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Introduction

A large number of antimitotics have been proven so far as val-
uable and effective anticancer agents in clinical oncology.[1] For
example, the vinca alkaloids vincristine and vinblastine are
used for the treatment of leukemia and Hodgkin’s lymphoma,
whereas paclitaxel and docetaxel are approved for the treat-
ment of metastatic breast cancer, as well as for lung and ovari-
an carcinomas.[2] These drugs inhibit mitosis by targeting the
spindle microtubules, which are responsible for cell prolifera-
tion and the faithful partitioning of genetic material.[3] Howev-
er, despite their success, these antimitotics show several seri-
ous side effects such as neurotoxicity.[4] These side effects are
related to the broad role of tubulin (the fundamental building-
block protein of microtubules) in important cellular processes
such as the maintenance of organelles and cell shape, cell mo-
tility, synaptic vesicles, and intracellular transport phenomena.
A further limitation to the application of antimitotics is the de-
velopment of resistance. Resistance mechanisms involve the
multidrug-resistant phenotype[5] mediated by the P-glycopro-
tein efflux pump, tubulin mutations, alterations in the expres-
sion of tubulin isotypes, and microtubule-associated pro-
teins.[6, 7]

Lately, the revolution in molecular biology combined with ad-
vances in high-throughput screening and automated micros-
copy and imaging has yielded a better understanding of cell
division, and has helped in the identification of new and more
selective anticancer targets, including members of several
kinase families such as Polo,[8] Aurora,[9] and mitotic kinesins.
These proteins are exclusively involved in the formation and
function of the mitotic spindle and are key regulators for mi-
totic entry, progression, and cytokinesis.

Mitotic Kinesins

Kinesins are motor proteins that use ATP energy to move
along microtubules and are involved in cargo transport and
mitosis.[10,11] There are more than 45 different kinesins in
humans, and they are separated into three major classes ac-
cording to where the motor domain is localized within their
amino acid sequence.[12] Kinesins with N-terminal motor do-
mains move predominately toward the plus end of microtu-
bules, and kinesins with C-terminal motor domains migrate
toward the minus ends; kinesins with centrally-located motor
domains are specialized for the destabilization of microtubule
ends.

Mitotic kinesin activity is essential for the formation and
function of the mitotic spindle, chromosome segregation and
transport, mitotic checkpoint control, and cytokinesis.[13] These
roles have been extensively studied in Saccharomyces cerevi-
siae[14] and in Drosophila cells,[15] while recently the analysis of
human motor proteins by RNA interference was examined.
These investigations demonstrated the presence of at least 12
kinesins involved in mitosis and cytokinesis (Table 1).[16]

At the onset of mitosis, after centrosome duplication and
DNA replication during interphase, the initial spindle assembly
starts with the separation of centrosomes, which become the
centers of microtubule organization (Figure 1). Experiments
using RNA interference revealed that three kinesins, Eg5, KifC1,
and Kif2A, are responsible for bipolar spindle assembly.[16]

Homo sapiens Eg5 (KSP) is a slow plus-end-directed motor of
the Kinesin-5 family (BimC family)[17] which localizes along the
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Table 1. Various kinesins and their functions.

Kinesin Family Function

Kif14 Kinesin-3 chromosome congression and alignment
Kif4A Kinesin-4 midbody formation

cytokinesis
Kif4B Kinesin-4 midbody formation

cytokinesis
Eg5 Kinesin-5 centrosome separation

spindle bipolarity
MKLP1 Kinesin-6 midbody formation

cytokinesis
MKLP2 Kinesin-6 midbody formation

cytokinesis
CENP-E Kinesin-7 chromosome congression and alignment
Kif18 Kinesin-8 chromosome congression and alignment
Kid Kinesin-10 chromosome congression and alignment
Kif2A Kinesin-13 spindle bipolarity
KifC1 Kinesin-13 spindle bipolarity

chromosome congression and alignment
MCAK Kinesin-13 chromosome congression and alignment

ChemMedChem 2006, 1, 293 – 298 @ 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 293



interpolar spindle microtubules and spindle poles.[18] This kine-
sin slides along the microtubules and creates forces for bipolar
spindle formation and centrosome separation. BimC kinesins
have a catalytic domain at the N-terminus, an a-helical coiled-
coil stalk domain in the middle, a tail domain at the C-termi-
nus, and they share a unique homotetrameric structure.[19–21] In
contrast, KifC1 is a minus-end-directed motor with a cross-link-
ing function that acts antagonistically toward the activity of
the plus-end-directed motor Eg5 for spindle formation and sta-
bility.[22] Kif2A is an enzyme involved in depolymerization; de-
pletion of Kif2A inhibits cell-cycle progression through the for-
mation of monopolar spindles.[23]

During pro-metaphase, the condensed chromosomes begin
to attach to the microtubules and move to the center of the
spindle. When the chromosomes are correctly aligned at the
metaphase plate, the spindle checkpoint is satisfied and ana-
phase starts with sister chromatid separation and chromosome
segregation. Various kinesins orchestrate their duties and inter-
act with kinetochores, microtubules, and chromosomes to per-
form the above functions. For example, the mitotic centro-
mere-associated kinesin (MCAK), a depolymerizing kinesin, par-
ticipates in the reordering of the microtubule cytoskeleton and
is vital for the proper segregation of chromosomes.[24] The cen-
tromere-associated protein E (CENP-E) is essential for stable, bi-
oriented attachment of chromosomes to spindle microtubules
for the development of tension across aligned chromosomes
and for the stabilization of spindle poles.[25] The chromokinesin
Kid, a plus-end-directed motor, localizes on spindles and chro-
mosomes and is required for the proper alignment of chromo-
somes along the metaphase plate.[26]

At the end of mitosis, the spindle elongates and the two
daughter cells are separated during cytokinesis. Kinesins Kif4A
and Kif4B,[16,27] as well as MKLP1[28] and MKLP2[29] are involved

in midzone formation and play important and distinct func-
tions in cytokinesis.

Taken together, it is becoming clear that kinesins are key
players in the mechanisms of the spindle during mitosis and
cytokinesis, and their inhibition is an attractive idea for the de-
velopment of new anticancer strategies.[1] There are now sever-
al reports of small-molecule inhibitors of the kinesin Eg5, and
studies of the first MCAK inhibitors were recently published.[30]

Eg5 Inhibition

The first Eg5-specific inhibitor identified was monastrol 1
(Figure 2), which arrests cells in mitosis with the formation of
monoastral spindles (Figure 3).[31] The phenotype-based screen-
ing that was used for its identification opened a new way for
the discovery of small molecules that affect mitotic spindle for-

mation through a mechanism different from that of the known
antimitotics.[32] Both the R and S enantiomers of 1 show inhibi-
tory effects, but the S enantiomer appeared to be more potent
and induces monoasters at lower concentrations than the R
enantiomer or the racemic mixture.[33] Monastrol inhibits Eg5
motility with an IC50 value of 14 mm and causes a specific and
reversible cell-cycle block.[31] Furthermore, monastrol is an al-
losteric inhibitor that binds to an induced-fit pocket 12 E away
from the catalytic center of the enzyme, as was determined by
the crystallographic structure of the human Eg5 motor domain
in complex with Mg2+ , ADP, and monastrol.[34]

Recently, several monastrol analogues were synthesized and
studied for their ability to inhibit Eg5 (Figure 2). Cyclization of
the side chains of monastrol leads to conformationally restrict-
ed bicyclic systems with enhanced inhibitory activity against
Eg5. Enastron 2 (IC50=2 mm), enastrol 4 (IC50=2 mm), and dime-
thylenastron 3 (IC50=200 nm), were identified as potent and
specific inhibitors (Table 2).[35] Furthermore, we discovered that
the 3,4-dihydrophenylquinazoline-2(1H)-thione scaffold gives
access to a new class of Eg5 inhibitors called Vasastrols (VS,
Figure 2). The activity of VS-83 5 was specific for Eg5 (IC50=

1.2 mm) among nine kinesins tested, and this compound was
the most potent inhibitor identified in this screening effort.[36]

Figure 1. Subcellular components involved in the phases of cell division.

Figure 2. Monastrol and monastrol analogues.
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Furthermore, the in vitro potencies of VS compounds are in
good agreement with their efficiency to induce monoasters in
BSC-1 cells.

Terpendole E (6) is the only natural product identified as an
Eg5 inhibitor. It was isolated from a culture broth of a soil-iso-
lated fungus and inhibits Eg5 ATPase activity with an IC50 value
of 23 mm (Figure 4).[37] Another potent and allosteric inhibitor
of Eg5 is the R enantiomer of CK0106023 (7, Ki=12 nm for the
racemic mixture), which exhibits antitumor activity in a variety
of human tumor cell lines, including the three multidrug-resist-
ant lines NCI/ADR-RES, HCT-15, and A2780ADR.[38] In tumor-
bearing mice, 7 exhibited antitumor activity similar to that of

paclitaxel, with a mean GI50 of 364 nm for the cell lines tested.
Guided by 7, a series of 2-(aminomethyl)quinazolinone deriva-
tives have been identified that target Eg5. Among these, SB-
715992 has antitumor activity in many murine and solid tumor
models and is in phase II trials for evaluation in anticancer
therapy.[39]

S-Trityl-l-cysteine (8), shown in Figure 4, was identified as an
Eg5 inhibitor in an in vitro assay based screen of small-mole-
cule libraries of a total of 2869 compounds obtained from the
National Cancer Institute (NCI).[40] This amino acid derivative is
an effective Eg5 inhibitor with an IC50 value of 1.0 mm in HeLa
cells and an average GI50 value of 1.3 mm in NCI 60 tumor cell
lines. Furthermore, despite their considerably different struc-
tures, both monastrol and S-trityl-l-cysteine bind to the same
region in human Eg5, as was proven by H/D exchange mass
spectrometry analysis in association with protein digestion and
directed mutagenesis.[41]

The cell-division inhibitor HR22C16 (9), discovered from a
forward chemical genetic screen of 16000 compounds, inhibits
Eg5 with an IC50 value of 800 nm (Figure 5). The authors report-
ed the solid-phase synthesis of a small library of 50 analogues
of HR22C16[42] which were subsequently tested in cell-based
assays. The most potent inhibitor was compound 10, which in-
hibits Eg5 activity with an IC50 value of 90 nm. However, it has
not been reported if this inhibitor is cell-permeable. A system-
atic investigation of the importance of stereochemistry and
substituents in HR22C16 derivatives was performed by our re-
search group. A small library of 60 tetrahydro-b-carbolines was
synthesized and biologically evaluated.[43] These studies re-
vealed that all four stereoisomers of HR22C16 are biologically
active. Furthermore, the trans-tetrahydro-b-carboline 11 with
an N-benzyl side chain as the R group proved to be a specific
and potent inhibitor (IC50=0.65 mm, Figure 5).

Recently, dihydropyrazole 13 (IC50=26 nm) was reported to
be an allosteric inhibitor of KSP as shown by X-ray crystallo-
graphic analysis (Figure 5). It induces apoptosis through the ac-
tivation of caspase 3 in A270 human ovarian carcinoma cells.[44]

By using a high-throughput screen, dihydropyrrole 14 (IC50=

11 nm) was also identified as a potent and specific KSP inhibi-
tor that induces mitotic arrest and apoptosis in several human
cancer cell lines (Figure 5).[45]

Figure 3. a) Representative confocal image of a monoaster after treatment
with VS-83 (25 mm): cells were fixed and immunostained for the microtubule
cytoskeleton and chromatin. b) Model of a normal bipolar spindle and a
monoaster.

Table 2. Inhibitors of Eg5.

Compound IC50 [nm]

(S)-monastrol 1 14000
rac-enastron 2 2000
rac-dimethylenastron 3 200
rac-enastrol 4 2000
rac-VS-83 5 1200
terpendole E (6) 23000
S-trityl-l-cysteine (8) 1000
HR22C16 (9) 800
trans-tetrahydro-b-carboline 10 90
trans-tetrahydro-b-carboline 11 650
dihydropyrazole 13 26
KSP-IA (14) 11

Figure 4. Eg5 inhibitors 6–8.
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Induction of Apoptosis

Previous studies have shown that Eg5 inhibitors induce mitotic
arrest in PtK1 and PtK2 kidney cells of the kangaroo rat,[31] in
BS-C-1 monkey epithelial kidney cells,[36] and in human HeLa
cells.[37] The long-term effects of monastrol on cell proliferation
were also examined in human AGS and HT29 cell lines from
gastric and colon carcinomas. It was shown that monastrol
causes mitotic arrest and induces early apoptosis through mi-
tochondrial membrane depolarization, activation of caspases 8
and 3, and cleavage of poly-ADP-ribose polymerase 1 (PARP-1)
with different sensitivities in the two cell lines.[46] Additionally,
HR22C16 and its analogues induce cell death through the in-
trinsic apoptotic pathway in both taxol-sensitive A19 and
taxol-resistant PTX10 and PTX22 human ovarian carcinoma cell
lines, which have mutations in b-tubulin or those that cause
overexpression of P-glycoprotein (PgP). HR22C16-A1 (12) indu-
ces antiproliferative activity and apoptotic cell death in PgP-
overexpressing cells, indicating that 12 is not a PgP substrate
(Figure 5). These data imply that Eg5 inhibition could be used
as an alternative anticancer strategy to overcome taxane resist-
ance in PgP-overexpressing cells.[47]

Like other drugs directed against microtubules, Eg5 inhibi-
tors arrest cells in mitosis which generates signals for the acti-
vation of the spindle checkpoint. The mitotic spindle check-
point monitors the microtubule attachments to chromosomes
and delays chromosome segregation until the defects in the
mitotic spindle are corrected.[48] If there is a lack of tension
across sister kinetochores or if even a single kinetochore is not
correctly attached to the spindle, the spindle checkpoint pro-
teins Bub1, BubR1, Bub3, Mad1, and Mad2 are recruited and
inhibit the anaphase-promoting complex/cyclosome (APC/C),
which is responsible for the transition from metaphase to ana-
phase.[49]

Both tubulin-targeted drugs and Eg5 inhibitors cause sus-
tained activation of the spindle checkpoint and therefore mi-
totic arrest, which often leads to the execution of cell death,

but the complete mechanism still remains unclear. This is cur-
rently an important issue that needs to be explored for the
clinical development of Eg5 inhibitors as chemotherapeutic
agents.[50]

Recently, Tao et al. shed some light on the connections be-
tween mitotic arrest by a kinesin inhibitor and apoptosis.[51]

They showed that apoptosis after long-term arrest, mediated
by the pro-apoptotic protein Bax, cleavage of PARP, and activa-
tion of caspase 3 requires both activation of the spindle check-
point and mitotic slippage in spindle-checkpoint-competent
cells. Mitotic slippage is the process by which cells, in the pres-
ence of persistent spindle damage, exit mitosis to G1 without
proper chromosome segregation and cytokinesis which results
in tetraploid cells. Additionally, the authors suggest that the
death resistance of HT29 cells, which sustain a long-term mi-
totic arrest after treatment with paclitaxel or KSP-IA (Figure 5),
may be a result of delay in or resistance to mitotic slippage.
Moreover, their findings support that the efficacy of KSP-IA
could be enhanced by facilitating mitotic slippage with the
Cdk1 inhibitor pulvalanol. This is the first insight into the
mechanism of mitotic spindle checkpoint activation and apop-
tosis in response to anti-kinesin drugs, and further studies in
this field are necessary.

Toxicity of the Inhibitors

Neurons contain many cytoskeletal elements such as microtu-
bules, actin filaments, and neurofilaments. They are terminally
post-mitotic cells that use their microtubule arrays mostly for
the formation of axons and dendrites. Interestingly, throughout
the axon, microtubules are uniformly oriented, whereas in den-
drites, the microtubules are non-uniformly oriented. It is now
established that mitotic kinesins, which are responsible for the
organization of the mitotic spindle and for the completion of
mitosis, continue to be expressed in post-mitotic neurons well
after mitotic division to regulate the microtubule arrays. For
example, the kinesin CHO1/MKLP1 transports microtubules
from the cell body into the dendrites and is necessary for the
establishment of the non-uniform microtubule polarity for den-
dritic development.[52] Moreover, depletion of CHO1/MKLP1
from cultured neurons causes a rapid redistribution of microtu-
bules within dendrites, changing their morphology and com-
position.[53] Another mitotic kinesin expressed in post-mitotic
neurons is Eg5, which is implicated in microtubule regulation
in the processes of newly developing neurons.[54] Additionally,
Kif15 continues to be expressed in post-mitotic neurons and
localizes to microtubules particularly in regions where oppo-
sitely oriented microtubules overlap; Kif15 opposes the forces
of other kinesins in regions of developing processes.[55]

Recently, it was shown that the treatment of cultured sym-
pathetic neurons with monastrol for a few hours enhances
axonal growth, whereas longer exposure shows no toxicity,
and neurons appear normal in terms of their morphology and
microtubule organization. Sensory neurons seem to be more
sensitive, and prolonged exposure results in shorter axons.[56]

Moreover, the effect of monastrol in dendrites and axons was
studied in primary cortical neuron cultures.[57] Monastrol-treat-

Figure 5. Eg5 inhibitors 9–14.
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ed immature neurons had longer dendrites and shorter axons.
In mature neurons, there were no significant differences be-
tween the control and monastrol-treated cells, but tubulin
clustering was observed in axons. Therefore, further studies,
especially with more potent inhibitors, are needed for the esti-
mation of anti-kinesin drug toxicity in neurons. The roles of
Eg5 in neurons is not completely clear, but the first results are
promising. It seems that the toxic effects are modest com-
pared with the deleterious effects of other antimitotics such as
taxol.

MCAK Inhibition

Interestingly, the first MCAK inhibitors were recently reported
by Aoki et al.[30] By using a phage-display method they discov-
ered that the sulfoquinovosylacylglycerols (SQAGs, Figure 6),
with C18 fatty acids on the glycerol moiety, arrest cells at the
M phase and suppress microtubule polymerization by binding
to the kinesin MCAK. Notably, small-molecule inhibitors of
other mitotic kinesins, apart from Eg5 and MCAK, have not yet
been reported. It is possible that the identification of such in-
hibitors could be difficult owing to functional redundancy be-
tween different mitotic kinesins.[15]

Conclusions

Based on the available data discussed above, Eg5-targeted
molecules could be used to overcome taxane resistance in
taxol-resistant human cell lines. Although reports of PgP-medi-
ated resistance for Eg5 inhibitors do not exist, this issue is a
point of concern for further investigations. Furthermore, Eg5
antagonists display modest toxic effects in comparison with
the toxicity of other antimitotics in neurons. The phase I results
to determine the safety profile and pharmacokinetics of the 2-
(aminomethyl)quinazolinone derivative SB-715992 in patients
with multiple advanced solid tumors showed that this com-
pound has an acceptable tolerance profile, and neurotoxicities
were not observed.[58] The potential of mitotic kinesin inhibi-
tors is unquestionable, but continued research and clinical
evaluation are clearly necessary. The anticancer activity of
these drug candidates may be augmented by their inhibitory
action toward endothelial cell proliferation, resulting in the in-
hibition of angiogenesis. Finally, inhibitors of mitotic kinesins
may find broad application for the treatment of other prolifera-
tive diseases such as diabetic retinopathy, restenosis, pulmona-
ry and liver fibrosis, Sjçgen’s syndrome, lupus erythrematosus,

and lymphoproliferative disorders that develop in patients
with a history of autoimmune disease.

Keywords: antimitotics · antitumor agents · cell cycle ·
enzymes · inhibitors
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