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A B S T R A C T

Current microtubule-targeting agents (MTAs) remain amongst the most important antimitotic drugs used against
a broad range of malignancies. By perturbing spindle assembly, MTAs activate the spindle assembly checkpoint
(SAC), which induces mitotic arrest and subsequent apoptosis. However, besides toxic side effects and resistance,
mitotic slippage and failure in triggering apoptosis in various cancer cells are limiting factors of MTAs efficacy.
Alternative strategies to target mitosis without affecting microtubules have, thus, led to the identification of
small molecules, such as those that target spindle Kinesins, Aurora and Polo-like kinases. Unfortunately, these so-
called second-generation of antimitotics, encompassing mitotic blockers and mitotic drivers, have failed in
clinical trials. Our recent understanding regarding the mechanisms of cell death during a mitotic arrest pointed
out apoptosis as the main variable, providing an opportunity to control the cell fates and influence the effec-
tiveness of antimitotics. Here, we provide an overview on the second-generation of antimitotics, and discuss
possible strategies that exploit SAC activity, mitotic slippage/exit and apoptosis induction, in order to improve
the efficacy of anticancer strategies that target mitosis.

1. Introduction

Current antimitotic drugs consist mainly of microtubule targeting
agents (MTAs) which remain amongst the most successful of classical
chemotherapeutics [1]. The prototypical MTAs are paclitaxel and the
vinca alkaloid vinblastine used in the treatment of several cancers,
particularly breast, ovarian, non-small-cell-lung and head-and-neck
cancers [2]. By binding to tubulin, these spindle poisons affect micro-
tubule dynamics, impairing the formation of a functional bipolar
spindle. As a consequence, chromosomes of dividing cells cannot es-
tablish proper attachments to spindle microtubules, resulting in a
chronic activation of the spindle assembly checkpoint (SAC) and a
prolonged mitotic arrest for hours [3]. Mitosis-arrested cells eventually
die by apoptosis during mitosis. However, alternative outcomes can be
adopted including slippage and/or escape from cell death which, be-
sides toxicity and resistance associated with MTAs, have motivated the
emergence of new antimitotic strategies [4]. The SAC is at the heart of

existing and emerging antimitotic approaches. Thus, after a brief
overview on SAC mechanism of activation and silencing, we will discuss
the emerging strategies of mitosis-based therapies, pointing out possible
directions for novel strategies that exploit mitotic exit and apoptosis
circuits in order to increase opportunities for cancer cell death.

2. The spindle assembly checkpoint

During mitosis, driven by the activation of cyclin-dependent kinase
1 (CDK1) by cyclin B, the genomic material duplicated in the S phase of
the cell cycle is equally distributed between the newly formed daughter
cells [5]. Upon nuclear envelope breakdown (NEBD) at the prophase-
prometaphase transition, a dynamic interaction between chromosomes
and microtubules of the bipolar spindle is initiated to achieve chro-
mosome bi-orientation and alignment at the metaphase plate, prior to
segregation at anaphase.

Accurate chromosome segregation at anaphase relies on correct
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bipolar kinetochore-microtubules attachments, a process under the
surveillance of the SAC. The kinetochore, a specialized protein-rich
structure assembled on centromeric chromatin, is the point of attach-
ment of spindle microtubules to the chromosome, and is at the heart of
the SAC signaling pathways [6,7]. Unattached and/or improperly at-
tached kinetochores activate the SAC which halts cells in mitosis until
the errors are corrected. Failure to detect and correct erroneous at-
tachments can lead to precocious chromosome segregation and aneu-
ploidy, a hallmark of cancer cells [8–10].

Activation of SAC requires the hierarchical recruitment to un-
attached kinetochores of the core SAC proteins Bub1 (budding unin-
hibited by benomyl 1), Bub3, Bub1-related 1 (BubR1), mitotic arrest
deficiency 1 (Mad1), Mad2, monopolar spindle 1 (Mps1), and Aurora B.
At the top of this hierarchy lie the kinases Aurora B, Mps1, and Bub1,
whereas BubR1, Mad1, and Mad2 lie downstream [11]. Activation of
SAC requires the hierarchical recruitment to unattached kinetochores of
the core SAC proteins Bub1 (budding uninhibited by benomyl 1), Bub3,
Bub1-related 1 (BubR1), mitotic arrest deficiency 1 (Mad1), Mad2,
monopolar spindle 1 (Mps1), and Aurora B. At the top of this hierarchy
lie the kinases Aurora B, Mps1, and Bub1, whereas BubR1, Mad1, and
Mad2 lie downstream (Fig. 1) [11]. When active, the SAC inhibits the
activation by Cdc20 of the anaphase promoting complex/cyclosome
(APC/C), the E3 ubiquitin ligase required to promote mitotic exit
through 26S proteasome-mediated degradation of securin and cyclin B
(Fig. 1A). This prevents cells from exiting mitosis with erroneous at-
tachments. The SAC inhibitory activity is exerted through the mitotic
checkpoint complex (MCC) that forms between the SAC proteins
(Mad2, Bub3, and BubR1), and Cdc20 [12–14]. The signal emerges
from unattached kinetochores where kinetochore-bound Mad1 cata-
lyzes the conversion of inactive “open” Mad2 (O-Mad2) into active
“closed” Mad2 (C-Mad2) that can stably bind to Cdc20 and diffuse
throughout the cytoplasm to inhibit APC/C and restrain progression
through mitosis [15,16]. Once the last kinetochore is properly con-
nected to spindle microtubules, the SAC must be silenced to allow
anaphase onset [17,18].

SAC silencing implies stopping assembly of new MCC and pro-
moting disassembly of existing ones, both mediated by structural and
compositional changes at kinetochores upon microtubule attachment
(Fig. 1B) [19]. Halting MCC assembly requires the motor protein dynein
which actively mediates the transport of SAC components, namely
Mad1-Mad2 complexes, from kinetochores towards the spindle poles, a
process termed streaming or stripping [18,20]. This dynein-mediated
stripping is mainly dependent on spindly, a protein involved in dynein
recruitment to the kinetochore [21–23]. On the other hand, dis-
assembly of existing MCC involves Mad2 inhibition promoted by the
activity of the two proteins, p31comet (a Mad2-binding protein) and
TRIP13 (thyroid hormone receptor interactor 13; a AAA + family
ATPase) that cooperatively convert active C-Mad2 to the unbound O-
Mad2 conformation, thereby promoting MCC dissociation and APC/C-
Cdc20 reactivation [24,25]. In addition, ubiquitination-mediated pro-
tein degradation of Cdc20 subunit intrinsic to the MCC (Cdc20MCC) was
reported to contribute to MCC turnover and reactivation of inhibited
APC/C-Cdc20 [26,27]. In particular, the APC15 subunit induces APC/
CMCC conformation changes that are able to auto-ubiquitinate and de-
grade MCC-bound Cdc20 [27]. Dephosphorylation of kinetochore and
SAC proteins has recently been reported as an essential mechanism for
SAC silencing. PP1 and PP2A-B56 are the main protein phosphatases
which, through negative feedback loops with Mps1 and Aurora B ki-
nases, allow rapid dissociation of the MCC and SAC silencing upon
proper microtubule attachment [28,29].

3. Cell fate after mitotic arrest

As stated above, different outcomes are possible after mitotic arrest
upon MTAs treatment (Fig. 2). Cells may undergo death in mitosis
(DiM) by apoptosis, or exit mitosis without division and become

tetraploids (4 N), in a process known as mitotic slippage owing to a slow
degradation background of cyclin B due to incomplete inhibition of the
APC/C [30]. In turn, depending on the status of genes such as TP53,
PRb or P38, and the degree of DNA damage induced by MTAs, slipped
4 N G1-cells may arrest in interphase, undergo senescence, or post-
mitotic death [4]. Although not consensual, the fate of cells arrested in
mitosis due to MTAs seems to be influenced by the duration of the
mitotic arrest, and varies greatly between cancer cells [31,32].

Single cell analysis had led to the demonstration that cell fate fol-
lowing prolonged arrest is determined by two independent and com-
petitive networks: one triggering apoptosis via intrinsic pathway, and
the other triggering mitotic slippage to 4 N G1 state in the presence of a
yet active SAC [33]. The network that reaches its threshold first de-
termines the cell fate: if enough proapoptotic signal is accumulated
before a threshold of cyclin B degradation is reached, then cells will die;
if cyclin B is degraded below a threshold level before enough proa-
poptotic signal is accumulated, then mitotic slippage occurs [34].

Besides mitotic slippage, MTAs are commonly associated with
neurotoxicity and myeloid toxicity owing to the role of microtubules in
axonal transport and in cycling bone marrow cells, respectively
[35,36]. Also, intrinsic or acquired resistance is the main cause of
therapeutic failure of chemotherapy including MTAs [37]. Intrinsic
resistance is associated with an individual's genetic variations, mainly
in somatic cells, while acquired resistance can be attributed to several
mechanisms such as the inactivation of the drug, multi-drug resistance,
cell death inhibition, epigenetic changes, or changes in drug metabo-
lism or in the drug targets [38]. Drug resistance associated with over-
expression of P glycoprotein (P-gp) and mutations in tubulin-binding
sites, are a common concern that can unpredictably affect therapeutic
efficacy of MTAs [39]. Therefore, it was suggested that alternative
targets that disrupt mitosis without affecting microtubules would cir-
cumvent these issues, which has led to the identification of new anti-
mitotic agents, namely those that target mitosis-specific kinases and
microtubule-motor proteins [40]. Also, given its critical role in mitosis,
the SAC signaling components provide an attractive opportunity for
anticancer drug development. Theoretically, both SAC activation and
silencing provide a rational approach for the design of cancer cell
killing strategies without affecting microtubules. This had led to the
development of the so called second-generation of antimitotics,
grouped into mitotic blockers and mitotic drivers, some have reached
clinical trials [41].

4. Targeting microtubule-motor proteins and mitosis-specific
kinases

Many mitotic proteins are involved in bipolar mitotic spindle or-
ganization without being required for microtubule formation [42,43].
Yet, their inhibition affects spindle bipolarity which creates mis-
attached chromosomes, thereby activating the SAC. Based on this ra-
tionale, these proteins were considered as potential targets for effective
SAC-dependent mitotic arrest and anticancer therapy. Known targets
include the kinesins CENP-E and Eg5, and the kinases Polo-like Kinase 1
(Plk1) and Aurora (Table 1) [44–50]. Unlike microtubules which
function both in mitosis and in interphase, the function of these targets
is mainly restricted to mitosis, which expectedly should result in a
better therapeutic index compared to MTAs.

4.1. Eg5 kinesin

Eg5 is a plus-end directed motor protein with essential functions in
bipolar spindle assembly, chromosome congression and segregation
[51]. Eg5 inhibition by RNAi, antibodies, or specific inhibitors, leads to
monopolar spindles, which activates the SAC, induces mitotic arrest
and, in some tumor cell lines, cell death [52]. These facts prompted the
development of small molecule inhibitors for antitumor chemotherapy
with high efficacy in preclinical studies [53], and some reached clinical
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trials. However, although side effects were moderate, only partial re-
sponses have been reported [54]. For example, patients with advanced
solid tumors treated with ispinesib (SB-715992), the first Eg5 inhibitor
to enter clinical trials, achieved no objective responses or, at best,
showed stable disease in monotherapy in phase I/II studies, although
the drug was well tolerated [55,56]. The reasons for the poor activity of
many Eg5 inhibitors remain to be elucidated. Eg5 inhibition was cer-
tified by the increased phospho-histone H3 positive cells, and the

presence of monopolar spindles in patient biopsy samples [57,58].
Functional redundancy between mitotic kinesins could be amongst the
reasons that challenge the clinical efficacy of Eg5 inhibitors [59]. In-
terestingly, these Eg5 inhibitors induce cell death in combination with
taxol even in taxol-resistant cancer cells, highlighting the therapeutic
potential of Eg5 inhibition in combination with other cytotoxic drugs
[46].

Fig. 1. Spindle assembly checkpoint activation and silencing. (A) The SAC is turned on in the presence of unattached kinetochores (red) where Mad1/C-Mad2
complex actively recruits and converts cytosolic O-Mad2 into C-Mad2, which together with Bub3, BubR1 and Cdc20 constitute the MCC, resulting in APC/C
inhibition. Consequently, cyclin B and securin are not degraded and remain associated with Cdk1 and separase, respectively, leading to mitotic arrest. At the
kinetochore, Mps1 is responsible for Knl1 phosphorylation promoting the recruitment of Bub3, Bub1 and BubR1. Also, spindly is essential for dynein recruitment to
the kinetochore. (B) Different mechanisms have been proposed for SAC silencing, namely (i) through Mad2 inhibition by p31comet and TRIP13, which convert active
C-Mad2 to the unbound O-Mad2 conformation, thereby promoting MCC dissociation and APC/C-Cdc20 reactivation; (ii) through the release of Mps1 from the
kinetochore and dephosphorylation of Knl1 motifs by PP2α or PP1γ phosphatases, resulting in MCC inhibition; and (iii) through dynein-mediated stripping of SAC
components, from kinetochores towards the spindle poles, promoting MCC disassembly. The consequence is the APC/C activation by Cdc20, resulting in ubiqui-
tination-mediated protein degradation of cyclin B and securin, and mitotic exit. Moreover, ubiquitination-mediated protein degradation of Cdc20 subunit intrinsic to
the MCC, by APC15, contributes to reactivate the APC/C-Cdc20. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
AbbreviationsC-Mad2=Closed Mad2; O-Mad2 or O = Open Mad2; MCC=Mitotic Checkpoint Complex; APC/C= anaphase promoting complex/cyclosome.
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4.2. CENP-E kinesin

Given its essential functions in chromosome congression and
alignment during mitosis, as well as in SAC regulation by modulating
BubR1 function, the kinesin CENP-E was regarded as suitable anti-
mitotic target [60,61]. Inhibition of CENP-E induces unaligned chro-
mosomes leading to prolonged mitotic arrest in cancer cell lines, with
potent antitumor activity in xenografts [44,45,62]. In contrast to Eg5,
for which several small molecule inhibitors have been or are being
evaluated, only one small-molecule CENP-E inhibitor, GSK923295, has
reached clinical trials [45,63,64]. In a phase I clinical trial involving
patients with solid cancers that do not respond to standard therapy,
GSK923295 exhibited dose-proportional pharmacokinetics and a low
incidence of myelosuppression and neuropathy [64]. However, phar-
mocodynamic studies to assess the expected antimitotic effect of the
drug remain to be performed, and, though the treatment was well tol-
erated, the effectiveness of GSK913295 was modest with a single partial
response described [64].

4.3. Polo-like kinase 1

The serine/threonine Plk1 is a key cell cycle regulator including
DNA checkpoint activation, centrosome maturation, mitotic entry,
spindle assembly, and cytokinesis, making it good target for cancer
therapy [65]. Together with its overexpression found in many tumor
types, Plk1 was pointed out as an attractive target for anticancer
therapy [66]. Inhibition of Plk1, whether by siRNAs or small molecules,
induces monopolar spindle formation, resulting in inhibition of pro-
liferation and apoptosis in cancer cell lines, and tumor growth inhibi-
tion in preclinical studies [67–69]. However, disappointing results were
obtained with BI 2536, one of the first Plk inhibitors, in phase II trials in
solid tumors. For instance, BI 2536 had modest to no clinical activity in
phase II trials in various cancers, and in many patients, neutropenia and
leukopenia have been the primary dose-limiting toxicity [70]. In a
phase I study, the potent and selective Plk1 inhibitor BI 6727 (vola-
sertib) achieved stable disease in 26 patients (44.1%) with advanced
solid cancers [71]. Neutropenia, leukopenia, and thrombocytopenia
were the main adverse effects. In a phase II trial involving 50 patients
with metastatic urothelial carcinoma, BI 6727 resulted in limited an-
titumor activity, with only 14% of the patients showing a partial re-
sponse [72]. The activity of Plk1 in patient tumors remains to be de-
termined in order to verify whether the Plk1 is effectively targeted [70].
Nevertheless, encouraging results were achieved upon Plk1 inhibition
in acute myeloid leukemia (AML) patients treated with BI 6727 alone,

with a small fraction of patients showing complete remission. A sig-
nificant increase in complete remission of AML patients was achieved
when BI 6727 was combined with low-dose cytarabine, highlighting its
therapeutic potential in combinatorial therapy, particularly in cancers,
where the malignant cells have high proliferation rate [73].

4.4. Aurora kinases

The serine/threonine Aurora kinases A, B, and C (AURKA, B, C) are
key regulators of mitosis, with essential roles including centrosome
duplication and separation, bipolar spindle assembly, chromosome
condensation, chromosome-microtubule attachments, the SAC and cy-
tokinesis [74,75]. Inhibition of AURKA induces a transient SAC-de-
pendent mitotic arrest due to mitotic spindle defects, followed by exit
from mitosis and apoptosis [76]. In contrast, inhibition of AURKB in-
duces chromosome attachment defects, and overrides the SAC causing
aberrant mitosis without cytokinesis resulting in polyploidy and cell
death [77,78]. All three Auroras are overexpressed in multiple solid
tumors and associated with poor prognosis which, together with their
function in cell division, make them promising targets for cancer
therapy [79,80]. A series of AURK inhibitors have been developed and
shown to suppress cell proliferation, migration and invasion in cancer
cell lines, and to inhibit the progress and growth of many cancers in
xenograft models [81–84]. Unfortunately, although many AURK in-
hibitors reached clinical trials, the results are disappointing as no AURK
inhibitors have been approved for clinical use so far, essentially due to
cell toxicity issue [85]. Pharmacodynamic analysis (including spindle
bipolarity, mitotic index and mitotic cell chromosome alignment),
performed in tumor biopsies, demonstrated that selective AURK A or B
was indeed achieved. However, neutropenia, stomatitis, and somno-
lence was the most frequent dose-limiting toxicity observed in the
clinical trials [75]. For example, in a phase II study, MLN8237 (Ali-
sertib), an AURK A selective inhibitor, partial responses were observed
in 18% (9 out of 49) women with breast cancer, 21% (10/48) patients
with small-cell lung cancer, 4% (1/23) patients with non-small-cell lung
cancer, 9% (4/45) patients with squamous cell cancer of head and neck,
and 9% (4/47) patients with gastro-esophageal adenocarcinoma [86].
In another phase I/II clinical trial study with AZD1152 (barasertib), an
AURK B selective inhibitor, the overall response rate was 25% (16/64)
in both newly diagnosed and relapsed acute myeloid leukemia patients
[87]. Neutropenia and leukopenia were the most commonly reported
side effects. Interestingly, Aurora inhibition was reported to potentiate
the tumor response to conventional chemotherapy and radiotherapy.
For instance, AURKB inhibition with AZD1152 sensitizes cisplatin-

Fig. 2. Cell fate after treatment with microtubule-
targeting agents. Diploid cells (2 N) treated with
microtubule-targeting agents (MTAs) arrest in mi-
tosis and may undergo death in mitosis (DiM), or
mitotic slippage caused by a defective SAC and/or
gradual degradation of cyclin B. These tetraploid
(4 N) slipped cells may arrest in interphase (G1 ar-
rest), undergo post-mitotic death, or continue cy-
cling.
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resistant ovarian cancer cells to cisplatin and sensitizes p53-deficient
cancer cells to radiotherapy [88,89]. Thus, Aurora inhibition in com-
bination with conventional modality could provide a promising ther-
apeutic strategy to kill cancer cells.

5. Targeting components of SAC activation

The SAC is essential for cell survival as its inhibition is lethal due to
massive chromosome missegregation. Therefore, SAC constitutes a
valid strategy to kill cancer cells by inducing lethal instability
[1,90,91]. Cancer cells should be more sensitive to this strategy as they
already display certain degrees of chromosome instability [92]. Po-
tential targets include the core SAC signaling components Mad1, Mad2,
Bub3, Bub1, BubR1, Aurora B, and Mps1. Inhibition of any of these SAC
components overrides the SAC in cells arrested in mitosis by MTAs,
leading to aberrant mitosis and subsequent cell death (Fig. 3A) [93–96].
For some of these putative targets, namely the Aurora kinases (see
above) and Mps1, many small molecules have been developed and
tested in different stages of pre-clinical and clinical studies (Table 1)
[85,97–99].

5.1. Mps1

Mps1 is a dual-specificity kinase required for the activation of SAC
through recruitment of SAC components to unattached kinetochores
and subsequent MCC formation [100]. Other important functions of
Mps1 include mitotic progression, centrosome duplication, chromo-
some alignment, error correction of kinetochore-microtubule attach-
ment [101]. Mps1 is overexpressed in multiple tumors and is associated
with poor prognosis [102,103]. Mps1 inhibition induces premature
mitotic exit and subsequent cell death due to massive aneuploidization
[97,98]. Together, these facts make Mps1 an attractive target for cancer
therapy and prompted the production of some Mps1 inhibitors that
recently entered phase I clinical trials [93] (ClinicalTrials.gov Identi-
fiers: NCT03328494, NCT02366949, and NCT02138812). Of note,
Mps1 inhibition sensitizes cancer cells to low doses of taxol [91]. Such
synergistic activity was reported to be due to increased cell division
errors induced by Mps1 inhibitors.

5.2. Bubs

The Bub proteins include the Bub1 and BubR1 paralogous serine/
threonine kinases, and their partner Bub3. All three Bubs are required
for kinetochore-microtubule attachment and SAC signaling, being
BubR1 and Bub3 part of the MCC [104]. As with the other SAC genes,
these Bub genes are frequently deregulated in cancer, and are asso-
ciated with poor clinical prognosis [105]. Mice overexpressing Bub1 or
with partial loss of BubR1 or Bub3 develop tumors likely due to chro-
mosome segregation defects [106–109]. Reducing BubR1 levels sensi-
tizes tumor cells to low doses of taxol through enhancing the amount
and severity of chromosome segregation errors [91]. Depletion of Bub1
reduces cancer stem cell potential of the MDA-MB-231 breast cancer
cell line, resulting in inhibited formation of xenografts, suggesting that
Bub1 could be a target for anti-breast cancer stem cell therapies [110].
Recently, miR-490–5p was reported to regulate the classical TGF-β/
SMAD signaling pathway by targeting Bub1 [111]. By attenuating Bub1
expression, miR-490–5p inhibits cell proliferation and invasion. Two
small molecule inhibitors of Bub1, BAY-320 and BAY-524, have re-
cently been developed and found to sensitize cancer cells to clinically
relevant low doses of paclitaxel, with only marginal impact on non-
tumor cells, suggesting a potential therapeutic window [112]. Yet, to
date preclinical and clinical trials are lacking for these agents.

5.3. Mads

Mad1 and Mad2 are SAC proteins that are crucial for MCCTa
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generation and amplification [113]. Mice heterozygous for Mad2 de-
velop spontaneous tumors after long latencies, while mice lacking Mad2
exhibit massive chromosome missegregation and apoptosis [114,115].
Recently, we showed that reduction of Mad2 levels overcomes cisplatin
resistance in vitro and in a human non-small cell lung cancer xenograft
model [116]. High levels of the novel Mad2-targeting miR-493–3p are
associated with paclitaxel resistance and reduced survival of ovarian
and breast cancer patients [117]. Mad2 Inhibitor-1 (M2I-1) is the first
small molecule inhibitor targeting the binding of Mad2 to Cdc20 [118].
M2I-1 weakens the SAC response of cancer cells treated with paclitaxel,
but its potential therapeutic relevance has yet to be described.

Despite the promising anti-cancer activity achieved by targeting
SAC activation in preclinical studies, those agents that reached clinical
trials have yielded disappointing clinical results [93]. This may be due
to the fact that complete inactivation of SAC is difficult to achieve in
vivo, which might favor mitotic slippage with chromosome aberrations
that fuel chromosome instability and MTA resistance in cells surviving
to post-mitotic death. Indeed, depletion of proteins that inhibit SAC was
reported to be associated with MTA resistance [119].

6. Tipping the balance in favor of death

Mitotic slippage is one of the main mechanisms of resistance against
antimitotic drugs [30,34]. Some slipped multiploid cell survivors might
re-enter the cell-cycle and acquire increased instability and malignancy
[8,120]. Slippage occurs when the APCCdc20-mediated background de-
gradation of Cyclin B, under an active SAC, exceeds a certain threshold
before cell death is initiated [30]. Considering the two competitive
networks model by Taylor et al., theoretically, it should be possible to
have a control over cell fate and influence the effectiveness of anti-
mitotics if death signal accumulation is accelerated and/or mitotic
slippage is retarded (Fig. 3) [33,34]. Strategies to accelerate apoptosis
would lead to cell death before mitotic slippage occurs, while strategies
to delay mitotic slippage would increase the time cells spend in mitosis,
thereby allowing more time for apoptosis signals to accumulate. Both
strategies, individually or in combination, should increase sensitivity of
cancer cells to antimitotics by shifting cell fates to death, which may be

relevant to kill apoptosis-resistant, slippage-prone or SAC-defective
cancer cells. This reasoning stimulated our recent work and those of
other research groups in which key components of SAC silencing were
targeted in order to increase the duration of mitosis and promote cell
death (Table 1) [121–123].

6.1. Accelerating apoptosis

Traditional MTAs and mitotic blockers of the second-generation
drugs act by chronically activating SAC leading to prolonged mitotic
arrest and, eventually, to cell death via activation of the intrinsic
pathway of apoptosis [40]. The latter is under the regulation of the Bcl-
2 family, which comprises the proapoptotic BH3-only members Bim,
Bid, Bad and Noxa, and the antiapoptotic members Bcl2, Bcl-xL and
Mcl-1 [40,124]. In the presence of death signals, the proapoptotic BH3-
only proteins inhibit the antiapoptotic proteins to drive the intrinsic
pathway of apoptosis.

The two competing networks model by Taylor et al. had paved the
way for studies that targeted apoptosis components in order to evaluate
their potential in antimitotic chemotherapy [33,34,125]. The ther-
apeutic relevance of this approach has proven to be efficient in vitro and
human tumor xenograft models by using BH3 mimetics [126–128]. For
instance, ABT-263/Navitoclax, a BH3 mimetic that inhibits the pro-
survivals Bcl-2, Bcl-xL and Bcl-w, precipitates apoptosis in cancer cells
arrested in mitosis by MTAs or Eg5 inhibitors [129]. Of note, the BH3
mimetic ABT-737 triggered extensive cell death in otherwise slippage-
prone cancer cells treated with MTAs, underlying the prosurvival pro-
teins dependence of cancer cells during mitotic arrest [130]. These
results were recapitulated by RNAi-mediated depletion of prosurvival
proteins such as Bcl-xL, which, from an antimitotic chemotherapy
perspective, highlights the potential of the approach to reduce variation
in death response between different cancers [34].

6.2. Delaying slippage

Slippage can be delayed by slowing cyclin B proteolysis, which can
be achieved by inhibiting the APC/C-Cdc20-proteasome axis, or by

Fig. 3. Effect of SAC activation or silencing on
cell fate of an MTA-targeted cell. (A) Targeting
core SAC components (Mad1, Mad2, Bub1, BubR1,
Bub3, Aurora B, Mps1) induces aberrant mitosis with
massive chromosome mis-segregation, generating
cells with increased chromosome instability (aneu-
ploid cells) that may arrest in interphase (G1 arrest),
undergo post-mitotic death or continue cycling,
leading to genomic instability. (B) Targeting SAC
silencing components (p31comet, TRIP13, Fcp1,
spindly) delays mitotic slippage and increases sus-
ceptibility to apoptosis, thereby tipping the balance
in favor of death.
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preventing SAC silencing.

6.3. Targeting APC/C-Cdc20-Proteasome

Exit from mitosis is mainly governed by the APC/C, which targets
crucial mitotic regulators such as cyclin B and securin for ubiquitylation
to promote anaphase onset [131]. Using single-cell approaches, RNAi-
mediated knockdown of Cdc20 slowed cyclin B proteolysis, blocking
mitotic exit, thereby allowing more time for death initiation [132].
These observations were recapitulated in tumor cells overexpressing a
non-degradable mutant of cyclin B [132]. Complete metaphase arrest
followed by massive apoptosis was observed in mouse models using
genetic ablation of Cdc20, and the approach proved to be more efficient
in cell killing than classical MTAs and Plk1 or Eg5 inhibitors
[95,133–135]. Some inhibitors have been identified, but are not spe-
cific as they only indirectly affect Cdc20 levels, except for apcin which
binds Cdc20 and prevents ubiquitylation of APC/C substrates
[136,137]. Yet, apcin did not effectively block mitotic exit. The dis-
covery of the inhibitor TAME (tosyl-L-arginine methyl ester), which
binds APC/C and suppresses its activation by Cdc20, revealed that APC/
C inhibition efficiently arrest cells in mitosis followed by apoptosis
[138]. TAME treatment enhances cell death in combination with MTAs
or the alkylating agent melphalan [136,138,139]. The ability of apcin
to block mitotic exit is synergistically amplified when combined with
TAME, suggesting that simultaneous disruption of multiple protein-
protein interactions is an effective approach for maximal APC/C in-
activation [137]. Another interesting antitumor target is the protea-
some for which a number of inhibitors have been identified, and some,
such as Oprozomib, Delanzomib, and Marizomib, reached clinical trials
[140–142]. Bortezomib (Velcade) became the first therapeutic protea-
some inhibitor approved for multiple myeloma treatment, with a re-
sponse rate of 50%–90% in patients with relapsed multiple myeloma
[143]. Subsequently, other proteasome inhibitors such as carfilzomib
(Kyprolis) and ixazomib (Ninlaro) were approved for the treatment of
myeloma [140]. However, cell toxicity and development of resistance
have been reported, stressing the need to develop the next generation of
proteasome inhibitors [140] [144]. Altogether, these observations re-
veal that targeting APC/C-Cdc20-Proteasome axis to slow cyclin B de-
gradation could be an effective way to fight cancer.

6.4. Targeting SAC silencing

Other interesting targets to slow cyclin B degradation are the
components involved in SAC silencing. This motivated studies that have
shown that preventing SAC silencing increases the duration of mitosis
and promotes cell death (Fig. 3B).

RNAi-mediated downregulation of p31comet was reported to induce
a two-fold increase in the duration of mitosis [123]. Interestingly, cells
depleted of p31comet required a 10-fold lower concentration of MTAs to
trigger mitotic arrest and subsequent mitotic cell death than p31comet-
efficient cells, indicating enhancement of sensitivity towards spindle
poisons, including in cells that are resistant to spindle disruption [123].
Conversely, overexpression of p31comet overrides hyperactivation of the
SAC caused by MTAs leading to resistance to microtubule poisons
[145–148]. The expression of p31comet is upregulated in cancer, and a
balanced expression of p31comet:Mad2 ratio is required for cellular
proliferation and correlates with mitotic slippage and MTA-mediated
cytotoxicity in cancer cell lines [149]. This highlights the relevance of
developing small molecules against the p31comet-Mad2 interaction
[123]. Recently, inhibition of TRIP13 was reported to abolishes
p31comet-mediated SAC silencing, underlying its potential as a drug
target to delay mitotic slippage [150].

The Fcp1 phosphatase dephosphorylates the kinase Wee-1, which in
turn dampens Cdk1 activation, and Cdc20 and USP44 (a deubiquiti-
nating peptidase that opposes APC/C action) to promote APC/C-de-
pendent cyclin B degradation and subsequent mitotic exit

[122,151,152]. Depletion of Fcp1 by siRNAs trapped cancer cells in
mitosis in the presence of MTAs. Treated cells had decreased levels of
the anti-apoptotic Mcl-1 and underwent massive apoptosis [153]. Thus
delaying slippage in MTA-treated by targeting the Fcp1-Wee1-Cdk1 axis
seems a valid strategy to increase MTAs therapeutic efficacy [153].

Spindly is a transient kinetochore protein with a role in chromo-
some attachment and in dynein-mediated SAC silencing [154]. We re-
cently explored this spindly dual role as a rationale to trap cancer cells
in mitosis [121]. Inhibition of spindly trapped cells in mitosis and
dramatically sensitized cancer cells to clinically relevant doses of MTAs
by exacerbating post-mitotic death, pointing out spindly as a potential
drug target candidate to delay mitotic slippage [121].

Overall, targeting SAC slippage seems to be promising, and these in
vitro results need to be verified in preclinical and clinical studies.

7. Co-targeting mitosis and apoptosis

The activity of antimitotics could be increased by combining them
with apoptosis inducer drugs. This is particularly relevant as many
cancers exhibit resistance to MTAs, deregulated SAC, or deregulated
apoptosis that render them resistant to death [155,156]. Results from a
number of studies suggest that the combination would improve cancer
therapy (Table 2). For example, inhibition of Bcl-xL, whether by RNAi
or ABT-737, massively shifted the paclitaxel response of breast cancer
cells to mitotic cell death [130]. Navitoclax/ABT-263 enhances the
lethality triggered by paclitaxel and K5I (an inhibitor of kinesin-5),
across a panel of epithelial cancer lines [129]. Synergy in killing solid
tumor cancer cells was reported for the Bcl-xL inhibition-docetaxel
combination, either in vitro or in tumor xenografts [157]. Interestingly,
most patients whose ovarian tumor tissue expresses high Bcl-xL levels
are less sensitive to taxane treatment, supporting the idea that the ad-
dition of Bcl-xL inhibitors could improve taxane-based therapy [158].

Works from Taylor's group indicate that exploring apoptosis inducer
drugs may be more promising with mitotic blockers than mitotic dri-
vers. They showed that treatment with WEHI-539, a potent and selec-
tive Bcl-xL inhibitor, sensitized cells to MTAs as well as to second-
generation mitotic blockers such as inhibitors of Eg5, CENP-E and Plk1
[41]. In this case, sensitization was largely by enhancing postmitotic
death (PMD). The combination of WEHI-539 with mitotic drivers, such
as inhibitors of Aurora B and Mps1, showed only minor impact unless
the prosurvival Mcl-1 was also inhibited. Indeed, PMD was enhanced in
Mcl-1-deficient DLD-1 cells treated with WEHI-539 plus ZM447439 (an
Aurora B inhibitor), suggesting that Mcl-1 levels could serve to stratify
patients that would benefit from the combination therapy [41]. Also,
combining apoptosis inducer drugs with SAC silencing inhibitors de-
serves to be explored. For instance, BH3-only mimetics in combination
with inhibitors of SAC silencing components should, potentially, shift
the fate of mitosis-arrested cells in favor of death. Yet, inhibitors that
target SAC silencing proteins need to be developed.

It is noteworthy that the aforementioned mitosis-targeted antic-
ancer strategies would affect all dividing cells and would, thus, also be
expected to be cytotoxic to non-tumor cells. Therefore, therapeutic
strategies that preferentially affect tumor cells over normal cells are
needed in order to improve the therapeutic window of antimitotic
therapies. For instance, developing drugs that specifically and effi-
ciently target cancer cells, but not the normal cells, should reduce
toxicity. Also, formulation in nanoparticles to specifically and effi-
ciently deliver antimitotics to cancer cells should attenuate the side
effects and increase the efficacy of the drugs [159]. Other strategies
could be orientated to prevent normal proliferating cells from entering
into mitosis to promote selective killing of cancer cells [160].

8. Conclusions

Our understanding of the molecular regulation and control of mi-
tosis have paved the way for the development of elegant strategies to
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kill cancer cells, in the hope of circumventing the drawbacks associated
with MTAs. Several second-generation antimitotics were identified and
shown to exert anti-tumor effects in cancer cell lines and in mouse
models. Unfortunately, these inhibitors failed in clinic when used in
monotherapy. Hopefully, the promising results of their combination
with MTAs will constitute a more rewarding strategy (Table 2). As
lower doses of the inhibitors are required in a combinatorial therapy,
this strategy might provide therapeutic benefits by overcoming pro-
blems of resistance and side effects.

Inhibiting SAC silencing seems a reasonable and attractive strategy
to identify additional targets that promote cancer cell death. Some key
SAC components, such as p31comet and spindly, represent promising
targets. However, they are sometimes classified as “undruggable” be-
cause they are non-enzymes. These challenging targets are involved in
protein-protein interactions, whose targeting has become an increas-
ingly attractive goal for drug discovery because of their role in a wide
range of critical cellular functions [161]. In this sense, the recent
identification of Mad2 Inhibitor-1 (M2I-1) that disrupts the binding of
Mad2 to Cdc20 is very encouraging [118].

The development of BH3-only mimetics opened the door to com-
binatorial therapy, expected to inevitably force cells arrested in mitosis
to undergo apoptosis instead of slippage. We hope that the promising
results from preclinical studies will be translated into successful clinical
trials.

Nowadays, the great challenge is to develop strategies that target
anticancer drugs specifically to cancer cells, while sparing normal cells,
to minimize undesired toxicity. We recently developed functionalized
nanoparticles for specific delivery of siRNAs against Mad2 using an
animal model of lung cancer, with encouraging results in terms of ef-
ficacy and toxicity [116,162]. We believe this is the right direction to
proceed and will benefit from collaborative effort between researchers
from different disciplines, namely cell biology, chemistry and phar-
maceutical technologies.
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