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ABSTRACT: A series of 4-aryl-N-arylcarbonyl-2-aminothia-
zoles of scaffold 4 was designed and synthesized as Hec1/
Nek2 inhibitors. Structural optimization of 4 led to compound
32 bearing C-4′ 4-methoxyphenoxy and 4-(o-fluoropyridyl)-
carbonyl groups that showed low nanomolar in vitro
antiproliferative activity (IC50: 16.3−42.7 nM), high intra-
venous AUC (64.9 μM·h, 2.0 mg/kg) in SD rats, and
significant in vivo antitumor activity (T/C = 32%, 20 mg/kg, IV) in mice bearing human MDA-MB-231 xenografts. Cell
responses resulting from Hec1/Nek2 inhibition were observed in cells treated with 32, including a reduced level of Hec1
coimmunoprecipitated with Nek2, degradation of Nek2, mitotic abnormalities, and apoptosis. Compound 32 showed selectivity
toward cancer cells over normal phenotype cells and was inactive in a [3H]astemizole competitive binding assay for hERG
liability screening. Therefore, 32 is as a good lead toward the discovery of a preclinical candidate targeting Hec1/Nek2
interaction.

■ INTRODUCTION

Highly expressed in cancer 1 (Hec1) is a key component of the
kinetochore that regulates the spindle check point and plays an
essential role in mitosis.1 With Nuf2, Spc24, and Spc25, it
forms a dumbbell-like heterotetramer called the Ndc80
complex, in which Hec1 and Nuf2 dimerize as a subcomplex,
with their globular domains heading toward the microtubule-
binding interface.2−4 Hec1 has microtubule-binding activity at
its N-terminal region (aa 1−196) and is responsible for proper
kinetochore−microtubule attachment.2,5,6

Hec1 possesses oncogenic properties: its hyperactivation in
transgenic mice leads to tumor formation.7 Overexpression of
Hec1 is found in various cancers8 and correlates with poor
prognosis for cancer patients.9,10 RNA interference of Hec1
enhances the sensitivity of human ovarian cancer cells to
paclitaxel11 and reduces the size of induced adenocarcinomas in
nude mice.12 Because phosphorylation of Hec1 by Nek2 kinase
is essential for its mitotic function,13−15 disruption of Hec1/
Nek2 protein−protein interaction by small molecules shows
anticancer activities16,17 and may have potential for cancer
treatment.
4-Aryl-N-phenylcarbonyl-2-aminothiazole 1 (INH1, Figure

1) is the prototype Hec1 inhibitor discovered from a chemical
genetic screening.17 It specifically disrupts Hec1/Nek2
interaction via direct Hec1 binding and shows in vitro

antiproliferative activity (IC50: 8.6−11.7 μM) as well as in
vivo antitumor activity in MDA-MB-468 xenografts. Subse-
quent lead optimizations of the N-phenylcarbonyl moiety and
C-6′ position of 1 afforded compounds 2 and 3 that
demonstrated improved in vitro potency (IC50: 1.1−3.4
μM).16 Compounds 1−3 trigger the cellular responses resulting
from Hec1 inhibition, including the reduction of Nek2 protein

Received: December 28, 2013
Published: April 28, 2014

Figure 1. Structures of 4-aryl-N-arylcarbonyl-2-aminothiazoles 1−3
and scaffold 4.
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level and mitotic abnormalities.16,17 Although they are the only
reported Hec1/Nek2 inhibitors to date, none of them, 1−3,
have been moved into clinical trials.
When the structure−activity relationship of 1−3, shown in

Figure 1, was examined, compound 2, bearing C-2′ and C-6′
dimethyls, was found to be ∼5-fold more potent than
compound 1, bearing a sole C-2′ methyl (IC50: 1.7−2.5 μM
for 2 and 8.6−11.7 μM for 1). Compound 3, with a 4-
pyridylcarbonyl group, also showed ∼5-fold improved potency
(IC50: 1.1−3.4 μM) compared to 1, which has a phenylcarbonyl
group at the same position. As for the C-4′ position, no
substituent other than a methyl group has been reported on 1−
3 and their analogues in the literature.16 This information
suggested that the scaffold of 1−3 possessing C-2′ and C-6′
dimethyl and 4-pyridylcarbonyl groups could show improved
potency and that further structural optimization could be
performed on the less explored C-4′ position.
Herein, we report the design and synthesis of 4-aryl-N-

arylcarbonyl-2-aminothiazoles of scaffold 4 as Hec1 inhibitors
(Figure 1). Scaffold 4 possesses 2′,6′-dimethyl and 4-
pyridylcarbonyl groups as the core, various C-4′ alkoxy or
aryloxyl groups, and o-halo at the pyridyl group for
optimization. After evaluation, we obtained compound 32
with low nanomolar in vitro IC50 values, good pharmacokinetic
properties, and significant in vivo antitumor activity. Com-
pound 32 induced cellular responses resulting from Hec1
inhibition and was less active on normal cells, kinases, and
hERG. In our attempt to discover a preclinical candidate that
disrupts Hec1/Nek2 interaction, compound 32 serves as a
good lead for future development.

■ CHEMISTRY
Scheme 1 presents the synthesis of 4-mesityl-N-acyl-2-amino-
thiazoles 2 and 9a−e to verify the design of scaffold 4.

Mesitylene (5) was acylated with acetyl chloride using BiCl3 as
the catalyst to provide acetyl mesitylene 6 in 83% yield.18

Compound 6 was monobrominated at the α carbon of the
acetyl group by CuBr2 in EtOAc to afford compound 7 in 95%
yield. After reacting with thiourea, 7 was converted to 4-
mesityl-2-aminothiazole 8 in 90% yield. Acylation of 8 with
various acyl chlorides gave corresponding compounds 2 and
9a−e in 65−87% yields.

For the synthesis of 4-aryl-N-arylcarbonyl-2-aminothiazoles
of scaffold 4 bearing various C-4′ alkoxy substituents (R = alkyl
in 4, Figure 1), acetophenones 10a−f were brominated by
TBABr3 in CH3CN and then reacted with thiourea in EtOH to
provide corresponding 4-aryl-2-aminothiazoles 11a−f in 57−
82% yields (Scheme 2). Acylation of 11a−f with isonicotinoyl
chloride, 2-fluoroisonicotinoyl chloride, or 2-chloroisonicoti-
noyl chloride in CH2Cl2 using DMAP as the base afforded
desired 4-aryl-N-arylcarbonyl-2-aminothiazoles 12−20 possess-
ing various C-4′ alkoxy groups in 49−99% yields.
The synthesis of scaffold 4 bearing various C-4′ aryloxy

substitutents (R = aryl in 4, Figure 1) was carried out by the use
of 1-(4-amino-2,6-dimethylphenyl)ethanone 21 as the starting
material (Scheme 3). The amino group in 21 was transformed
into a chloro group by Sandermeyer-type reaction using t-
BuONO and CuCl2

19 in CH3CN to provide 1-(4-chloro-2,6-
dimethylphenyl)ethanone 22 in 76% yield. O-Arylation of
various aryl alcohols by 22 using the Pd(OAc)2/t-BuXPhos
catalytic system20 afforded 4-aryloxy-2,6-dimethylacetophe-
nones 23a−i in 19−86% yields. After reacting with TBABr3
and thiourea, 23a−i were converted to corresponding 4-aryl-2-
aminothiazoles 24a−i in 53−96% yields. Acylation of 24a−i
with isonicotinoyl chloride or 2-fluoroisonicotinoyl choride
afforded desired 4-aryl-N-arylcarbonyl-2-aminothiazoles 25−34
bearing various C-4′ aryloxy groups in 17−95% yields.

■ RESULTS AND DISCUSSION

In Vitro Potency of Scaffold 4. The in vitro potency of
the 4-aryl-N-arylcarbonyl-2-aminothiazoles of scaffold 4 (Figure
1) was evaluated against the proliferation of HeLa (cervical
cancer), K562 (leukemia), MDA-MB-468 (breast cancer), and
MDA-MB-231 (breast cancer) cancer cells. Reference com-
pound 2 was tested first. As presented in Table 1, compound 2
showed similar potency (IC50: 2.2−3.6 μM) to that reported in
the literature (IC50: 1.7−2.5 μM).16 Compound 9a, bearing
2′,6′-dimethyl and 4-pyridylcarbonyl groups, was 5.4−10.7-fold
more potent than 2. The results verified the design of scaffold 4
to improve in vitro potency. We then substituted the 4-
pyridylcarbonyl in 9a with various acyl groups to establish the
structure−activity relationship. Compound 9b with a methyl-
ene elongation to 9a showed similar potency (IC50: 0.30−0.62
μM) to that of 9a. Bioisosteric replacement of the 4-pyridyl in
9a with a 4-cyanophenyl group generated 9c with ∼2-fold
reduced potency on K562, MDA-MB-468, and MDA-MB-231
cells. Conversion of the pyridyl group in 9a to pyridyl N-oxide
afforded compound 9d with >4-fold reduced potency (IC50: 2.7
to >10 μM). Introduction of an o-chloro group to the 4-pyridyl
group in 9a provided compound 9e with slightly reduced
potency (IC50: 0.42−0.77 μM).
Considering the structural complexities and possible

physicochemical properties of 9a, 9b, and 9e, which possessed
similar in vitro potencies, we selected the 4-pyridylcarbonyl
group for the following optimization. Turning to the C-4′
position of scaffold 4 (Figure 1), we found that the
introduction of an alkoxy group showed enhanced antiprolifer-
ative activity (Table 2). Compounds 12, 16, 17, 19, and 20,
with the corresponding C-4′ methoxy, ethoxy, i-propoxy, i-
butoxy, and c-pentoxy groups, were more potent than 9a, which
possesses a C-4′ methyl group, and displayed IC50 values
ranging from 42.1−392 nM (cf. Table 1, IC50: 300−760 nM for
9a). The increasing size of the C-4′ substituents from the
methoxy to the c-pentoxy groups did not reduce the potency,

Scheme 1. Synthesis of 4-Mesityl-N-acyl-2-aminothiazoles 2
and 9a−ea

aReagents and conditions: (i) BiCl3, acetyl chloride, 70 °C, 83%; (ii)
CuBr2, EtOAc, reflux, 95%; (iii) thiourea, EtOH, reflux, 90%; (iv)
RCOCl, DMAP, CH2Cl2, 65−87%.
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indicating that the binding pocket of the Hec1 protein left a
space headed by the C-4′ substituents of scaffold 4 (Figure 1).
Accordingly, we replaced the alkoxy groups in scaffold 4 with

aryloxy groups (R = aryl in 4, Figure 1). C-4′ phenoxy
replacement of the c-pentoxy group in compound 20 generated
compound 25 with a similar potency (IC50: 94.4−236 nM) to
that of 20 (IC50: 96.0−215 nM). The introduction of a methyl
or ethyl group to the C-4 position of the phenoxy group in 25
provided compounds 26 and 27 with similar potency (IC50:
134−237 nM). However, the presence of 3,5-dimethyls at the
phenoxy group deactivated compound 28 (IC50: 727 to >1000
nM). Compound 29, with a C-4′ 4-fluorophenoxy group,
displayed similar potency (IC50: 239−280 nM) to that of 25,
26, and 27. Compound 30, with a C-4′ 4-(trifluoromethyl)-
phenoxy group, showed a ∼2-fold improvement in antiprolifer-
ative activity (IC50: 58.2−132 nM) compared to 29.
The most potent analogues of scaffold 4 in Table 2 was

compound 31, which possessed a C-4′ 4-methoxyphenoxy
functionality. Regarding the four cancer cell lines, 31 displayed
low nanomolar antiproliferative activity (32.0−48.6 nM). In

comparison with reference compound 2, 31 showed ∼100-fold
improvement (e.g., 32.0 vs 3200 nM for MDA-MB-231).
Movement of the C-4 methoxy group in 31 to the C-3 position
reduced the antiproliferative activity of 33 (IC50: 102−253
nM). Compound 34, with a 3,4-methylenedioxy moiety on the
C-4′ phenoxy group, was not as potent as 31 (IC50: 45.7−128
nM).
For further improvement of the antiproliferative activity of

scaffold 4, compounds 13−15, 18, and 32, bearing 2′,6′-
difluoro and/or o-halo atoms at the 4-pyridyl group, were
evaluated (Table 3). C-4′ methoxy-substituted compound 13,
bearing a 2′,6′-difluoro group, showed reduced in vitro activity
(IC50: 170−450 nM) in comparison with its 2′,6′-dimethyl
analogue, 12 (IC50: 99.5−172 nM, Table 2). Introduction of an
o-fluoro or o-chloro atom to the pyridyl group of 12 generated
compounds 14 and 15 that possessed slightly reduced
potencies, with IC50 values of 75.4−220 and 160−280 nM,
respectively. Compound 18, the o-fluoropyridyl analogue of 17,
showed similar potency (IC50: 42.7−167 nM) to that of 17
(IC50: 52.0−162 nM, Table 2). Introduction of a fluoro atom to

Scheme 2. Synthesis of 4-Aryl-N-(4-pyridylcarbonyl)-2-aminothiazole 12−20 Bearing C-4′ Alkoxy, C-2′ Methyl or Fluoro, and
o-Hydro, Fluoro, or Chloro at the Pyridyl Groupa

aReagents and conditions: (i) (a) TBABr3, CH3CN, rt, (b) thiourea, EtOH, reflux; 57−82% (two steps); (ii) isonicotinoyl chloride, 2-
fluoroisonicotinoyl chloride, or 2-chloroisonicotinoyl chloride, DMAP, CH2Cl2, 49−99%.

Scheme 3. Synthesis of 4-Aryl-N-(4-pyridylcarbonyl)-2-aminothiazole 25−34 Bearing C-4′ Aryloxy and/or Fluoro at the Pyridyl
Groupa

aReagents and conditions: (i) t-BuONO, CuCl2, CH3CN, 76%; (ii) aryl alcohol, Pd(OAc)2, t-BuXPhos, toluene, 100 °C, 19−86%; (iii) (a) TBABr3,
CH3CN, rt, (b) thiourea, EtOH, reflux; 53−96% (two steps); (iv) isonicotinoyl chloride or 2-fluoroisonicotinoyl chloride, DMAP, CH2Cl2, 17−95%.
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the ortho position of the pyridyl group in 31 generated
compound 32 with comparable in vitro antiproliferative activity
(IC50: 16.3−42.7 nM). In comparison with lead compound 1,
compound 32 possessed 55−196-fold enhanced potency.
Pharmacokinetics and In Vivo Xenograft. To determine

the pharmacokinetic properties of the analogues of scaffold 4,
representative compounds 9a, 12, 17, 31, and 32 with different
substituents at the C-4′ position and/or the o-fluoro atom to
the pyridyl nitrogen were subjected to pharmacokinetic study in
Sprague−Dawley rats. The results presented in Table 4 show
that prototype 9a, bearing a C-4′ methyl group, possessed an
intravenous (IV) AUC value of 5.78 μM·h with good oral
bioavailability (41.9%). However, its clearance (CL) was high
(23.2 mL/min/kg). Compared to 9a, compound 12, possessing
a C-4′ methoxy group, showed a >5-fold improvement in the
AUC (32.7 μM·h) with reduced clearance (3.02 mL/min/kg).
Nevertheless, its Vd value was low (0.250 L/kg), and its
bioavailability was reduced (20.6%). Compound 17, with a C-4′
i-propoxy group, possessed a slightly increased AUC (44.3 μM·
h) and Vd (0.769 μM·h) as well as similar clearance and
bioavailability compared to that of 12. Compound 31,
possessing a C-4′ 4-methoxyphenoxyl group, showed a slightly
reduced AUC with increased Vd compared to that of 17.
However, its bioavailability was reduced to 12.4%.
Compound 32, the fluoro analogue of 31, possessed the

highest IV AUC (64.9 μM·h) among the compounds in Table
4, with a reasonable Vd (0.948 L/kg) and clearance (1.22 mL/
min/kg). However, it showed the lowest bioavailability (F =
4.6%). This result was not surprising because the o-fluoro atom
reduced the basicity of the pyridyl nitrogen, thus decreasing the
solubility of 32 in acidic gastric fluids, which then retarded its
absorption. The solubilities of 9a and 32 in PBS buffer (pH

7.4) containing 1% DMSO at 37 °C were 3.33 ± 0.14 and 0.19
± 0.011 μM, respectively. As a result of this observation, we
changed the original 1% methylcellulose formulation to a 5%
DMSO, 10% cremophor, and 85% water solution to improve
the solubility of 32. The bioavailability significantly increased to
22.7% (Table 4). The result suggested that solubility might
govern the bioavailability of 32.
To realize an improved PK profile of 32, we studied the

metabolic stability of 9a and 32 in rat liver microsomes. The
half-life (t1/2) of 9a and 32 was found to be 11.0 and 340 min,
respectively. As a result, the higher metabolic stability of 32
contributed to its higher AUC (64.9 μM·h) and lower clearance
(1.22 mL/min/kg) in comparison with that of 9a (AUC: 5.78
μM·h and CL: 23.2 mL/min/kg).
Because compound 32 possessed low nanomolar IC50 values

(16.3−42.7 nM) with the highest IV and acceptable oral (PO)
AUCs, it was selected for in vivo study using nude mice bearing
MDA-MB-231 human breast cancer xenografts. As shown in
Figure 2, mice treated with 20 mg/kg of 32 for 28 days via daily
IV injection showed significant in vivo antitumor activity, with a
T/C value of 32% on day 28. Treatment of mice with 150 mg/
kg of 32 via oral gavage twice a day also showed antitumor
activity, with a T/C value of 57% on day 28, despite being less
active as an IV injection. The results reflected the different
AUCs between IV and PO routes. Meanwhile, 32 was well-
tolerated during the experiments and did not cause significant
body weight loss (<5.0%, data not shown) in the test animals.
These findings suggested that compound 32 could be a
promising anticancer lead because of its good potency and
tolerability.

Mechanism of Action. To confirm the mechanism of
action of promising lead 32, we performed a coimmunopre-

Table 1. In Vitro Antiproliferative Activity of N-Acyl-4-mesityl-2-aminothiazoles 2 and 9a−e toward HeLa, K562, MDA-MB-
468, and MDA-MB-231 Cancer Cells

aThe IC50 values were averaged from two independent dose−response curves; variation was generally <15%.
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cipitation (Co-IP) assay using DMSO- and 32-treated K562
cells for the immunoprecipitation of Nek2 (Figure 3A). A
reduced level of coimmunoprecipitated Hec1 was observed in
cells treated with 100 nM 32 (lane 3) relative to cells treated
with DMSO (lane 2). In comparison with the literature data of
1, in which it shows activity in the Co-IP assay at a
concentration of 25 μM, the results indicated that the
disruption of Hec1/Nek2 protein−protein interaction by 32
took place in the cells with improved potency. To provide more
evidence, we analyzed the effect of 32 on the Nek2 protein level
in K562 cells by western blotting. Compound 32 led to the
degradation of Nek2 in a dose-dependent manner at
concentrations of 100 and 1000 nM; however, it had no effect
at 10 nM (Figure 3B). The same phenomenon was also
observed in MDA-MB-468 cells treated with 32 at 100 nM
(Figure 3C, lane 2). Compounds 1 and 2 are reported to
induce Nek2 degradation at concentrations of 25 and 6.25 μM,
respectively.16,17

As shown in Figure 3C, Nek2 degradation in 32-treated
MDA-MB-468 cells was blocked by the addition of proteasomal
inhibitor MG132 (lane 3). MG132 did not interfere with
Hec1/Nek2 interaction (Figure 3A, lane 5), nor did it impact
the ability of 32 to disrupt Hec1/Nek2 interaction (Figure 3A,
lane 4). Taken together, these results suggested that 32
disrupted the Hec1/Nek2 complex in the cells and that the
detached Nek2 might be degraded through the proteasomal
pathway, as reported by Fry et al.21,22

Hec1 plays a critical role in mitosis, and intervening in its
function leads to mitotic abnormalities.16,17 In MDA-MB-468
cells treated with 32, the percentage of mitotic abnormalities,
including chromosomal misalignment and formation of multi-
polar spindles, was measured by immunofluorescent staining
and microscopy (Table 5). The percentage of cells displaying
multipolar spindles increased in a dose-dependent manner:
16.9, 29.1, and 46.7% for cells treated with 32 at concentrations
of 10, 100, and 1000 nM, respectively. However, no significant

Table 2. In Vitro Antiproliferative Activity of 4-Aryl-N-(4-pyridylcarbonyl)-2-aminothiazoles 12, 16, 17, 19, 20, 25−31, 33, and
34 Bearing a C-4′ Alkoxy or Aryloxy Group

aThe IC50 values were averaged from two independent dose−response curves; variation was generally <15%.
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change in the percentage of cells with chromosomal misalign-
ment was observed. These data indicated that 32 induced
mitotic abnormalities in the same manner as 1 and 2, even at a
concentration as low as 10 nM (IC50 of 32 for MDA-MB-468:
40.0 nM, Table 3). Furthermore, reduced levels of
antiapoptotic proteins, including Bcl-2, Mcl-1, and XIAP,
were observed in HeLa cells treated with 32 for 24 and 48 h,
whereas increasing levels of apoptotic marker proteins,
including cleaved caspase-3 and PARP, were noted (Figure
4). Combined with the results from coimmunoprecipitation,
immunofluorescent staining, and western blotting, we propose
that antiproliferative compound 32 acted by disrupting the
Hec1/Nek2 interaction, which led to mitotic abnormalities and
eventually to the apoptosis of the cancer cells.

Spectrum and Selectivity. To further evaluate the
spectrum of activity for Hec1/Nek2 inhibition within distinct
cancer cells, the GI50 values of 32 were determined. The results
shown in Table 6 indicated that 32 was active toward various
cancer cells, including CML, lymphoma, cervical cancer, colon
cancer, breast cancer, and hepatoma, with GI50 values less than
1.0 μM (22.8−377 nM). The observed broad spectrum activity
of 32 toward various cancer cells was anticipated because Hec1
plays a critical role in mitosis. On the contrary, compound 32
was not active (GI50 > 9.0 μM, Table 6) on normal cells,
including WI-38 (human normal lung fibroblast), RPTEC
(renal proximal tubule epithelial), HUVEC (human umbilical
vein endothelial), and HAoSMC (human aortic smooth
muscle) cells. These results suggested that compound 32
selectively killed cancer cells over normal cells. The differences

Table 3. In Vitro Potency of 4-Aryl-N-(4-pyridylcarbonyl)-2-aminothiazole 13−15, 18, and 32 Bearing a C-4′ Alkoxy or Aryloxy,
C-2′ Methyl or Fluoro, and o-Hydro or Fluoro or Chloro at the Pyridyl Group

aThe IC50 values were averaged from two independent dose−response curves; variation was generally <15%.

Table 4. Pharmacokinetic Parameters (IV, PO) of Compounds 9a, 12, 17, 31, and 32a

IVb POc

compd MB231 IC50 (nM) AUC (μM·h)b Vd (L/kg) CL (mL/min/kg) F%

9a 300 5.78 1.54 23.2 41.9
12 160 32.7 0.250 3.02 20.6
17 96.0 44.3 0.769 2.55 22.6
31 32.0 34.3 1.26 2.70 12.4
32 20.0 64.9 0.948 1.22 4.6 (22.7)d

aCarried out in Sprague−Dawley rats. bIV dose: 2.0 mg/kg formulated with 5% DMSO, 10% cremophor, and 85% water. cPO dose: 20 mg/kg
formulated with 1% methylcellulose in water. dFormulated with 5% DMSO, 10% cremophor, and 85% water.
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in GI50 values between cancer and normal cells gave further
proof of the good in vivo tolerability of 32 and implied that it
has a good therapeutic window.
For further assessment of the selectivity of 32, radiometric

assays23 were used to address its inhibitory activity against 21
kinases. Compound 32 was not active against Nek2, CHK1,

CHK2, Cdk1/cyclin B, Aurora A, Aurora B, mTOR, PI3Kα,
PI3Kβ, VEGFR2, PDGFR-β, FGFR1, EGFR, EGFR(T790M),
IGF-1R, B-Raf, B-Raf(V600E), C-Raf, FLT3, MET, and Kit
kinases (IC50 > 10 μM), despite sharing a similar 2-
aminothiazole structure with the known kinase inhibitor,
dasatinib.24 Finally, 32 was inactive in the [3H]astemizole
competitive binding assay for hERG liability screening,25,26 with
an IC50 greater than 10 μM. Thus, it is not likely to cause QT
prolongation and torsade de pointes27 that often cause the
withdrawal of marketed drugs and/or failure in clinical trials.
Considering its potency, pharmacokinetic properties, and
selectivity, we believe that compound 32 could be a good
lead for further optimization.

■ CONCLUSIONS
We explored 4-aryl-N-arylcarbonyl-2-aminothiazoles of scaffold
4 as Hec1/Nek2 inhibitors. Among the derivatives of 4,
compound 32 showed low nanomolar antiproliferative activity,
good pharmacokinetic properties, and significant in vivo
antitumor activity while being less active toward normal cells,
kinases, and hERG. Compound 32 will serve as a good lead in
our search for a preclinical candidate targeting Hec1/Nek2
inhibition.

■ EXPERIMENTAL SECTION
General Procedures. Reagents and starting materials were used as

purchased without further purification. Analytical thin-layer chroma-
tography (TLC) was performed on precoated plates (silica gel 60 F-
254) purchased from Merck Inc. Purification by gravity column
chromatography was conducted using Merck Reagents Silica Gel 60
(with a particle size of 0.063−0.200 mm, 70−230 mesh ASTM). 1H
NMR spectra were recorded on a Bruker (500 MHz) spectrometer
with CDCl3, CD3OD, or DMSO-d6 as solvent. Multiplicities are
abbreviated as follows: s, singlet; d, doublet; t, triplet; q, quartet; and
m, multiplet; J, coupling constant (hertz). 13C NMR spectra were
obtained on an Agilent 400-MR (100 MHz) NMR spectrometer by
use of CDCl3 or DMSO-d6 as solvent. 13C chemical shifts are
referenced to the center peak of CDCl3 (δ 77.0 ppm) or DMSO-d6 (δ
39.5 ppm). ESI−MS spectra were recorded with an Applied
Biosystems API 300 mass spectrometer. High-resolution mass spectra
were obtained by means of a LTQ Orbitrap XL mass spectrometer
(Thermo Fisher Scientific). The purities of the compounds for
biological evaluation were greater than 95%, as determined from
reversed-phase HPLC. Reference compound 216 and 1-mesityletha-
none (6)18 were prepared according to reported procedures and
showed consistent spectroscopic data.

2-Bromo-1-mesitylethanone (7). To a solution of 1-mesityle-
thanone (6, 1.18 g, 7.27 mmol) in EtOAc (50 mL) was added CuBr2
(3.25 g, 14.6 mmol, 2.0 equiv). The reaction mixture was heated at
reflux for 90 min. The solution was cooled, and the resultant solids
were filtered off and washed with EtOAc. The filtrate was concentrated
under reduced pressure to give 2-bromo-1-mesitylethanone (7, 1.67 g,
6.93 mmol) as a yellow oil in 95% yield: 1H NMR (CDCl3) δ 6.87 (s,
2H), 4.27 (s, 2H), 2.31 (s, 3H), 2.22 (s, 6H); 13C NMR (CDCl3) δ
200.21, 139.60, 133.51, 128.98, 128.66, 36.67, 21.08, 19.34; ESI−MS:
m/z 241.0 (M + H)+.

4-Mesitylthiazol-2-amine (8). Compound 7 (2.43 g, 10.1 mmol,
1.0 equiv) and thiourea (0.810 g, 10.6 mmol, 1.05 equiv) were
dissolved in 95% ethanol (20 mL). The reaction mixture was heated at
reflux for 2.0 h. The solution was concentrated under reduced
pressure, and the residue was recrystallized from 2-propanol to give 4-
mesitylthiazol-2-amine (8, 1.99 g, 9.12 mmol) as white solids in 90%
yield: 1H NMR (CD3OD) δ 7.00 (s, 2H), 6.67 (s, 1H), 2.31 (s, 3H),
2.19 (s, 6H); 13C NMR (CDCl3) δ 167.66, 137.55, 137.34, 131.96,
128.50, 128.06, 105.12, 21.08, 20.25; ESI−MS: m/z 219.1 (M + H)+.

1-(4-Chloro-2,6-dimethylphenyl)ethanone (22). Anhydrous
CuCl2 (98.9 g, 0.736 mol, 1.2 equiv) was mixed with t-BuONO

Figure 2. In vivo antitumor activity of compound 32 in nude mice
bearing MDA-MB-231 breast cancer xenografts. Compound 32 was
formulated with a vehicle of 5% DMSO, 10% cremophor, and 85%
water. The average tumor volumes were recorded from mice receiving
a 28 day, continuous once-a-day IV dose of the vehicle (⧫) or 32 at 20
mg/kg (●) as well as from mice receiving a twice-a-day PO dose of 32
at 150 mg/kg (▲). The T/C values for 32 from the IV and PO routes
were calculated to be 32 and 57% on day 28, respectively.

Figure 3. Disruption of Hec1/Nek2 interaction by compound 32 in
the cells. (A) Coimmunoprecipitation analysis of K562 cells treated
with DMSO (lane 2), 32 (lane 3), 32 with MG132 (lane 4), and
MG132 (lane 5) for 16 h. The concentrations of 32 and MG132 were
100 and 500 nM, respectively. (B) Dose-dependent western blot of
Hec1 and Nek2 in K562 cells treated with DMSO or 32 at 10, 100,
and 1000 nM (lanes 1−4) for 24 h. Actin was used as a loading
control. (C) Western blot of Hec1 and Nek2 in MDA-MB-468 cells
treated with 32 (lane 2), 32 with MG132 (lane 3), and MG132 (lane
4). Actin was used as a loading control.
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(85.6 g, 0.830 mol, 1.4 equiv) in CH3CN (1.02 L). The solution was
cooled to 0 °C, and 1-(4-amino-2,6-dimethylphenyl)ethanone (21,
100 g, 0.613 mol, 1.0 equiv) was slowly added over a period of 5.0 min.
After the addition was completed, the reaction mixture was warmed to
room temperature and poured into an aqueous hydrochloric acid
solution (20%, 1.0 L). The solution was extracted with EtOAc (800
mL), and the organic layer was separated, washed with H2O (1.0 L),
dried over MgSO4(s), and concentrated under reduced pressure. The
liquid was distilled to give 1-(4-chloro-2,6-dimethylphenyl)ethanone
(22, 85.0 g, 0.465 mol) as a yellow oil in 76% yield: 1H NMR (CDCl3)
δ 7.02 (s, 2H), 2.45 (s, 3H), 2.22 (s, 6H); 13C NMR (CDCl3) δ
207.29, 140.87, 134.28, 133.92, 127.66, 77.33, 77.02, 76.70, 32.03,
19.07, 18.98; ESI−MS: m/z 183.0 (M + H)+.

General Procedure for the Synthesis of 4-Aryloxy-2,6-
dimethylacetophenones 23a−i. To a solution of 1-(4-chloro-2,6-
dimethylphenyl)ethanone (22, 1.0 equiv), K3PO4 (2.0 equiv), and
various aryl alcohols (1.2 equiv) in toluene were added t-BuXPhos
(0.030 equiv) and Pd(OAc)2 (0.050 equiv). The reaction mixture was
heated at 100 °C for 2.0 h under N2. The solution was cooled to room
temperature and filtered through a small pad of Celite. The cake was
washed with EtOAc, and the combined filtrate was concentrated under
reduced pressure. The residue was purified by gravity column
chromatography on silica gel (mixture of EtOAc and hexanes as
eluent) to give corresponding 4-aryloxy-2,6-dimethylacetophenones
23a−i in 19−86% yields.

1-(2,6-Dimethyl-4-phenoxyphenyl)ethanone (23a). Yield:
68%. 1H NMR (CDCl3) δ 7.33−7.37 (m, 2H), 7.12 (t, J = 7.5 Hz,
1H), 7.00 (d, J = 7.5 Hz, 2H), 6.65 (s, 2H), 2.48 (s, 3H), 2.22 (s, 6H);

Table 5. Immunofluorescent Staining (Microscopy, 1000×), Percentage of Chromosomal Misalignment, and Formation of
Multipolar Spindles in Mitotic MDA-MB-468 Cells Treated with 32 at Various Concentrations for 48 h

aDMSO (control).

Figure 4. Western blot analysis of cleaved caspase-3, cleaved PARP,
Bcl-2, Mcl-1, and XIAP in HeLa cells treated with DMSO, compound
32 (1.0 μM), or paclitaxel (100 nM) for 24 and 48 h. Actin was used
as a loading control.

Table 6. GI50 Values of Compound 32 toward Various Cancer and Normal Cells

cell origin GI50 (nM)a cell origin GI50
a

K562 CML 56.2 Huh7 hepatoma 79.6 nM
U937 lymphoma 29.6 PLC/PRF/5 hepatoma 79.6 nM
HeLa cervical 22.8 HepG2 hepatoma 191 nM
HCT116 colon 34.1 Hep3B hepatoma 68.3 nM
COLO205 colon 35.4 WI-38 normal >9.0 μM
MB231 breast 39.8 RPTEC normal >9.0 μM
MB468 breast 29.6 HUVEC normal >9.0 μM
T47D breast 377 HAoSMC normal >9.0 μM

aThe GI50 values were averaged from two independent dose−response curves; variation was generally <15%.
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13C NMR (CDCl3) δ 207.66, 157.21, 156.72, 137.74, 134.70, 129.79,
123.53, 119.20, 117.71, 32.25, 19.37; ESI−MS: m/z 241.1 (M + H)+.
1-[2,6-Dimethyl-4-(p-tolyloxy)phenyl]ethanone (23b). Yield:

46%. 1H NMR (CDCl3) δ 7.15 (d, J = 8.4 Hz, 2H), 6.91 (d, J = 8.4
Hz, 2H), 6.62 (s, 2H), 2.66 (s, 3H), 2.35 (s, 3H), 2.21 (s, 6H); 13C
NMR (CDCl3) δ 207.99, 157.75, 154.12, 137.29, 134.61, 133.23,
130.26, 119.40, 117.14, 32.31, 20.71, 19.39; ESI−MS: m/z 255.3 (M +
H)+.
1-[4-(4-Ethylphenoxy)-2,6-dimethylphenyl]ethanone (23c).

Yield: 82%. 1H NMR (CDCl3) δ 7.17 (d, J = 8.5 Hz, 2H), 6.93 (d,
J = 8.5 Hz, 2H), 6.63 (s, 2H), 2.64 (q, J = 7.5 Hz, 2H), 2.47 (s, 3H),
2.21 (s, 6H), 1.25 (t, J = 7.5 Hz, 3H); 13C NMR (CDCl3) δ 207.92,
157.69, 154.34, 139.58, 137.35, 134.62, 129.06, 119.33, 117.26, 32.31,
28.16, 19.40, 15.68; ESI−MS: m/z 269.2 (M + H)+.
1-[4-(3,5-Dimethylphenoxy)-2,6-dimethylphenyl]ethanone

(23d). Yield: 86%. 1H NMR (CDCl3) δ 6.76 (s, 1H), 6.63 (s, 2H),
6.62 (s, 2H), 2.48 (s, 3H), 2.29 (s, 6H), 2.22 (s, 6H); 13C NMR
(CDCl3) δ 208.03, 157.39, 156.67, 139.59, 137.48, 134.58, 125.23,
117.72, 116.85, 32.28, 21.26, 19.37; ESI−MS: m/z 269.1 (M + H)+.
1-[4-(4-Fluorophenoxy)-2,6-dimethylphenyl]ethanone

(23e). Yield: 68%. 1H NMR (CDCl3) δ 7.01−7.05 (m, 2H), 6.70−
6.96 (m, 2H), 6.60 (s, 2H), 2.47 (s, 3H), 2.22 (s, 6H); 13C NMR
(CDCl3) δ 207.68, 158.89 (d, J = 262.4 Hz), 157.53, 152.33, 137.58,
134.76, 120.84 (d, J = 8.3 Hz), 117.09, 116.32 (d, J = 23.2 Hz), 32.28,
19.39; ESI−MS: m/z 259.0 (M + H)+.
1-{2,6-Dimethyl-4-[4-(trifluoromethyl)phenoxy]phenyl}-

ethanone (23f). Yield: 19%. 1H NMR (CDCl3) δ 7.58 (d, J = 8.5 Hz,
2H), 7.04 (d, J = 8.5 Hz, 2H), 6.70 (s, 2H), 2.50 (s, 3H), 2.25 (s, 6H);
13C NMR (CDCl3) δ 207.66, 160.05, 155.58, 138.89, 135.01, 127.11
(q, J = 3.7 Hz), 126.60 (q, J = 215 Hz), 125.06 (q, J = 32.6 Hz),
118.79, 118.13, 32.18, 19.28; ESI−MS: m/z 309.0 (M + H)+.
1-[4-(4-Methoxyphenoxy)-2,6-dimethylphenyl]ethanone

(23g). Yield: 75%. 1H NMR (CDCl3) δ 6.96 (d, J = 9.2 Hz, 2H), 6.88
(d, J = 9.2 Hz, 2H), 6.57 (s, 2H), 3.81 (s, 3H), 2.46 (s, 3H), 2.20 (s,
6H); 13C NMR (DMSO-d6) δ 207.63, 158.21, 156.22, 149.32, 137.50,
134.85, 121.42, 116.42, 115.52, 55.80, 32.58, 19.33; ESI−MS: m/z
271.1 (M + H)+.
1-[4-(3-Methoxyphenoxy)-2,6-dimethylphenyl]ethanone

(23h). Yield: 73%. 1H NMR (CDCl3) δ 7.23−7.25 (m, 1H), 6.66−
6.68 (m, 3H), 6.56−6.57 (m, 2H), 3.79 (s, 3H), 2.48 (s, 3H), 2.22 (s,
6H); 13C NMR (CDCl3) δ 207.89, 160.95, 157.91, 156.94, 137.81,
134.66, 130.15, 117.86, 111.26, 109.11, 105.18, 55.34, 32.27, 19.36;
ESI−MS: m/z 271.0 (M + H)+.
1-[4-(Benzo[d][1,3]dioxol-5-yloxy)-2,6-dimethylphenyl]-

ethanone (23i). Yield: 62%. 1H NMR (CDCl3) δ 6.77 (d, J = 8.5 Hz,
1H), 6.59 (s, 2H), 6.56 (s, 1H), 6.46−6.49 (m, 1H), 5.98 (s, 2H), 2.46
(s, 3H), 2.21 (s, 6H); 13C NMR (CDCl3) δ 207.90, 158.10, 150.79,
148.36, 143.96, 137.24, 134.64, 116.67, 112.24, 108.28, 102.35, 101.54,
32.30, 19.41; ESI−MS: m/z 285.1 (M + H)+.
General Procedure for the Synthesis of 4-Aryl-2-amino-

thiazoles 11a−f and 24a−i. To a CH3CN solution of acetylarenes
10a−f or 23a−i (1.0 equiv) was added TBABr3 (1.0 equiv). The
reaction mixture was stirred at room temperature for 80 min. The
solution was concentrated under reduced pressure, diluted with H2O,
and extracted with EtOAc. The organic layer was washed with brine,
dried over anhydrous MgSO4(s), and concentrated under reduced
pressure to give the brominated acetylarene. Thiourea (1.0 equiv) was
added to the brominated acetylarene in EtOH, and the reaction
mixture was heated at reflux for 60 min. After the reaction was
completed, the solution was concentrated, and water and saturated
aqueous Na2CO3 were added. The resultant precipitate was filtered
and recrystallized in toluene (50 mL). The solids were collected and
dried under vacuum to give the desired 4-aryl-2-aminothiazoles 11a−f
or 24a−i in 53−96% yields.
4-(4-Methoxy-2,6-dimethylphenyl)thiazol-2-amine (11a).

Yield: 66%. 1H NMR (CDCl3) δ 6.61 (s, 2H), 6.27 (s, 1H), 4.91
(bs, 2H), 3.79 (s, 3H), 2.15 (s, 6H); 13C NMR (DMSO-d6) δ 169.91,
160.36, 139.83, 136.30, 121.33, 113.42, 106.29, 55.69, 20.49; ESI−MS:
m/z 235.1 (M + H)+.

4-(2,6-Difluoro-4-methoxyphenyl)thiazol-2-amine (11b).
Yield: 57%. 1H NMR (CDCl3) δ 6.68 (s, 1H), 6.51 (d, J = 10 Hz,
2H), 5.07 (brs, 2H), 3.81 (s, 3H); 13C NMR (DMSO-d6) δ 168.22,
160.93 (dd, J = 245.7, 10.4 Hz), 160.31 (t, J = 14.3 Hz), 138.50,
107.35, 106.30 (t, J = 18.7 Hz), 98.70 (dd, J = 21.4, 7.9 Hz), 56.30;
ESI−MS: m/z 243.2 (M + H)+.

4-(4-Ethoxy-2,6-dimethylphenyl)thiazol-2-amine (11c).
Yield: 72%. 1H NMR (DMSO-d6) δ 6.84 (brs, 2H), 6.60 (s, 2H),
6.27 (s, 1H), 3.99 (q, J = 6.8 Hz, 2H), 2.06 (s, 6H), 1.31 (t, J = 6.8 Hz,
3H); 13C NMR (DMSO-d6) δ 168.07, 157.83, 149.39, 138.44, 129.14,
113.31, 104.18, 63.14, 20.83, 15.16; ESI−MS: m/z 249.1 (M + H)+.

4-(4-Isopropoxy-2,6-dimethylphenyl)thiazol-2-amine (11d).
Yield: 72%. 1H NMR (CDCl3) δ 6.60 (s, 2H), 6.26 (s, 1H), 4.97 (bs,
2H), 4.51−4.56 (m, 1H), 2.13 (s, 6H), 1.32 (d, J = 6.1 Hz, 6H); 13C
NMR (DMSO-d6) δ 168.71, 158.73, 138.91, 126.33, 113.57, 104.86,
74.04, 28.18, 20.67, 19.48; ESI−MS: m/z 263.2 (M + H)+.

4-(4-Isobutoxy-2,6-dimethylphenyl)thiazol-2-amine (11e).
Yield: 82%. 1H NMR (CDCl3) δ 6.61 (s, 2H), 6.24 (s, 1H), 3.70
(d, J = 6.5 Hz, 2H), 2.15 (s, 6H), 2.05−2.09 (m, 1H), 1.01 (d, J = 6.7
Hz, 6H); 13C NMR (CDCl3) δ 167.55, 158.68, 148.83, 138.92, 127.16,
113.27, 105.30, 74.27, 28.28, 20.58, 19.28; ESI−MS: m/z 277.0 (M +
H)+.

4-[4-(Cyclopentyloxy)-2,6-dimethylphenyl]thiazol-2-amine
(11f). Yield: 74%. 1H NMR (CDCl3) δ 6.58 (s, 2H), 6.24 (s, 1H),
4.73−4.77 (m, 1H), 2.13 (s, 6H), 1.78−1.88 (m, 6H), 1.59−1.62 (m,
2H); 13C NMR (DMSO-d6) δ 168.17, 157.03, 148.47, 138.48, 128.35,
114.35, 104.27, 78.69, 32.78, 24.04, 20.80; ESI−MS: m/z 289.1 (M +
H)+.

4-(2,6-Dimethyl-4-phenoxyphenyl)thiazol-2-amine (24a).
Yield: 59%. 1H NMR (CDCl3) δ 7.31−7.35 (m, 2H), 7.10−7.26
(m, 3H), 6.72 (s, 2H), 6.30 (s, 1H), 5.18 (bs, 2H), 2.14 (s, 6H); 13C
NMR (DMSO-d6) δ 168.49, 157.14, 156.11, 147.70, 139.39, 131.47,
130.39, 123.72, 119.07, 117.51, 104.63, 20.66; ESI−MS: m/z 297.1 (M
+ H)+.

4-[2,6-Dimethyl-4-(p-tolyloxy)phenyl]thiazol-2-amine (24b).
Yield: 53%. 1H NMR (DMSO-d6) δ 7.23 (d, J = 8.3 Hz, 2H), 6.94 (d, J
= 8.3 Hz, 2H), 6.75 (br, 3H), 2.36 (s, 3H), 2.12 (s, 6H); 13C NMR
(DMSO-d6) δ 170.00, 158.66, 153.83, 140.50, 135.96, 133.66, 130.99,
123.74, 119.86, 116.90, 106.53, 20.77, 20.39; ESI−MS: m/z 311.2 (M
+ H)+.

4-[4-(4-Ethylphenoxy)-2,6-dimethylphenyl]thiazol-2-amine
(24c). Yield: 88%. 1H NMR (CDCl3) δ 7.18 (d, J = 8.0 Hz, 2H), 6.95
(d, J = 8.0 Hz, 2H), 6.71 (s, 2H), 6.29 (s, 1H), 5.45 (bs, 2H), 2.64 (q, J
= 7.6 Hz, 2H), 2.14 (s, 6H), 1.25 (t, J = 7.6 Hz, 3H); 13C NMR
(CDCl3) δ 167.56, 157.21, 154.80, 147.77, 139.42, 139.19, 134.63,
128.96, 119.07, 117.13, 105.57, 28.14, 20.48, 15.70; ESI−MS: m/z
325.0 (M + H)+.

4-[4-(3,5-Dimethylphenoxy)-2,6-dimethylphenyl]thiazol-2-
amine (24d). Yield: 59%. 1H NMR (CDCl3) δ 6.76 (s, 1H), 6.68 (s,
2H), 6.64 (s, 2H), 6.26 (s, 1H), 2.29 (s, 6H), 2.16 (s, 6H); 13C NMR
(DMSO-d6) δ 168.77, 156.94, 156.77, 139.73, 139.51, 129.64, 125.50,
119.21, 117.44, 116.89, 104.99, 21.31, 20.59; ESI−MS: m/z 325.1 (M
+ H)+.

4-[4-(4-Fluorophenoxy)-2,6-dimethylphenyl]thiazol-2-
amine (24e). Yield: 84%. 1H NMR (CDCl3) δ 6.97−7.05 (m, 4H),
6.66 (s, 2H), 6.28 (s, 1H), 5.95 (bs, 2H), 2.14 (s, 6H); 13C NMR
(DMSO-d6) δ 168.96, 158.69 (d, J = 238 Hz), 157.18, 152.80 (d, J =
2.3 Hz), 143.54, 139.84, 128.90, 121.26 (d, J = 8.5 Hz), 117.04 (d, J =
23.2 Hz), 117.00, 105.27, 20.54; ESI−MS: m/z 315.1 (M + H)+.

4-{2,6-Dimethyl-4-[4-(trifluoromethyl)phenoxy]phenyl}-
thiazol-2-amine (24f). Yield: 63%. 1H NMR (CDCl3) δ 7.56 (d, J =
8.5 Hz, 2H), 7.05 (d, J = 8.5 Hz, 2H), 6.76 (s, 2H), 6.32 (s, 1H), 5.03
(brs, 2H), 2.17 (s, 6H); 13C NMR (DMSO-d6) δ 168.48, 160.92,
154.28, 148.40, 139.73, 133.38, 127.68, 124.69 (q, J = 207 Hz), 123.66
(q, J = 32.1 Hz), 118.68, 118.20, 104.51, 20.55; ESI−MS: m/z 365.1
(M + H)+.

4-[4-(4-Methoxyphenoxy)-2,6-dimethylphenyl]thiazol-2-
amine (24g). Yield: 68%. 1H NMR (CDCl3) δ 6.98 (d, J = 9.0 Hz,
2H), 6.88 (d, J = 9.0 Hz, 2H), 6.64 (s, 2H), 6.27 (s, 1H), 5.40 (bs,
2H), 3.81 (s, 3H), 2.13 (s, 6H); 13C NMR (DMSO-d6) δ 168.36,
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157.47, 155.99, 149.83, 147.77, 139.17, 130.62, 121.15, 116.19, 115.46,
104.59, 55.80, 20.67; ESI−MS: m/z 327.1 (M + H)+.
4-[4-(3-Methoxyphenoxy)-2,6-dimethylphenyl]thiazol-2-

amine (24h). Yield: 65%. 1H NMR (CDCl3) δ 7.20−7.23 (m, 1H),
6.64 (s, 2H), 6.60−6.63 (m, 1H), 6.45−6.50 (m, 2H), 6.30 (s, 1H),
3.81 (s, 3H), 1.94 (s, 6H); 13C NMR (DMSO-d6) δ 168.43, 161.10,
158.41, 155.79, 148.74, 139.27, 132.14, 130.78, 117.60, 110.99, 109.21,
105.17, 104.45, 55.57, 20.66; ESI−MS: m/z 327.0 (M + H)+.
4-[4-(Benzo[d][1,3]dioxol-5-yloxy)-2,6-dimethylphenyl]-

thiazol-2-amine (24i). Yield: 96%. 1H NMR (CDCl3) δ 6.75 (d, J =
8.5 Hz, 1H), 6.66 (s, 2H), 6.57−6.59 (m, 1H), 6.48−6.51 (m, 1H),
6.28 (s, 1H), 5.98 (s, 2H), 5.05 (brs, 2H), 2.13 (s, 6H); 13C NMR
(DMSO-d6) δ 168.19, 157.06, 151.16, 148.57, 143.94, 139.09, 131.46,
116.56, 116.32, 112.22, 108.84, 104.45, 102.45, 101.98, 20.69; ESI−
MS: m/z 341.0 (M + H)+.
General Procedure for the Synthesis of 4-Aryl-N-acyl-2-

aminothiazoles 9a−e, 12−20, and 25−34. To a solution of 4-aryl-
2-aminothiazoles 8 or 11a−f or 24a−i (1.0 equiv) in anhydrous
CH2Cl2 was added DMAP (3.0 equiv) followed by various acyl
chlorides (1.5 equiv) under N2. The reaction mixture was stirred at
room temperature for 12 h. The solution was concentrated under
reduced pressure, and hot water was added. After cooling, the resultant
precipitate was filtered, dried under vacuum, and purified by gravity
column chromatography on silica gel (mixture of EtOAc and hexanes
as eluent) to give the corresponding 4-aryl-N-acyl-2-aminothiazoles
9a−e, 12−20, and 25−34 in 17−99% yields.
N-(4-Mesitylthiazol-2-yl)isonicotinamide (9a). Yield: 77%. 1H

NMR (CD3OD) δ 8.72 (d, J = 6.0 Hz, 2H), 7.56 (d, J = 6.0 Hz, 2H),
6.80 (s, 1H), 6.65 (s, 2H), 2.20 (s, 3H), 1.94 (s, 6H); 13C NMR
(CDCl3) δ 163.75, 159.23, 149.91, 148.11, 138.48, 137.76, 136.55,
130.48, 128.24, 120.94, 112.02, 77.34, 77.02, 76.70, 20.83, 20.11; ESI−
MS: m/z 324.0 (M + H)+; HRMS calcd for C18H18N3OS (M+ + H),
324.1168; found, 324.1165.
N-(4-Mesitylthiazol-2-yl)-2-(pyridin-4-yl)acetamide (9b).

Yield: 65%. 1H NMR (DMSO-d6) δ 8.53 (d, J = 5.8 Hz, 2H), 7.36
(d, J = 5.8 Hz, 2H), 6.99 (s, 1H), 6.91 (s, 2H), 3.84 (s, 2H), 2.25 (s,
3H), 2.02 (s, 6H); 13C NMR (CDCl3) δ 167.88, 158.87, 149.84,
147.76, 142.34, 138.39, 137.39, 131.58, 128.70, 124.63, 111.72, 77.30,
76.98, 76.67, 40.34, 21.00, 20.32; ESI−MS: m/z 338.1 (M + H)+.
4-Cyano-N-(4-mesitylthiazol-2-yl)benzamide (9c). Yield: 67%.

1H NMR (DMSO-d6) δ 8.23 (d, J = 8.4 Hz, 2H), 8.03 (d, J = 8.4 Hz,
2H), 7.09 (s, 1H), 6.92 (s, 2H), 2.26 (s, 3H), 2.05 (s, 6H); 13C NMR
(CDCl3) δ 163.58, 159.72, 146.46, 138.35, 136.74, 135.00, 132.03,
129.31, 128.39, 128.30, 117.75, 116.04, 111.89, 20.94, 20.23; ESI−MS:
m/z 348.0 (M + H)+.
4-[(4-Mesitylthiazol-2-yl)carbamoyl]pyridine 1-Oxide (9d).

Yield: 75%. 1H NMR (CDCl3) δ 8.16 (d, J = 6.6 Hz, 2H), 7.79 (d,
J = 6.6 Hz, 2H), 6.83 (s, 1H), 6.80 (s, 2H), 2.23 (s, 3H), 2.01 (s, 6H);
13C NMR (CDCl3) δ 161.95, 159.63, 147.51, 138.82, 138.14, 136.85,
130.70, 128.58, 128.08, 124.50, 112.03, 77.35, 77.03, 76.71, 20.88,
20.06; 13C NMR (CDCl3) δ 161.95, 159.63, 147.51, 138.82, 138.14,
136.85, 130.70, 128.58, 128.08, 124.50, 112.03, 77.35, 77.03, 76.71,
20.88, 20.06; ESI−MS: m/z 340.1 (M + H)+.
2-Chloro-N-(4-mesitylthiazol-2-yl)isonicotinamide (9e).

Yield: 87%. 1H NMR (DMSO-d6) δ 8.50 (d, J = 5.1 Hz, 1H), 7.74
(d, J = 5.1 Hz, 1H), 7.62 (s, 1H), 6.83 (s, 1H), 6.72 (s, 2H), 2.26 (s,
3H), 1.97 (s, 6H); 13C NMR (CDCl3) δ 162.76, 159.58, 152.25,
149.59, 147.67, 141.60, 138.29, 136.62, 130.02, 128.23, 122.38, 119.65,
112.18, 20.98, 20.12; ESI−MS: m/z 357.9 (M + H)+.
N-[4-(4-Methoxy-2,6-dimethylphenyl)thiazol-2-yl]-

isonicotinamide (12). Yield: 69%. 1H NMR (CDCl3) δ 8.70 (d, J =
6.0 Hz, 2H), 7.56 (d, J = 6.0 Hz, 2H), 6.81 (s, 1H), 6.36 (s, 2H), 3.76
(s, 3H), 1.92 (s, 6H); 13C NMR (CDCl3) δ 163.88, 159.40, 158.89,
149.86, 147.65, 138.80, 138.23, 125.73, 121.14, 112.81, 112.12, 54.92,
20.43; ESI−MS: m/z 340.0 (M + H)+.
N - [4-(2,6-Difluoro-4-methoxyphenyl)thiazol-2-yl ]-

isonicotinamide (13). Yield: 49%. 1H NMR (DMSO-d6) δ 13.13 (s,
1H), 8.81 (d, J = 5.9 Hz, 2H), 8.00 (d, J = 5.9 Hz, 2H), 7.46 (s, 1H),
6.87 (d, J = 10 Hz, 2H), 3.83 (s, 3H); 13C NMR (CDCl3) δ 164.39,
160.99 (t, J = 14.3 Hz), 160.89 (dd, J = 245.7, 10.2 Hz), 158.03,

151.20, 150.84, 139.56, 122.23, 115.26, 105.48 (t, J = 19.0 Hz), 99.02
(dd, J = 21.2, 7.9 Hz), 56.62; ESI−MS: m/z 348.1 (M + H)+.

2-Fluoro-N-[4-(4-methoxy-2,6-dimethylphenyl)thiazol-2-yl]-
isonicotinamide (14). Yield: 68%. 1H NMR (CDCl3) δ 8.37 (d, J =
5.2 Hz, 1H), 7.72 (brs, 1H), 7.42 (d, J = 5.2 Hz, 1H), 6.84 (s, 1H),
6.48 (s, 2H), 3.78 (s, 3H), 2.03 (s, 6H); 13C NMR (CDCl3) δ 163.87
(d, J = 242.2 Hz), 162.69, 159.45, 159.07, 147.96 (d, J = 14.5 Hz),
147.58, 144.13 (d, J = 7.5 Hz), 138.31, 125.41, 118.97 (d, J = 4.4 Hz),
112.79, 112.38, 107.98 (d, J = 39.1 Hz), 54.88, 20.34; ESI−MS: m/z
358.0 (M + H)+; HRMS calcd for C18H17FN3O2S (M+ + H),
358.1015; found, 358.1020.

2-Chloro-N-[4-(4-methoxy-2,6-dimethylphenyl)thiazol-2-yl]-
isonicotinamide (15). Yield: 63%. 1H NMR (CDCl3) δ 8.60 (d, J =
5.1 Hz, 1H), 7.95 (s, 1H), 7.92 (d, J = 5.1 Hz, 1H), 6.87 (s, 1H), 6.58
(s, 2H), 3.81 (s, 3H), 2.11 (s, 6H); 13C NMR (CDCl3) δ 162.82,
159.61, 159.16, 152.17, 149.80, 147.41, 141.68, 138.35, 125.32, 122.34,
119.77, 112.78, 112.30, 54.98, 20.45; ESI−MS: m/z 373.9 (M + H)+.

N - [4- (4-Ethoxy-2 ,6-d imethylphenyl ) th iazol -2-y l ] -
isonicotinamide (16). Yield: 88%. 1H NMR (CDCl3) δ 8.70 (d, J =
6.0 Hz, 2H), 7.58 (d, J = 6.0 Hz, 2H), 6.78 (s, 1H), 6.37 (s, 2H), 3.95
(q, J = 7.0 Hz, 2H), 1.94 (s, 6H), 1.41 (t, J = 7.0 Hz, 3H); 13C NMR
(CDCl3) δ 163.76, 159.09, 158.34, 150.10, 147.98, 138.60, 138.18,
125.68, 121.00, 113.34, 112.13, 63.06, 20.45, 14.88; ESI−MS: m/z
353.6 (M + H)+.

N-[4-(4-Isopropoxy-2,6-dimethylphenyl)thiazol-2-yl]-
isonicotinamide (17). Yield: 80%. 1H NMR (CDCl3) δ 8.67 (d, J =
6.0 Hz, 2H), 7.55 (d, J = 6.0 Hz, 2H), 6.77 (s, 1H), 6.30 (s, 2H),
4.41−4.45 (m, 1H), 1.90 (s, 6H), 1.32 (d, J = 6.0 Hz, 6H); 13C NMR
(CDCl3) δ 163.75, 159.05, 157.36, 150.09, 148.01, 138.62, 138.20,
125.54, 121.02, 114.35, 112.15, 69.27, 22.13, 20.49; ESI−MS: m/z
368.1 (M + H)+.

2-Fluoro-N-[4-(4-isopropoxy-2,6-dimethylphenyl)thiazol-2-
yl]isonicotinamide (18). Yield: 83%. 1H NMR (CDCl3) δ 8.40 (d, J
= 5.1 Hz, 1H), 7.78 (s, 1H), 7.50 (d, J = 5.1 Hz, 1H), 6.84 (s, 1H),
6.53 (s, 2H), 4.52−4.56 (m, 1H), 2.06 (s, 6H), 1.33 (d, J = 6.0 Hz,
6H); 13C NMR (CDCl3) δ 163.89 (d, J = 241.3 Hz), 162.72, 159.47,
157.52, 147.91 (d, J = 14.5 Hz), 147.61, 144.13 (d, J = 7.5 Hz), 138.29,
125.05, 118.99 (d, J = 4.4 Hz), 114.21, 112.29, 108.06 (d, J = 39.1 Hz),
69.24, 22.04, 20.39; ESI−MS: m/z 385.8 (M + H)+.

N-[4-(4-Isobutoxy-2,6-dimethylphenyl)thiazol-2-yl]-
isonicotinamide (19). Yield: 99%. 1H NMR (CDCl3) δ 8.68 (d, J =
5.7 Hz, 2H), 7.56 (d, J = 5.7 Hz, 2H), 6.77 (s, 1H), 6.33 (s, 2H), 3.62
(d, J = 6.5 Hz, 2H), 2.05−2.12 (m, 1H), 1.91 (s, 6H), 1.05 (d, J = 6.7
Hz, 6H); 13C NMR (CDCl3) δ 163.78, 159.16, 158.65, 150.07, 147.95,
138.59, 138.16, 125.52, 121.04, 113.30, 112.08, 73.99, 28.29, 20.42,
19.29; ESI−MS: m/z 382.1 (M + H)+.

N-{4-[4-(Cyclopentyloxy)-2,6-dimethylphenyl]thiazol-2-yl}-
isonicotinamide (20). Yield: 62%. 1H NMR (CDCl3) δ 8.71 (d, J =
5.8 Hz, 2H), 7.60 (d, J = 5.8 Hz, 2H), 6.78 (s, 1H), 6.37 (s, 2H),
4.65−4.69 (m, 1H), 1.95 (s, 6H), 1.52−1.94 (m, 8H); 13C NMR
(CDCl3) δ 163.71, 159.06, 157.61, 150.13, 148.01, 138.62, 138.14,
125.32, 121.04, 114.26, 112.11, 78.77, 32.86, 23.94, 20.51; ESI−MS:
m/z 394.1 (M + H)+.

N-[4-(2,6-Dimethyl-4-phenoxyphenyl)thiazol-2-yl]-
isonicotinamide (25). Yield: 30%. 1H NMR (DMSO-d6) δ 8.81 (d, J
= 5.5 Hz, 2H), 7.99 (d, J = 5.5 Hz, 2H), 7.39−7.42 (m, 2H), 7.03−
7.19 (m, 4H), 6.78 (s, 2H), 2.07 (s, 6H); 13C NMR (CDCl3) δ 163.74,
159.08, 156.93, 156.43, 150.33, 147.66, 138.75, 129.78, 128.31, 123.56,
121.04, 119.32, 117.17, 112.40, 77.36, 77.05, 76.73, 20.43; ESI−MS:
m/z 401.8 (M + H)+.

N-{4-[2,6-Dimethyl-4-(p-tolyloxy)phenyl]thiazol-2-yl}-
isonicotinamide (26). Yield: 89%. 1H NMR (DMSO-d6) δ 8.80 (d, J
= 5.5 Hz, 2H), 7.99 (d, J = 5.5 Hz, 2H), 7.18−7.22 (m, 3H), 6.95 (d, J
= 8.4 Hz, 2H), 6.73 (s, 2H), 2.30 (s, 3H), 2.06 (s, 6H); 13C NMR
(CDCl3) δ 163.68, 159.02, 157.50, 153.91, 150.37, 147.72, 138.76,
138.70, 133.26, 130.28, 127.91, 121.04, 119.52, 116.66, 112.32, 20.74,
20.43; ESI−MS: m/z 413.9 (M − H)−.

N-{4-[4-(4-Ethylphenoxy)-2,6-dimethylphenyl]thiazol-2-yl}-
isonicotinamide (27). Yield: 91%. 1H NMR (CDCl3) δ 8.78 (d, J =
6.0 Hz, 2H), 7.67 (d, J = 6.0 Hz, 2H), 7.19 (d, J = 8.4 Hz, 2H), 6.93
(d, J = 8.4 Hz, 2H), 6.83 (s, 1H), 6.56 (s, 2H), 2.66 (q, J = 7.6 Hz,
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2H), 1.98 (s, 6H), 1.26 (t, J = 7.6 Hz, 3H); 13C NMR (CDCl3) δ
163.72, 159.02, 157.42, 154.04, 150.32, 147.72, 139.63, 138.76, 138.66,
129.07, 127.91, 121.04, 119.46, 116.72, 112.34, 28.17, 20.43, 15.67;
ESI−MS: m/z 429.6 (M + H)+.
N-{4-[4-(3,5-Dimethylphenoxy)-2,6-dimethylphenyl]thiazol-

2-yl}isonicotinamide (28). Yield: 94%. 1H NMR (CDCl3) δ 8.81 (d,
J = 5.4 Hz, 2H), 7.78 (d, J = 5.4 Hz, 2H), 6.84 (s, 1H), 6.78 (s, 1H),
6.64 (s, 2H), 6.61 (s, 2H), 2.31 (s, 6H), 2.02 (s, 6H); 13C NMR
(CDCl3) δ 163.72, 159.29, 157.32, 156.38, 150.03, 147.18, 139.61,
139.32, 138.85, 127.86, 125.36, 121.32, 117.19, 117.05, 112.16, 21.31,
20.45; ESI−MS: m/z 429.8 (M + H)+.
N-{4-[4-(4-Fluorophenoxy)-2,6-dimethylphenyl]thiazol-2-yl}-

isonicotinamide (29). Yield: 17%. 1H NMR (CDCl3) δ 8.72 (d, J =
6.0 Hz, 2H), 7.60 (d, J = 6.0 Hz, 2H), 7.03−7.07 (m, 2H), 6.93−6.95
(m, 2H), 6.81 (s, 1H), 6.43 (s, 2H), 1.92 (s, 6H); 13C NMR (CDCl3)
δ 163.48, 158.93 (d, J = 240.8 Hz), 158.75, 157.30, 152.19 (d, J = 2.4
Hz), 150.44, 147.75, 138.91, 138.71, 128.46, 120.95, 120.87 (d, J = 8.2
Hz), 116.69, 116.35 (d, J = 23.2 Hz), 112.42, 20.45; ESI−MS: m/z
420.2 (M + H)+.
N-(4-{2,6-Dimethyl-4-[4-(trifluoromethyl)phenoxy]phenyl}-

thiazol-2-yl)isonicotinamide (30). Yield: 87%. 1H NMR (CDCl3) δ
8.76 (d, J = 6.0 Hz, 2H), 7.64 (d, J = 6.0 Hz, 2H), 7.59 (d, J = 8.6 Hz,
2H), 7.02 (d, J = 8.6 Hz, 2H), 6.86 (s, 1H), 6.57 (s, 2H), 1.98 (s, 6H);
13C NMR (CDCl3) δ 163.47, 159.87, 158.88, 155.34, 150.47, 147.55,
139.24, 138.61, 129.79, 127.12 (q, J = 3.8 Hz), 125.06 (q, J = 32.6 Hz),
124.11 (q, J = 271.5 Hz), 120.96, 118.35, 118.16, 112.57, 20.43; ESI−
MS: m/z 469.7 (M + H)+.
N-{4-[4-(4-Methoxyphenoxy)-2,6-dimethylphenyl]thiazol-2-

yl}isonicotinamide (31). Yield: 95%. 1H NMR (CDCl3) δ 8.71 (d, J
= 6.0 Hz, 2H), 7.60 (d, J = 6.0 Hz, 2H), 6.90−6.96 (m, 4H), 6.79 (s,
1H), 6.40 (s, 2H), 3.83 (s, 3H), 1.90 (s, 6H); 13C NMR (CDCl3) δ
163.81, 159.17, 158.09, 156.06, 150.15, 149.26, 147.59, 138.91, 138.63,
127.56, 121.15, 121.12, 115.96, 114.90, 112.32, 55.63, 20.44; ESI−MS:
m/z 431.7 (M + H)+.
2-Fluoro-N-{4-[4-(4-methoxyphenoxy)-2,6-dimethylphenyl]-

thiazol-2-yl}isonicotinamide (32). Yield: 70%. 1H NMR (CDCl3,
400 MHz) δ 12.51 (brs, 1H), 8.28 (d, J = 5.2 Hz, 1H), 7.44 (d, J = 5.1
Hz, 1H), 7.22 (s, 1H), 6.96 (d, J = 9.2 Hz, 2H), 6.91 (d, J = 9.2 Hz,
2H), 6.79 (s, 1H), 6.37 (s, 2H), 3.82 (s, 3H), 1.86 (s, 6H); 13C NMR
(CDCl3) δ 162.02 (d, J = 239.2 Hz), 162.45 (d, J = 3.8 Hz), 159.07,
158.36, 156.14, 149.16, 148.35 (d, J = 14.6 Hz), 147.55, 144.22 (d, J =
7.5 Hz), 138.68, 127.18, 121.26, 118.87 (d, J = 4.6 Hz), 115.85,
114.92, 112.55, 108.04 (d, J = 39.1 Hz), 55.64, 20.35; ESI−MS: m/z
450.0 (M + H)+; HRMS calcd for C24H21FN3O3S (M+ + H),
450.1283; found, 450.1282.
N-{4-[4-(3-Methoxyphenoxy)-2,6-dimethylphenyl]thiazol-2-

yl}isonicotinamide (33). Yield: 51%. 1H NMR (CDCl3) δ 8.74 (d, J
= 6.0 Hz, 2H), 7.62 (d, J = 6.0 Hz, 2H), 7.23−7.26 (m, 1H), 6.82 (s,
1H), 6.67−6.69 (m, 1H), 6.51−6.56 (m, 2H), 6.47 (s, 2H), 3.81 (s,
3H), 1.94 (s, 6H); 13C NMR (CDCl3) δ 163.71, 160.93, 158.96,
157.69, 156.65, 150.41, 147.71, 138.73, 130.15, 128.47, 120.98, 117.37,
116.70, 112.41, 111.38, 108.95, 105.45, 55.40, 20.43; ESI−MS: m/z
431.6 (M + H)+.
N-{4-[4-(Benzo[d][1,3]dioxol-5-yloxy)-2,6-dimethylphenyl]-

thiazol-2-yl}isonicotinamide (34). Yield: 92%. 1H NMR (CDCl3) δ
8.73 (d, J = 5.8 Hz, 2H), 7.62 (d, J = 5.8 Hz, 2H), 6.81 (s, 1H), 6.78
(d, J = 8.5 Hz, 1H), 6.43−6.52 (m, 4H), 6.00 (s, 2H), 1.93 (s, 6H);
13C NMR (CDCl3) δ 163.38, 158.45, 157.80, 150.79, 150.57, 148.35,
147.89, 143.91, 138.82, 138.73, 128.14, 120.88, 116.39, 112.36, 112.23,
108.28, 102.32, 101.54, 20.47; ESI−MS: m/z 445.9 (M + H)+.
Cell Proliferation Assay. The antiproliferative activity of the

compounds with respect to HeLa, K562, MDA-MB-468, and MDA-
MB-231 was measured using the CellTiter96 assay kit (Promega)
following the manufacturer’s instruction. In brief, the cells were
maintained in normal glucose (1 μg/L) DMEM (Sigma, D5523)
containing 10% FBS and incubated at 37 °C in a 5% CO2 atmosphere.
Cells were plated at a density of 2500 cells/well in a 96-well plate for
24 h, treated with different concentrations of the compounds, and
incubated for another 96 h. At the end of the incubation, CellTiter 96
Aqueous One Solution Reagent (Promega) was added, and plates were

incubated for another 3 h. Cell viability was determined by measuring
absorbance at 490 nm using an EMax microplate reader (Molecular
Devices). Data were processed and analyzed using GraphPad Prism,
version 4.

Pharmacokinetics in Rat. The pharmacokinetic properties of
compounds 9a, 12, 17, 31, and 32 were determined in male Sprague−
Dawley rats (n = 3). All procedures involving animals were performed
according to protocols approved by the IACUC in the Development
Center for Biotechnology. Compounds were formulated in an aqueous
solution containing 5% DMSO and 10% Cremophor for IV dosing at
2.0 mg/kg and in an aqueous 1% methylcellulose solution for PO
dosing at 20 mg/kg. After dosing, blood samples were taken at regular
time intervals over a period of 24 h from a preimplanted catheter, and
plasma was separated by centrifugation at 4000 rpm at 4 °C. Plasma
was subjected to deproteination by acetonitrile treatment, and the
concentration of the compounds was determined by LC−MS/MS.
Pharmacokinetic parameters were calculated using noncompartmental
analysis methods in WinNonlin software (version 5.2.1, Pharsight, CA,
USA).

In Vivo Xenografts. MDA-MB-231 (1 × 107 cells in matrigel/
mouse) tumor cells were subcutaneously injected into the right flank
of 5−8 week old female BALB/c nude (nu/nu) mice (BioLASCO,
Taiwan). Tumor volume was measured with a digital caliper once
tumor was palpable (within 10 to 15 days after implantation). The
tumor-bearing animals were treated when the size of the tumor
reached an average volume of ∼100 mm3. Fifteen mice were divided
into three groups and treated IV with compound 32 (20 mg/kg) or
vehicle control (5% DMSO and 10% Cremophor in H2O) at one dose
per day or PO with 32 (150 mg/kg) at two doses per day for 28 days.
Test compound 32 was formulated in a solution of 5% DMSO and
10% Cremophor in H2O. The size of tumor was measured by a digital
caliper and body weights of the mice were measured every 2 days. The
tumor size plotted in Figure 2 represents the average tumor volume ±
SE in cubic millimeters from five mice.

Coimmunoprecipitation Analysis. K562 cells (2.5 × 106) were
seeded in a 100 mm dish under serum-free conditions. After 24 h, the
culture medium was changed to DMEM medium containing 10% FBS.
At the same time, cells were treated with DMSO, 32, 32 with MG132,
or MG132 for 16 h. At harvest, the medium was removed, and cells
were washed with ice-cold PBS. Cells were resuspended in ice-cold
Lysis 250 buffer (50 mM Tris-HCl, pH 7.4, 250 mM NaCl, 5 mM
EDTA, 0.1% Triton X-100, 10 mM NaF, 1 mM phenylmethylsulfonyl
fluoride, and protease inhibitor cocktail (Sigma, P8340)) on ice for 30
min and then centrifuged at 12 000 rpm for 20 min at 4 °C. The
supernatants were collected for protein quantification and used for
coimmunoprecipitation. Briefly, 1.3 mg of total protein from each
sample was incubated with rabbit polyclonal anti-Nek2 antibody (5
μL, Rockland) or rabbit polyclonal anti-GFP antibody (5 μL, Santa
cruz) as IgG control at 4 °C. After incubation for 3 h, 100 μL of
Protein A Sepharose 4 Fast Flow (50% slurry, GE healthcare) was
added, and incubation continued overnight. The beads were collected,
washed three times with lysis buffer, and then boiled in a SDS-loading
buffer followed by SDS-PAGE. The presence of Hec1 and Nek2 were
detected by western blotting with mouse monoclonal antibodies
against Hec1 (GeneTex, Inc.) and Nek2 (BD Pharmingen).

Immunoblot Analysis. Cell lysates were prepared in 1× sample
buffer (SDS sample buffer containing 62.5 mM, pH 6.8, Tris-HCl, 2%
w/v SDS, 10% glycerol, 50 mM DTT, and 0.01% w/v bromophenol
blue). Samples were separated by SDS-PAGE, and proteins were
transferred onto PVDF membranes (GE Life Science, Piscataway, NJ,
USA). The membranes were then incubated with primary antibodies
in 3% bovine serum albumin in Tris-buffered saline with 0.1% Tween
20 (BSA-TBST). After washing in TBST, horseradish peroxidase-
conjugated secondary antibodies were used as a tracer, and the protein
signal was detected by enhanced chemiluminescence (Millipore,
Billerca, MA, USA). The following primary antibodies were used for
western blotting: cleaved caspase-3 (rabbit polyclonal, Cell Signaling
Technology), PARP (rabbit polyclonal, Cell Signaling Technology),
Mcl-1 (mouse monoclonal, BD Pharmingen), XIAP (rabbit polyclonal,
Cell Signaling Technology), Bcl-2 (mouse monoclonal, Santa Cruz
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Biotechnology, Inc.), Nek2 (mouse monoclonal, BD Pharmingen),
Hec1 (rabbit polyclonal, GeneTex, Inc.), and actin (mouse
monoclonal, Millipore).
Immunofluorescent Staining, Microscopy, and Quantifica-

tion of Mitotic Abnormalities.28 For immunofluorescent staining,
cells were grown on Lab-Tek II Chamber Slide and washed with PBS
buffer (pH 7.4) before fixation with 4% paraformaldehyde. Following
permeabilization with 0.3% Triton X-100, cells were blocked with 5%
BSA/PBST and incubated with anti-α-tubulin antibodies. Then, DAPI
(4′,6′-diamidino-2-phenylindole) staining was applied, and cells were
mounted with ProLong Gold antifade (Invitrogen). Images were
examined with a NIKON 80i microscope at 400× or 1000×
magnification and captured with a Spot Digital Camera and Spot
Advanced Software Package (Diagnostic Instruments). The percentage
of cells with mitotic abnormalities was calculated by counting the
number of the cells showing the abnormal mitotic figures (including
chromosomal misalignment and formation of multipolar spindles)
over the total number of mitotic cells counted. A minimum of 500 cells
from randomly selected fields were scored per condition per
experiment.
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