bipolar spindle. Each dot represents a single cell. Gray dots indicate daughter cells 

that died during the imaging period. *P<0.05. **P<0.001.
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Fig. 4: Reducing multipolar divisions by Mps1 inhibition decreases the cytotoxicity of paclitaxel.
A) Representative images of bipolar (top) and multipolar (bottom) telophase cells. Scale 

bar, 5 μm. B) Percentage (mean +/− SD) of pre-anaphase cells with multipolar spindles 

in MDA-MB-231 cells upon Mps1 inhibition and paclitaxel tretment. n≥100 cells in each 

of 3 independent replicates. C) Mean percentage +/− SEM of anaphase and telophase 

cells with multipolar spindles in MDA-MB-231 cells upon Mps1 inhibition and paclitaxel 

treatment. n≥50 anaphase and telophase cells from each of 3 independent replicates. D-E) 

Quantification of 24 hour timelapse analysis of MDA-MB-231 cells stably expressing 

RFP-histone H2B and GFP-tubulin at 3 minute intervals. (D) Spindle polarity at anaphase 

onset. Data represent mean +/− SEM of two movies. n=65 and 68 cells in paclitaxel 

and paclitaxel+reversine conditions, respectively. (E). Number of daughter cells formed 

following mitosis in MDA-MB-231 cells after paclitaxel and reversine treatment. Data 

represent mean +/− SEM of three movies. n=101 and n=94 divisions in paclitaxel and 

paclitaxel+reversine conditions, respectively. F) Mean absorbance +/− SEM from MTT 

metabolic viability assay. n=3. G) Cell death (mean +/− SEM) in MDA-MB-231 cells 

following treatment with reversine and paclitaxel, as measured by trypan blue exclusion 

assay. n=4. *P<0.05. **P<0.001. ns=not significant.
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Fig. 5: Reducing multipolar divisions by upregulating Mad1 in MDA-MB-231 cells decreases the 
cytotoxicity of paclitaxel in vitro and in vivo.
A) Representative images of bipolar (top) and multipolar (bottom) anaphase cells. Scale 

bar, 5 μm. B-C) Cells were treated with vehicle, tet to induce Mad1, 10 nM paclitaxel, 

or tet and paclitaxel. B) Mean +/− SEM of the number of spindle poles in pre-anaphase 

cells. n≥100 cells from each of 3 replicates. C) Mean +/− SEM of spindle pole number in 

anaphase and telophase cells. n≥50 anaphase and telophase cells in each of 3 independent 

experiments. D) Quantification of the number of daughter cells formed after mitotic division 

in 10 nM paclitaxel, with and without Mad1 upregulation, assessed by bright-field timelapse 

microscopy. Data represent the mean +/− SD of two movies. n=65 divisions for paclitaxel 

alone and n=83 divisions for paclitaxel + Mad1 upregulation. E) Mean +/− SEM of cell 

death, as assessed by trypan blue exclusion assay. n=4. F) Relative MTT survival assay 

(mean +/− SD) over 8 days. n=3. G) Schematic of orthotopic experiment. Mice injected with 

parental or Mad1-YFP inducible MDA-MB-231 cells were treated with 30 mg/kg paclitaxel 

(gray arrows) every other day for five days once tumors reached a minimum volume of 

75 mm3. H) Percent change (mean +/− SEM) in tumor volume after paclitaxel treatment 

(arrows). n=6 tumors per treatment condition. *=p<0.05. **=p<0.001. ns=not significant.
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Fig. 6: Increasing chromosomal instability sensitizes Cal51 cells to paclitaxel in vitro.
A) Representative images of a normal bipolar anaphase (top) and a bipolar anaphase with 

evidence of chromosome missegregation (lagging chromosome, bottom). Scale bar, 5 μm. 

B-F) Cells were treated with vehicle, tet to induce Mad1, 10 nM paclitaxel, or tet and 

paclitaxel. Mean percentage +/− SEM of multipolar spindles prior to anaphase (B, n≥100 

cells in each of three biological replicates) and after anaphase onset (C, n≥ 50 anaphase 

and telophase cells in each of three biological replicates). D) Quantification of the incidence 

of total mitotic defects observed by fixed analysis. n≥50 anaphase and telophase cells in 

each of five biological replicates. E) MTT survival assay. Data represent the mean +/− 

SEM from three biological replicates. F) Cell death (mean +/− SEM), measured using 

trypan blue exclusion assays. n=3. G-O) Cal51 cells treated with vehicle, CENP-E inhibitor 

GSK923295, 5 nM paclitaxel, or both. G-I) Still images from timelapse analysis of Cal51 

cells with fluorescent chromosomes and microtubules due to endogenous tagging of histone 

H2B with mScarlet and α-tubulin with mNeonGreen, respectively. Time is indicated in 

hours:minutes. Scale bar, 5 μm. G) Normal bipolar division. H) Division in GSK923295, 

in which a misaligned chromosome, indicated by a yellow arrow, aligns prior to anaphase 

onset. I) Division in combination of 5 nM paclitaxel and 50 nM GSK923295 in which the 
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prometaphase spindle contains multiple spindle poles (indicated by white arrows), focuses 

into a bipolar spindle prior to anaphase onset (time 3:20) and enters anaphase in the presence 

of multiple misaligned chromosomes (yellow arrows). Both daughter cells die by 4:30 (red 

arrows). J-N) Quantitation of mitotic defects at anaphase onset (J), number of misaligned 

chromosomes at anaphase onset (K), percentage of cells with misaligned chromosomes 

in prometaphase and at anaphase onset (L), and spindle polarity before (M) and at (N) 

anaphase onset. O) Percent daughter cell death. Data represent the mean (+/− SEM) from 3 

48-hour movies. *P<0.05. **P<0.001. ns=not significant.
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Fig. 7: Pre-treatment chromosomal instability directly correlates with taxane response in 
metastatic breast cancer patients.
A-B) Representative patient tumor responses to paclitaxel. Yellow arrows indicate tumors. 

A) Progression of a hormone receptor-positive liver metastasis. B) Marked improvement 

of a mediastinal lymph node. C) Waterfall plot showing treatment response to taxane 

therapy in a cohort of 37 metastatic breast cancer patients treated with singleagent taxane. 

Color indicates breast cancer receptor subtype; hormone receptor positive (HR+), triple 

negative (triple neg), or human epithelial growth factor receptor 2 positive (HER2+). D) 

Representative FISH images showing probes for centromeres 3, 7, and 9. The average 

percent non-modal chromosomes was used as a measure of chromosomal instability. E-F) 

Correlation of pre-treatment chromosomal instability with response to taxane treatment. 

Response cutoff was determined by RECIST 1.1 criteria (26), and is indicated by a gray line. 

E) Data from primary as well as metastatic tumor (51 total) sites. Slope = −0.71%, meaning 

per percent increase in non-modal chromosomes, tumor size was reduced by an estimated 

0.71%. F) Data from 29 exclusively metastatic sites. Slope = −0.93%.
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Table 1:
Paclitaxel concentration measurements in patient tumors.

Intratumoral and plasma paclitaxel concentrations were measured by HPLC analysis 20 hours after the first 

dose of paclitaxel. Paclitaxel was quantified per tumor volume. Paclitaxel was not determined (ND) in the 

tumor biopsies for patients 5 and 12 due to insufficient tumor tissue collected by biopsy. Patient 10 withdrew 

consent.

Patient [plasma paclitaxel,
μM]

[Intratumoral
paclitaxel, μM]

Degree of
concentration

1 0.023 1.07 47x

2 0.040 0.34 9x

3 0.030 0.80 27x

4 0.027 0.57 21x

5 0.031 ND -

6 0.020 3.43 172x

7 0.013 1.55 119x

8 0.011 0.53 48x

9 0.020 0.63 32x

11 0.038 0.57 15x

12 0.040 ND -

13 0.094 1.67 18x

14 0.048 0.52 11x

15 0.035 1.20 34x
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