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Microtubule-poisoning drugs, such as Paclitaxel (or Taxol, PTX), are powerful and commonly used anti-neoplastic 
agents for the treatment of several malignancies. PTX triggers cell death, mainly through a mitotic arrest following the 
activation of the spindle assembly checkpoint (SAC). Cells treated with PTX slowly slip from this mitotic block and die by 
mitotic catastrophe. However, cancer cells can acquire or are intrinsically resistant to this drug, posing one of the main 
obstacles for PTX clinical effectiveness. In order to override PTX resistance and increase its efficacy, we investigated both 
the enhancement of mitotic slippage and the block of mitotic exit.

To test these opposing strategies, we used physiological hyperthermia (HT) to force exit from PTX-induced mitotic 
block and the anaphase-promoting complex/cyclosome (APC/C) inhibitor, proTAME, to block mitotic exit. We observed 
that application of HT on PTX-treated cells forced mitotic slippage, as shown by the rapid decline of cyclin B levels and 
by microscopy analysis. Similarly, HT induced mitotic exit in cells blocked in mitosis by other antimitotic drugs, such as 
Nocodazole and the Aurora A inhibitor MLN8054, indicating a common effect of HT on mitotic cells. On the other hand, 
proTAME prevented mitotic exit of PTX and MLN8054 arrested cells, prolonged mitosis, and induced apoptosis. In addi-
tion, we showed that proTAME prevented HT-mediated mitotic exit, indicating that stress-induced APC/C activation is 
necessary for HT-induced mitotic slippage.

Finally, HT significantly increased PTX cytotoxicity, regardless of cancer cells’ sensitivity to PTX, and this activity was 
superior to the combination of PTX with pro-TAME. Our data suggested that forced mitotic exit of cells arrested in mitosis 
by anti-mitotic drugs, such as PTX, can be a more successful anticancer strategy than blocking mitotic exit by inactivation 
of the APC/C.
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Introduction

Paclitaxel (PTX), a taxane that was originally isolated from 
the Pacific yew, belongs to a family of drugs known as mitotic 
poisons.1 PTX is one of the most commonly used drugs for the 
treatment of several human malignancies, including breast, ovar-
ian, lung, Kaposi sarcoma, and head and neck cancers.2,3 PTX 
cytotoxic activity relies on the molecule ability to bind reversibly 
tubulin, with a net effect of microtubule hyperstabilization.2 The 
following inhibition of microtubules dynamics leads to the activa-
tion of the spindle assembly checkpoint (SAC), which prompts a 
persistent mitotic arrest. Cells sensitive to the action of PTX will 
not be able to satisfy the SAC and eventually will slip through 
mitosis by a mechanism known as mitotic catastrophe, an event 
biochemically characterized by slow and steady degradation of 

one of the anaphase-promoting complex/cyclosome (APC/C) 
substrates, cyclin B.4,5 The mechanism of this degradation in the 
presence of an active SAC is not yet understood; however, it is well 
established that as soon as levels of cyclin B (among other APC/C 
substrates) drop below a threshold, cells exit mitosis in an aberrant 
G

1
 stage as micronucleated. These cells often fail the next round 

of cell division by undergoing apoptosis, necrosis, or senescence.6-8 
The mitotic slippage and subsequent catastrophe seems to be in 
competition with the apoptotic machinery that instead prompts 
cell death directly from mitosis.9-11 Thus, a cell treated with PTX 
will eventually succumb to mitotic slippage or apoptosis.

Mutations in these pathways, which are necessary for mitotic 
cell death, as well as defects in the SAC and cell cycle regula-
tion, are among the most common causes of PTX resistance.12-14 
Indeed, up to 50% of cancer patients are resistant or become 
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resistant to PTX during drug administration.15-17 Therefore, it is 
compelling to overcome taxane resistance or to find alternative 
therapeutic strategies that would kill tumor cells more efficiently 
than taxanes. Over the past decades great translational effort 
has been directed toward the development of drugs that target 
the mitotic spindle assembly or function (such as Eg5, Aurora, 
Plk1, or cyclin-dependent kinases). Such drugs have shown scarce 
efficacy in clinical application in spite of outstanding results in 
preclinical studies.18-23 Thus, despite of the toxicity and high resis-
tance rates, taxanes are a mainstay in the clinical landscape.24

In order to overcome resistance mechanisms and more effi-
ciently kill tumor cells, it was recently proposed to target mitotic 
exit.25-28 Therefore, we decided to compare two opposing strat-
egies to synergize with PTX and potentially circumvent PTX 
resistance, one that would cause mitotic exit and another that 
would enhance the mitotic block.

As first strategy, we forced mitotic exit using physiologi-
cal hyperthermia (HT, also referred as heat shock) to promote 
mitotic slippage from PTX-induced mitotic block. We observed 
that mild hyperthermia (1–2 h at 42 °C) induced an exit from 
mitosis, in agreement with reported effects of hyperthermia on 
the disruption of microtubules network and microtubule orga-
nizing centers.29 These results prompted us to further investigate 
the efficacy of HT to efficiently induce mitotic exit from the 
drug-mediated mitotic arrest.

Physiological hyperthermia (39.5–45 °C) has been used 
as enhancer of radiotherapy and of many chemotherapeutic 
agents,30 including PTX,31-33 with limited toxicity to normal tis-
sues.34 Hyperthermia is mainly applied locally, regionally, inter-
stitially, or to the whole body according to the tumor type, stage, 
depth, localization, and presence of spread metastatic disease.35 
The interest for the use of hyperthermia in cancer treatment arose 
more than 30 years ago, but its application in clinics has been 
limited, until recent years, mainly due to the lack of appropriate 
equipment.36 Another reason for the hesitancy toward the use of 
hyperthermia, alone or as PTX sensitizer, can be attributed to 
conflicting outcomes of preclinical studies.31,37-39 However, these 
differences can be explained by the substantial variations in the 
HT protocols applied (e.g., temperature, length of HT treat-
ment, concentration, and length of PTX exposure).

As a second and alternative strategy of mitosis manipula-
tion, we decided to block mitotic exit. This approach was cho-
sen based on recent findings indicating that block of mitotic exit 
downstream of the SAC, by Cdc20 silencing, efficiently killed 
mitotic cells.27 Cdc20 silencing caused SAC-independent cell 
death by apoptosis from mitosis, which would seem optimal to 
circumvent PTX resistance by defective SAC.27 For these rea-
sons, to block mitotic exit, we opted for the pharmacological 
inhibition of the APC/C with a previously characterized inhibi-
tor, proTAME.40

Since manipulation of mitotic block seems to be a promising 
approach to kill cancerous cells, in this paper we attempted to 
answer the questions: What is the best strategy to induce mitotic 
death, by extending the mitotic block or by enhancing mitotic 
exit? Which one would synergize best with antimitotic drugs? Our 
results, produced on several cell lines, including PTX-resistant 

breast cancer cells, suggest that forced mitotic exit could be the 
preferred strategy to elevate cytotoxic effect of PTX treatment.

Results

Hyperthermia (HT) forces mitotic catastrophe in PTX 
arrested cells

Recent studies have suggested that targeting the mitotic block 
in cells treated with antimitotic drugs can elevate chemotherapy 
efficacy.27 We decided to test this model by identifying condi-
tions to induce mitotic exit. We found that HEp2 cells treated 
with PTX, were rapidly exiting mitosis after HT application. 
Microscopy analysis showed that, after undergoing HT treat-
ment, cells were forced out of mitosis as micronucleated rather 
than apoptotic (Fig. 1, right panel), while cells that were exposed 
to PTX for 18 hours (h) at 37 °C were blocked in mitosis (Fig. 1, 
central panel). Next, we examined several conditions (Fig. 1B) 
in which we tested PTX washout (W) and several time points 
of post-HT recovery at 37 °C (R). We observed that the forma-
tion of micronuclei (MN) did not occur immediately after HT 
application; it started at 2 h and was completed by 4 h of HT 
recovery (Fig. 1B and C). The maximal HT effect, measured as 
MN percentile, was observed after exposing cells to PTX for 12 h, 
stressed by HT for 2 h, and released for 4 h at 37 °C. Almost no 
MN and/or apoptosis were detected in samples that were treated 
for the same time with PTX only. At 18 h of PTX treatment, cells 
were still blocked in mitosis as shown by DNA staining (Fig. 1A), 
analysis of morphology (Fig. 1B), and immunofluorescence stain-
ing (Fig. 1C). Our results indicated that HT forced mitotic exit of 
PTX-treated cells toward mitotic slippage/catastrophe, resulting 
in formation of MN. Similar results were obtained whether PTX 
was washed or remained in culture media during HT and recovery 
(Fig. 1B), suggesting that the presence of PTX in the media is not 
necessary for HT-induced mitotic slippage. We also observed that 
post-stress recovery at 37 °C is necessary to complete the slippage 
process, as (1) minimal MN formation was observed immediately 
after HT application, and (2) extended time of HT treatment 
did not result in MN formation (not shown), indicating that HT 
recovery is a prerequisite to the exit process.

HT forces mitotic exit of cells treated with anti-mitotics by 
activating mitotic catastrophe

To test whether HT-induced mitotic exit is unique in cells 
treated with the microtubule hyperpolymerizer PTX or occurs in 
presence of other anti-mitotic drugs, we decided to test the Aurora 
A kinase inhibitor MLN805441 and the microtubule-depolymer-
izing agent Nocodazole (Noc). Cells were first treated with these 
drugs for 15 h and then were exposed to HT for 2 h at 42 °C 
and returned at 37 °C for additional 4 h. We chose to monitor 
cyclin B levels, as an APC/C substrate, to follow mitotic dynam-
ics. Our analysis revealed that HT triggered degradation of this 
protein in cells arrested in mitosis by all three antimitotic drugs 
(Fig. 2A). In addition, we did not observe substantial apoptosis 
elevation in post-HT cells, as marked by the absence of cleaved 
Poly [ADP-ribose] polymerase 1 (PARP, Fig. 2A). These findings 
were confirmed by microscopy analysis of mitotic index (MI), 
apoptosis, and MN. Application of HT forced cells arrested in 
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mitosis by any of these drugs (see 15 h time points, Fig. 2B) 
to exit mitosis as micronucleated rather than apoptotic (see 
15 h + HT + R 4 h time points, Fig. 2B). The mitotic index 
in these samples strikingly dropped compared with the pre-
HT samples or to cells that were kept at 37 °C for the same 
treatment times, where very little apoptosis and MN were 
observed (see 21 h time points, Fig. 2B). These results indi-
cate that HT significantly shortens the time of mitotic block 
regardless of the anti-mitotic drug used.

proTAME delays mitotic exit of cells treated with anti-
mitotics and prompts apoptosis

To test the effects of a prolonged mitotic arrest, we 
decided to employ proTAME, a small-molecule inhibitor of 
the APC/C,40 which we expected to prevent mitotic slip-
page in cells treated with anti-mitotic drugs. HEp2 cells 
were treated with PTX or MLN8054 for 18 and 8 h, respec-
tively, which were the times of highest mitotic accumulation 
according to cell cycle and mitotic index analyses (Fig. S1). 
proTAME was then added for 6, 12 and 18 h, timings 
which caused maximal mitotic arrest in proTAME-treated 
cells (Fig. S2). Addition of proTAME to cells pre-treated 
with PTX and MLN8054 caused a further accumulation of 
these cells in mitosis, as shown by slowed cyclin B degrada-
tion (Fig. 3A; Fig. S3A and B) and increase of the mitotic 
index (Fig. 3B). As expected, proTAME prevented mitotic 
exit by mitotic slippage as shown by the decrease of MN 
in PTX-treated cells. Next, we analyzed mitotic timing of 
cells treated with PTX and MLN8054 and in combination 
with proTAME. Average mitotic times of cells exposed to 
PTX and MLN8054 alone were 378 and 215 min, respec-
tively, compared with 56 min of untreated cells (Table S1). 
APC/C inhibition with proTAME combined with PTX and 
MLN8054 prolonged mitotic timings to 543 and 270 min, 
respectively (Fig. 3C; Table S1).

Our study revealed also that proTAME reduced mitotic 
slippage in PTX- and MLN8054-treated cells and acti-
vated apoptosis. The addition of proTAME increased the 
percentage of apoptotic events from 6.7 to 63.3% for PTX 
and from 0 to 22% in MLN8054-treated cells (Table S1). 
Interestingly, apoptosis occurred mainly in cells with the 
longest mitotic times (Fig. S3C).

proTAME blocks HT induced mitotic exit
Mitotic slippage occurs trough degradation of APC/C 

substrates, such as cyclin B.4,5,42 We showed that HT accel-
erated mitotic slippage in PTX-arrested cells, and that 
post-stress recovery at 37 °C is necessary to complete the 
slippage process, including cyclin B degradation. We next 
asked whether APC/C controls HT-mediated mitotic slip-
page. To answer this question, proTAME was added to 
HEp2 cells pre-treated with PTX for 12 h in absence of HT  
(Fig. 4, PTX + proTAME 5 or 6 h) or during 1 or 2 h of 
HT (Fig. 4, PTX + HT2h + proTAME 5 h or proTAME 
6 h). Microscopy analysis of MN and mitotic index (MI) 
(Fig.  4A) showed that proTAME prevented HT-induced 
micronucleation in PTX-treated cells (Figs.  1C and 2B). 
These results were confirmed by the study of cyclin B levels 

Figure 1. HT forces mitotic catastrophe in PTX-arrested cells. (A) DNA stain-
ing of HEp2 cells (control, left) treated with 10 nM PTX for 18 hours (h) at 37 °C 
(PTX) or treated with PTX at 37 °C for 12 h followed by a 42 °C HT for 2 h and 
returned at 37 °C for 4 h (PTX + HT + 4 h release). (B) Cellular morphology was 
analyzed to study the effects of PTX and HT. PTX treatment: 15 or 18 h, HT: 2 h, 
42 °C; R, release at 37 °C for 1–6 h; W, PTX washout. At least 500 cells per sample 
were counted, (SD ± 3). HT forces mitotic exit and induces micronucleation 
in PTX-arrested cells. (C) Detailed analysis of HT-induced mitotic catastrophe. 
Immunoflourescence staining of HEp2 cells treated as in (A); Lamin A, marker 
of nuclear envelope; H3 S10P, mitotic marker H3 phospho-serine 10.
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(Fig. 4B), where proTAME addition stopped the HT-mediated 
cyclin B degradation that we observed after HT exposure of cells 
arrested in mitosis by PTX (Fig. 2A). Our results indicated that 
APC/C-dependent proteolysis is required to achieve mitotic slip-
page/micronucleation in cells that underwent hyperthermia.

HT increases PTX cytotoxicity
We observed that HT forced mitotic slippage of PTX-treated 

cells, suggesting that HT increases drug cytotoxicity. Therefore 
we next sought to understand whether HT combined with PTX 
could trigger cell death in HEp2 cells. We compared cell via-
bility among cells that were treated with PTX and those that 
were exposed to HT at the end of PTX treatment. Cell expo-
sure to HT after PTX pre-treatment significantly increased cell 
death in colony formation assay (Fig. 5A) compared with PTX 
or HT alone. HT cytotoxic effect was much higher at the end of 
PTX treatment, when cells were arrested in mitosis, compared 
with HT application in the first 2 h of PTX treatment, when 
mitotic index is low. Our results suggest that treatment with HT 
is much more efficient when cells are accumulated in mitosis by 
anti-mitotic drugs (Fig. 1B), as this cell cycle stage is extremely 

sensitive to HT (Fig. 5A). In addition, we observed that applica-
tion of HT significantly decreased viability of cells resistant to 
PTX, such as the breast cancer cell line T47D43 (Fig. S4A).

Recent studies have proposed that targeting mitotic exit 
should be a more promising strategy to eradicate tumor cells.25-

28 Therefore we next sought to investigate which one of the two 
approaches would kill cells more efficiently: (1) forcing mitotic 
exit with HT or (2) prolonging the mitotic block with inhibition 
of APC/C. To this end, we employed the MCF-7 breast can-
cer cell line and an MCF-7-derivative line, which acquired PTX 
resistance.44 PTX alone was very efficient in killing more than 
80% of the MCF-7 parental cells but had only a marginal effect 
(11% death) in the resistant line (Fig. 5B). However, proTAME 
treatment alone resulted in minor cytotoxicity on both parental 
and resistant cell lines. The combination of PTX and 2 h HT 
had a significant effect on the resistant cell line viability, enhanc-
ing cell death from a mere 11 to 55% (Fig. 5B). On the oppo-
site, proTAME did not significantly enhance PTX-induced cells 
death of either parental or resistant cell lines (Fig. 5B). Similar 
results were produced when the effects of the 2 strategies on the 

Figure 2. In cells treated with anti-mitotic drugs, HT forces exit toward mitotic catastrophe. (A) Western blot analysis of PARP cleavage and cyclin B 
(CycB) in HEp2 cells treated for a total time of 21 h with paclitaxel (PTX), Nocodazole (Noc), or MLN8054, a selective Aurora A kinase inhibitor. After 15 
h of treatment some samples were exposed to 2 h heat shock at 42 °C (HT) and then returned to 37 °C for 4 h (R4h). Treatment with Doxorubicin and 
Etoposide induce apoptosis and were used as positive controls of PARP cleavage. (B) Average values for microscopy analysis of mitotic index, apoptosis, 
and mitotic catastrophe (as micronucleation). Microscopy analysis based on DNA morphology of HEp2 cells that were treated as in (A). At least 500 cells 
were counted for each sample in 3 independent experiments.
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survival of HEp2 cells were compared (Fig. S4B). These data 
suggest that forcing mitotic exit represents an efficient strategy 
to increase PTX cytotoxicity in cells that are either sensitive or 
resistant to PTX.

Discussion

Therapeutic strategies that interfere with mitotic progression 
have been successfully used for cancer treatment. Microtubules 

poisons, such as taxanes, are cytotoxic drugs that have proven 
their efficacy over the past 30 years in a number of malignancies. 
However, the clinical success of these agents is limited by toxicity 
and high resistance rates.

To address these issues, extensive work has been done to 
develop novel and targeted anti-mitotic agents. Drugs inhibiting 
mitotic kinases (Aurora, Plk1, and cycling dependent kinases) or 
kinesins yielded very promising results in cell culture.45 Yet, the 
clinical outcomes of these drugs are very disappointing due to 

Figure 3. proTAME delays mitotic exit of cells treated with anti-mitotic drugs. (A) Cyclin B stability evaluated in HEp2 cells treated with PTX (left panel) 
or MLN8054 (right panel) with or without the addition during the last 6, 12, or 18 h of treatment of the APC inhibitor proTAME at 12 μM by western blot 
analysis (see Fig. S3 for proTAME treatment dynamics). Graphs represent cyclin B values normalized over Actin and the control sample. (B) Mitotic index 
was evaluated by DNA staining to study the effects of 12 μM proTAME alone for 6 h, 10 nM PTX alone for 24 h, 4 μM MLN8054 for 14 h and 24 h PTX or 
14 h MLN8054, where proTAME was added for the last 6 h of treatment. Figure represents the average counts of 5 fields. (C) Left: scatter plots repre-
senting mitotic timing monitored by time-lapse microscopy of GFP-H2B HEp2 cells pre-treated with PTX for 12 h in presence or absence of proTAME (P 
value < 0.001, ± SEM). Right: scatter plots representing mitotic timing of GFP-H2B HEp2 cells pre-treated with MLN8054 for 8 h in presence or absence 
of proTAME (P value < 0.05, ± SEM).
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severe side effects and poor anticancer activity when compared 
with the taxane Paclitaxel (PTX).18-23

Besides the efforts toward novel drugs development, sev-
eral groups focused on understanding how we can predict the 
response to PTX and thus circumvent the resistance mecha-
nisms. Studies in cell lines demonstrated that the cell fate after 
exposure to PTX is extremely variable.9 The authors proposed 
that cells arrested in mitosis by PTX will eventually fall in one of 
two competing pathways: apoptosis or mitotic slippage.9,10 If we 
can understand how to push cells in one or the other direction 
from the PTX-induced mitotic block, we should be able to kill 
cancer cells more efficiently.

To this end, we investigated and compared 2 approaches: the 
first, forced exit from mitosis, and the second, preventing it.

To force mitotic exit, we used a short physiological hyper-
thermia (HT) as a trigger of mitotic slippage/catastrophe. It is 
well established that, in the presence of a mitotic 
stress or a mitotic poisonous drug (including 
PTX), the SAC temporarily blocks cells in mito-
sis; however, the mitotic exit cannot be prevented 
indefinitely. Thus, cells escape mitosis in presence 
of an active SAC by triggering apoptosis11,46,47 
or by a slow and steady degradation of APC/C 
substrates, including cyclin B, which leads to a 
form of mitotic exit known as mitotic slippage.48 
We observed that HT induced slippage in drug-
arrested mitotic cells, while cells exposed to 
antimitotic drugs alone were arrested in mitosis 
(Fig.  2). As well, HT marginally affected cells 
not treated with drugs. Interestingly, we found 
that HT promptly activated mitotic slippage in 
cells treated with 3 anti-mitotic drugs with dif-
ferent mode of action: the microtubule hyperpo-
lymerizer PTX, the microtubule depolymerizer 
Nocodazole (Noc), and the Aurora A inhibitor 
MLN8054 (Fig. 2). These results indicated that 
HT triggers mitotic exit independently from the 
modality of mitotic blockage and also emphasized 
mitosis as a HT-sensitive stage of cell cycle.

The accelerated slippage observed after HT 
can be explained by the disruption of the micro-
tubules network and microtubule-organizing cen-
ters (MTOC), as it was previously described29; 
indeed, we observed similar HT-induced struc-
tural changes in our experimental conditions (not 
shown). However, given the multitude of intra-
cellular targets of HT, microtubules collapse and 
MTOC/centrosome abnormalities may only par-
tially explain the HT-induced mitotic slippage. 
Indeed, similar dynamics of mitotic exit were 
observed in both heat shocked Noc-treated cells, 
where microtubules are depolymerized, and in heat 
shocked MLN8054-treated cells (Fig.  2), where 
centrosomes function is compromised,49 suggest-
ing that HT activates mitotic catastrophe by addi-
tional mechanisms.

We also observed that the recovery at 37 °C post-HT was 
necessary to induce mitotic slippage: at 4 h of recovery most of 
mitotic cells slipped into micronucleation (Fig. 1A and B), while 
extension of HT time did not induce mitotic catastrophe (not 
shown). This suggests that the mitotic exit process is most likely 
activated during HT, but must be executed during the post-stress 
recovery at 37 °C.

It is of great interest to understand the molecular mechanism 
leading to mitotic slippage. Our results indicate that cyclin B 
becomes promptly degraded during HT recovery, hinting to the 
APC/C participation. To understand whether HT-mediated slip-
page is APC/C dependent, we employed the APC/C inhibitor 
proTAME.40 We found that proTAME inhibited HT-induced 
mitotic slippage (Figs. 2 and 4), suggesting that APC/C activa-
tion by HT occurs without satisfaction of the SAC. The detailed 
mechanism of this activation can be the subject for future studies.

Figure 4. proTAME blocks HT induced mitotic exit. (A) Microscopy analysis based on DNA 
morphology of mitotic index (MI) and mitotic catastrophe (MN). HEp2 cells were treated 
with 12 μM proTAME for 5 and 6 h or 10 nM PTX for a total time of 18 h. After 12 or 13 h of 
PTX exposure proTAME was added and cells were heat shocked for 1 or 2 h at 42 °C and 
then returned to 37 °C for additional 4 h. A minimum of 1000 cells were counted for each 
sample. (B) Western blot analysis of cyclin B stability in cells treated as in (A). Addition of 
proTAME inhibits HT induced mitotic exit by micronucleation.
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As second strategy, we inhibited the APC/C to investigate 
the block of mitotic exit. proTAME extended the average mitosis 
times of cells treated with both PTX and the Aurora A inhibi-
tor (Fig. 3). Moreover, time-lapse microscopy experiments dem-
onstrated that proTAME activated apoptosis in combination 
with PTX or MLN8054 (Table S1). Noteworthy, this form of 
cell death was preferred in cells with prolonged mitotic arrest 
(Fig. S3C and Table S1).

Combination of these results allowed us to propose a model 
for drug-induced mitotic block manipulation, where application 
of hyperthermia/heat shock almost exclusively forces mitotic 
catastrophe, potentially via APC/C activation, while block of 
mitotic exit by APC/C inhibition can also activate apoptosis 
(Fig. 6).

Regarding the efficacy of the 2 opposing strategies, our results 
indicate that, at least in the cell lines studied, the activation of 
mitotic exit is favorable over the prolongation of the mitotic arrest 

to increase PTX cytotoxicity (Fig. 5; Fig. S4B). In addition, we 
showed that HT triggers mitotic slippage and re-sensitizes drug-
resistant cell to PTX (Fig. 5; Fig. S4A).

Since HT and PTX both target the microtubule net-
work, this combination has been investigated to treat can-
cerous cells.31,37,39,50,51 Both in vitro and in vivo studies proved 
that this combination induced a “thermal enhancement” 
for PTX cytotoxicity.31,50,51 In current clinical trials, PTX is 
administered with hyperthermic perfusion for the treatment 
of ovarian and lung cancers and gastrointestinal neoplasms  
(http://www.clinicaltrial.gov).

Our results suggest a novel combination of PTX/HT, where 
PTX (and potentially other antimitotic drugs) can be used in a 
“first phase” to arrest cancer cells in mitosis, and then HT can 
be used in a “second phase” of treatment to force mitotic exit and 
cell death. In the future, in vivo studies are necessary to support 
this concept, especially in light of a recent report that showed 

Figure 5. HT increases significantly PTX cytoxicity. (A) Colony formation assay of HEp2 cells treated with 10 nM PTX for a total time of 18 h with or without 
heat shock for 1 or 2 h at the end of PTX treatment or with 2 h HT at the beginning of PTX treatment (SD ± 3). (B) Survival assay of MCF7 cells, wild type 
(WT) and a taxane-resistant (TR) derivative,43 heat shocked as in (A) and treated with 12 μM proTAME alone or in combination with PTX (SD ± 3).
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decidedly lower mitotic index in response to PTX administra-
tion in xenograft settings compared with that achieved in cell 
culture.52 Although lower mitotic rates are observed in human 
specimens as well,53 the analysis of fine-needle aspiration biop-
sies of breast cancer patients demonstrated that the tumor 
mitotic index was increased up to 10-fold after PTX treatment 
and lasted up to 2–3 days after PTX administration.54 These 
results suggest that the combinatorial treatment regimen that 
we propose is feasible. Further studies of mitotic manipulation 
and pathways of mitotic cell death will help to rationally design 
novel combinatorial regimens for cancer treatment.

Materials and Methods

Cell culture and drugs treatment
HEp2 human larynx carcinoma and T47D human ductal 

breast epithelial tumor cell lines were cultured in Dulbecco 
modified Eagle medium (DMEM) supplemented with 10% 
fetal bovine serum, 2 mM glutamine and 100 U/mL peni-
cillin, and 100 μg/mL streptomycin (Gibco BRL) and grown 
in a humidified 5% CO

2
 incubator. MCF7 parental and PTX-

resistant were a kind gift from Dr. Parissenti and were cultured as 
previously described.44

Paclitaxel (PTX, Sigma) was added to a final concentration of 10 
nM . Aurora A selective inhibitor MLN8054 (Selleck) was used at 4 
μM. proTAME (Boston Biochem) was used at 12 μM. Nocodazole 
(EMD Millipore) was used at 10 μM. Doxorubicin and Etoposide 
(Sigma) were used at 5 μM and 100 μM, respectively.

Cell cycle analysis
HEp2 cells were incubated with drugs or DMSO for 8, 16, 24, 

and 32 h. Cells were trypsinized, washed, and gently resuspended 
in ice-cold 70% ethanol for 15 min on ice. Samples where than 
carefully washed and incubated with 125 μl of 1 mg/ml RNaseI 
at 37 °C for 15 min. For labeling, 125 μl of a 50 μg/ml prop-
idium iodide solution in of 1.12% (w/v) of sodium citrate were 
added to samples for at least 30 min at room temperature before 
analyzing on the flow cytometer.

Hyperthermia protocol
Cells were grown to 70–75% confluency on either 35 mm 

plates or on glass coverslips for immunofluorescence experiments. 
Cells with or without drugs were exposed at 37 °C or 42 °C for 
1 or 2 h. Cells were allowed to recover at 37 °C before fixation 
as indicated in specific experiments and stained for microscopy 
analysis or collected for protein analysis.

Microscopy analysis
Cells were fixed and stained with cell permeable Hoechst 

33342 (Sigma). Images were taken with a Leica DMI4000 B 
fluorescent microscope. At least 500 cells per condition were 
analyzed and categorized as mitotic, interphase, apoptotic, and 
micronucleated cells as described previously.43

Immunofluorescence
The procedure was previously described.55 As primary anti-

bodies H3 Phospho-Ser10 (Cell Signaling) and Lamin-A autoim-
mune antibodies56 were used in this study. Images were analyzed 
using a Leica TCS SP5 confocal microscope.

Western blot analysis

Protein samples were separated by 4–20% SDS-PAGE 
(Biorad), transferred to nitrocellulose membranes (Whatman) 
and blocked with 3% non-fat milk/PBS, 0.1% Tween (PBST). 
Primary antibodies cyclin B1 (Santa Cruz Biotechnology), Actin 
(Sigma), PARP-1 (Santa Cruz Biotechnology), and H3 Phospho-
Ser10 were diluted in 3% milk/PBST and incubated overnight 
at 4 °C. Membranes were then washed 3× with PBST for 1 h at 
RT with appropriate secondary antibody (Millipore; all 1:2500). 
Membranes were then washed with PBST and exposed using 
ECL reagent (Amersham, GE Healthcare). Cyclin B and actin 
western blots densitometry analysis was performed using the 
Quantity One software from Bio-Rad.

Survival assays
Cells were seeded for triplicates at 25 000 cells/well, in 6-well 

plates. Twenty-four hours later cells were exposed to drugs for the 
indicated times. Hyperthermia was applied for 1 or 2 h at 42 °C 
during the last hours of treatment unless differently indicated. 
Cells were then washed twice with PBS to remove drugs; fresh 
media was added; and cells were replaced at 37 °C. Five days 
later cells were trypsinized and counted in a hemacytometer by 
trypan blue exclusion. For the clonogenic assay cells were treated 
as above and then re-plated in triplicates at 1:1000 dilutions on 
6-well plates (Corning). Five to 7 days afterwards, colonies were 
stained with crystal violet and counted. Each experiment was 
repeated in triplicate at least 3 times.

Time-lapse microscopy
Time-lapse imaging of cells was performed as described before.57 
Briefly, HEp2 cells were stably transfected with GFP-histone 
H2B (gift from Dr Duane Compton, Dartmouth); cells were 
treated as described and analyzed by Leica TCS SP5 confocal 
microscope equipped with environmental chamber; images were 
taken every 6 min. Mitosis time was determined by chromatin 
condensation marked as late G

2
/prophase transition (start) and 

beginning of chromosome decondensation (end). Thirty to 50 
mitotic events were analyzed for each experimental condition. 
DNA morphology was also used to analyze mitotic outcome as 
normal division (D), apoptosis (A) or mitotic catastrophe (MC).

Figure 6. Model. Antimitotic drugs such as taxanes and Aurora A inhibitors 
have been developed and used to target and kill cancerous cells. However, 
chemotherapy resistance, both intrinsic and acquired, limits the efficacy 
of these drugs. We found that promoting mitotic exit by applying hyper-
thermia after exposing cancerous cells to antimitotic drugs, dramatically 
enhances cell death by mitotic catastrophe of either PTX sensitive or resis-
tant cells. Our results indicate that block of mitotic exit can trigger cell death 
by apoptosis. Thus, studies of mitotic manipulation will help to rationally 
design novel combinatorial regimens for cancer treatment.
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