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Background: The mitotic spindles are among the most successful targets of anti-cancer chemotherapy, and they
still hold promise as targets for novel drugs. The anti-mitotic drugs in current clinical use, including taxanes,
epothilones, vinca alkaloids, and halichondrins, are all microtubule-targeting agents. Although these drugs are ef-
fective for cancer chemotherapy, they have some critical problems; e.g., neurotoxicity caused by damage to neu-
ronal microtubules, as well as innate or acquired drug resistance. To overcome these problems, a great deal of
effort has been expended on development of novel anti-mitotics.
Methods: We identified novel microtubule-targeting agents with carbazole and benzohydrazide structures: N’-
[(9-ethyl-9H-carbazol-3-yl)methylene]-2-methylbenzohydrazide (code number HND-007) and its related com-
pounds. We investigated their activities against cancer cells using various methods including cell growth assay,
immunofluorescence analysis, cell cycle analysis, tubulin polymerization assay, and tumor inhibition assay in
nude mice.
Results: HND-007 inhibits tubulin polymerization in vitro and blocks microtubule formation and centrosome sep-
aration in cancer cells. Consequently, it suppresses the growth of various cancer cell lines, with ICsg values in the
range 1.3-4.6 M. In addition, HND-007 can inhibit the growth of taxane-resistant cancer cells that overexpress
P-glycoprotein. Finally, HND-007 can inhibit HeLa cell tumor growth in nude mice.
Conclusions and general significance: Taken together, these findings suggest that HND-007 is a promising lead
compound for development of novel anti-mitotic, anti-microtubule chemotherapeutic agents.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The mitotic spindles are among the most successful targets of anti-
cancer chemotherapy, and they still hold promise as targets of novel
drugs [1-4]. In mammalian somatic cells, the fundamental machinery
of the mitotic spindles comprises the spindle microtubules, composed
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of polymerized o-tubulin and B-tubulin heterodimers, and centro-
somes, which contain two centrioles and are duplicated during the
interphase. Spindle microtubule nucleation is initiated from centro-
somes, and the polymerization and depolymerization dynamics must
be tightly spatiotemporally regulated to ensure proper mitotic progres-
sion. In addition, many MAPs (microtubule-associated proteins) are also
required for mitosis, including the dynein and kinesin motor proteins, as
well as many microtubule-regulatory proteins such as ch-TOG. Under
the control of mitotic kinases such as Cdk1, Aurora kinases, and Polo-
like kinases (Plks), these factors function in a highly coordinated man-
ner to ensure proper progression of mitosis.

The anti-mitotic drugs in current clinical use are taxanes, epothilones,
vinca alkaloids, and halichondrins, all of which are microtubule-targeting
agents that bind to tubulin molecules [2,4]. The former two classes of
compounds inhibit depolymerization of microtubules (microtubule
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stabilizers), whereas the latter two prevent polymerization (microtubule
destabilizers); both lead to mitotic arrest, cell growth arrest, and eventu-
al cell death. Cancer cells are more susceptible than non-transformed
cells to microtubule-targeting agents, although our understanding of
the underlying molecular mechanisms is limited [5-7]. In addition, the
molecular basis of the tissue specificities of microtubule-targeting agents
also remains to be clarified. It was recently suggested that some
microtubule-targeting agents disrupt the tumor vasculature [8].

Although these clinically used drugs are effective for cancer
chemotherapy, there are some critical problems to be solved. For
example, because microtubules play important roles in non-dividing
cells like neuronal cells, these drugs inevitably damage such cells,
resulting in adverse effects such as peripheral neuropathy. Another
issue is innate or acquired resistance to microtubule-targeting agents.
The known mechanisms that confer resistance to the microtubule-
targeting drugs include overexpression of a class of ATP-dependent
membrane transporter proteins represented by MDR1, overexpression
of specific isotypes of tubulin such as PIlI-tubulin, certain mutations in
tubulin, and overexpression of certain MAPs [2,4,9]. To overcome
these problems, a great deal of effort has been devoted to development
of novel anti-mitotics that target non-microtubule mitotic proteins such
as Aurora kinases, Plks, Eg5, and CENP-E [3,10-16]. Unfortunately, thus
far, the clinical efficacy of these novel anti-mitotics has been limited [3].

Novel microtubule-targeting agents would also be valuable [2-4,17,
18]. Among the microtubule-targeting agents in current clinical use,
vinca alkaloids and halichondrins bind to a specific site on tubulin
termed the “vinca site”, whereas taxanes and epothilones bind to
another site termed the “taxane site” [4]. Another site recognized by
microtubule-targeting agents is the “colchicine site” [4]; however, so
far, no drug that binds to the colchicine site has been deployed for can-
cer chemotherapy. Nevertheless, ongoing efforts are still being devoted
to development of such colchicine site-binding drugs, especially as vas-
cular disrupting agents [4,8,18]. Recently, the laulimalide/peloruside-
binding site on tubulin molecules has been also identified, although a
short supply of the natural products has prevented clinical trials of
these compounds [19].

In this report, we describe novel microtubule-targeting agents with
carbazole and benzohydrazide structures that were identified during
the course of screening for inhibitors of Cdt1-geminin binding (for details,
see Results and discussion). Among them, N’-[(9-ethyl-9H-carbazol-3-
yl)methylene]-2-methylbenzohydrazide (code number HND-007) can
suppress tumor cell growth in vitro and in vivo.

2. Materials and methods
2.1. Cell culture

Hela (cervical carcinoma), H1299 (non-small cell lung carcinoma),
HCT116 (colon carcinoma), T98G (glioblastoma), and HFF2/T (normal
human fibroblasts immortalized by telomerase) cells were grown in
Dulbecco's modified Eagle's medium supplemented with 8% fetal calf
serum (FCS). PC-14 and PC-14/TXT cells were kindly provided by
Dr. Fumiaki Koizumi (National Cancer Center, Japan).

2.2. Drugs

Drugs used in this study were as follows: nocodazole (Sigma-Aldrich,
M1404), paclitaxel (BML, T104-0005), and hydroxyurea (Sigma-Aldrich,
H8627).

2.3. Growth inhibition assay

Cells were plated in 96-well plates at 5 x 10> cells/well, and the in-
dicated compounds dissolved in DMSO were added 24 h later. DMSO
(vehicle) was added to control cells at a final concentration of 1%.
After treatment for 48 h, MTS/PMS solution (CellTiter Aqueous Non-

Radioactive Cell Proliferation Assay, #G5430, Promega) was added,
cells were further incubated for 1 h, and OD49¢ was measured to deter-
mine cell number. The percent inhibition was determined for each drug
concentration, and the ICsq value for cell growth was calculated from
the linear portion of the dose-response curve using regression analysis.

2.4. Tumor studies in nude mice

The protocols for animal experiments were approved by the Kyushu
University Animal Care and Use Committee (permit number: A23-067
and A25-022). Four-week-old female BALB/c nu/nu nude mice were ob-
tained from Kyudo Co., Ltd. Mice were inoculated by subcutaneous
injection on their backs with 1 x 10° HeLa cells mixed with Matrigel
(50 pL of cell suspension + 50 L of Matrigel, 356234, BD Biosciences).
The size of the xenografted tumor was measured using digital calipers,
and volume was calculated based on the following formula: tumor
volume (mm?) = length x (width)? x 1/6. Body weight and tumor
size were measured three times per week. Once the tumor reached
~100 mm?, mice were randomly divided into two groups, one receiving
the control vehicle mixture detailed below and the other receiving
vehicle plus HND-007 (50 mg/kg). Drug was administrated intraperito-
neally once daily for 3 days. Vehicle mixture consisted of 20% DMSO,
20% Cremophor (polyoxyethylene castor oil), 20% ethanol, and 40%
saline.

2.5. Tubulin polymerization assay

Tubulin polymerization assays were performed using the HTS-
tubulin Polymerization Kit (Cytoskeleton, BKO04P). The reaction was
conducted in the presence of 10% glycerol and 3.35 mg/ml tubulin.
Drugs were dissolved in DMSO and added to the reaction mixtures;
the final concentration of DMSO was 2%. Tubulin polymerization was
monitored by measuring OD34g at 37 °C.

2.6. Immunoblot analysis and antibodies

Immunoblot analysis was performed as described previously [20].
Antibodies used were as follows: phospho-Histone H3 Ser10 (#9706,
Cell Signaling Technology, 1:1000 dilution); Cdc2-phosphorylated
vimentin Ser55 (D076-3, MBL, 1:20 dilution); phospho-cyclinB1 Ser133
(#4133S, Cell Signaling, 1:1000 dilution); PARP1 (#9542, Cell Signaling
Technology, 1:1000 dilution); a-tubulin (ab15246, Abcam, 1:100
dilution for immunofluorescence); y-tubulin (T6557, Sigma-Aldrich,
1:2000 dilution for immunofluorescence); centrinl (ab11257, Abcam,
1:200 dilution for immunofluorescence); CENP-B (kindly provided by
Dr. Hiroshi Masumoto, Kazusa DNA Research Institute, 1:200 dilution
for immunofluorescence). For secondary antibodies, HRP-rabbit anti-
mouse IgG (H + L) (61-6520, Invitrogen, 1:1000 dilution) or HRP-goat
anti-rabbit IgG (H + L) (65-6120, Invitrogen, 1:1000 dilution) were used.

2.7. Immunofluorescence analysis

Cells were fixed with 3.7% formaldehyde in PBS for 10 min at RT
(Room Temperature) and further treated with 100% ice-cold MeOH
for 15 min. The cells were then permeabilized with 0.1% Triton X-100,
incubated with primary antibodies (diluted with PBS containing 10%
FCS) for 1 h at RT, and washed three times with PBS. For cenrtin1 stain-
ing, cells were treated with ice-cold MeOH for 5 min and then incubated
with anti-centrin1 antibody overnight at RT. Cells were then incubated
with secondary antibodies for 1 h at RT and finally counterstained with
4,6-diamidino-2-phenylindole (DAPI). The samples were mounted in
Vectashield (Vector Laboratories) and analyzed on a Zeiss LSM700 mi-
croscope. Secondary antibodies used were CF594-conjugated goat
anti-mouse IgG (H + L) (20111, Biotium, 1:100 dilution) and CF488-
conjugated goat anti-rabbit IgG (H + L) (20019, Biotium, 1:100
dilution).
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For analysis of cold-stable microtubules [21], cells were first treated
with the indicated compounds or control DMSO for 6 h, then placed on
ice for 10 min, and finally fixed as above.

2.8. Cell-cycle analysis

Cells were treated with the compounds for 24 h, and then suspended
in phosphate-buffered saline (PBS) containing 0.1% Triton X-100 and
RNase (10 pg/mL). After staining with propidium iodide (40 pg/mL),
cell-cycle distribution was examined using a FACSCalibur flow cytometer
(BD Bioscience).

2.9. Statistical analysis

Unless otherwise stated, statistical analyses were performed using a
two-tailed Student's t-test. p values of <0.05 were considered statistically
significant.

3. Results and discussion

3.1. Identification of N’-[(9-ethyl-9H-carbazol-3-yl)methylene]-2-
iodobenzohydrazide (code number NP-10) and related compounds
(HND-007 and NP-14) as novel potent anti-neoplastic agents with carba-
zole and benzohydrazide structures

We sought to identify novel inhibitors of Cdt1-geminin binding as
possible anti-neoplastic agents [22]. To this end, we screened ~20,000
compounds, including commercially available chemical libraries and
in-house chemicals, according to a previously published method using
purified recombinant Cdt1 and geminin proteins [22]. We identified
several compounds that yielded low signals in the assay potentially
resulting from inhibition of in vitro Cdt1-geminin binding (data not
shown). Among these compounds was one from a commercially avail-
able chemical library (ChemBridge), N’-[(9-ethyl-9H-carbazol-3-
yl)methylene]-2-iodobenzohydrazide (lot number 5194537). We ex-
amined the effect of lot 5194537 on the cell-cycle profiles of cervical
cancer-derived HelLa cells and HFF2/T cells, normal human fibroblasts
immortalized by telomerase. When cells were treated for 24 h at a con-
centration of 10 pM, flow-cytometric analysis revealed obvious G2/M-
phase arrest in HeLa cells but not HFF2/T cells (data obtained with the
original 5194537 are not shown, but more detailed analyses with the
in-house-synthesized compound are shown below). Although re-
replication, a phenotype observed when the function of geminin is se-
questered [23], was not induced by the drug treatment, the apparently
cancer-selective cell-cycle arrest was of interest. Hence, we synthesized
the compound (code number NP-10) for further detailed studies
(Fig. 1). As expected, like the original lot 5194537, NP-10 had cancer-
selective G2/M arrest activity (see below). However, NP-10 did not in-
hibit Cdt1-geminin binding (data not shown). It is possible that the orig-
inal lot 5194537 contained some contaminating chemicals that affect
Cdt1-geminin binding in vitro. Unfortunately, because the residual
quantity of 5194537 was not sufficient for further analysis, we could
not investigate this possibility.

The chemical library also included a closely related compound, N’-
[ (9-ethyl-9H-carbazol-3-yl)methylene]-2-methylbenzohydrazide (lot
number 5194550), which has a methyl moiety at the ortho position of
the benzene ring instead of the ortho-iodo moiety in NP-10. We found
that it also induced G2/M arrest in HelLa cells (data from the original
5194550 not shown), so we synthesized and analyzed it (code number
HND-007; Fig. 1). In addition, we also synthesized N'-[(9-ethyl-9H-
carbazol-3-yl)methylene]-4-iodobenzohydrazide (code number NP-
14), which has an iodo moiety at para position of the benzene ring
instead of the ortho position as in NP-10 (Fig. 1). This compound also in-
duced a G2/M arrest phenotype in HeLa cells (see below).

3.2. NP-10, HND-007, and NP-14 all inhibit mitotic progression in
cancer-derived cells, but the execution points may differ between
NP-10 and HND-007/NP-14

We first estimated the ICsq (50% inhibition concentration) values for
growth of four human cancer cell lines (HeLa, H1299, HCT116, and
T98G) and HFF2/T cells (Table 1). NP-10 inhibited the growth of the
cancer cells with estimated ICsq values of 3.7-11 uM. On the other
hand, higher concentrations were required to inhibit the growth of
HFF2/T cells, with an estimated ICsp value of 21 pM. In this study, we cal-
culated the ratio between the ICsq for HFF2/T and the ICsq for HeLa as
one potential index (cancer cell selectivity index) indicating the cancer
selectivity of growth-inhibitory compounds. For NP-10, the ratio was
estimated to be ~5.6-fold (Table 1). HND-007 inhibited the growth of
the cancer cells more effectively than NP-10, with ICsy values of
1.3-4.6 uM. However, the cancer cell selectivity index (~3.4) was
lower than that of NP-10. NP-14 was also a potent inhibitor of cancer
cell growth, with ICsg values of 1.3-4.4 uM, comparable to those of
HND-007, and its selectivity (~2.5) was also similar to that of HND-
007. We also examined the abilities of two well-known anti-mitotic
agents, vincristine and paclitaxel, to inhibit HeLa and HFF2/T growth

N
N
o

N NP-10

H
N
N
I 0 cCH,

N HND-007

NP-14
N

]

Fig. 1. Chemical structures of NP-10, HND-007, and NP-14.
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Table 1
Inhibition of in vitro cell growth by the compounds used in this study.

1679

Compound ICso (mean & S.D.) Selectivity index®
HeLa' T98G H1299 HCT116 HFF2/T

NP-10 3.72 + 0.63 5.28 £+ 0.88 10.9 + 0.86 594 + 0.35 20.7 + 4.36 5.56

HND-007 1.27 £0.18 2254+ 0.04 457 +£1.26 222 4+0.19 433 + 0.64 3.40

NP-14 129 £ 0.18 2.78 +0.92 442 +1.09 1.60 + 0.32 3.18 £ 0.39 247

Paclitaxel 7.74 4+ 0.76 N.D. N.D. N.D. 13.5 +£3.04 1.74

Vincristine 7.21 +£0.52 N.D. N.D. N.D. 104 £ 1.39 1.45

T Cell lines used; HeLa: cervical carcinoma, T98G: glioblastoma, H1299: non-small cell lung carcinoma, HCT116: colon carcinoma, and HFF2/T: normal human fibroblasts immortalized

by telomerase.

* The units of ICso for NP-10, HND0O7, and NP-14 are UM, and the units for paclitaxel and vincristine are nM.
§ Selectivity index means the ratio between the ICs, for HFF2/T cells and the ICs, for HeLa cells. n = 3-8, except for in the case of HND-007-treated T98G cells, for which n = 2.

under our assay conditions (Table 1). Vincristine inhibits tubulin poly-
merization, whereas paclitaxel inhibits tubulin depolymerization. The
IC50 values of vincristine for HeLa cells and HFF2/T cells were ~7.2 nM
and ~10 nM, respectively, with a selectivity index of ~1.5. The ICsq
values of paclitaxel for HeLa cells and HFF2/T cells were ~7.7 nM and
~14 nM, with a selectivity index of ~1.7. Thus, the potencies of these
clinically used compounds to inhibit cancer cell growth in vitro was
higher than those of HND-007 and NP-14, whereas their cancer
cell selectivities were comparable to those of the novel compounds.

HelLa

Among the compounds tested here, NP-10 might have favorable selec-
tivity for inhibition of cancer cell growth in vitro.

We next used flow-cytometric analysis to investigate whether the
growth-inhibitory effects of the novel compounds was the result of
cell-cycle arrest at specific phase(s). At the appropriate concentrations
(10 uM for NP-10, 3 uM for HND-007, and 1 uM for NP-14), the
compounds selectively induced G2/M arrest in HeLa cells, but not
HFF2/T cells (Fig. 2), although HFF2/T cells were also arrested at G2/M
phase when treated with the compounds at higher concentrations

HCT116 HFF2/T

DMSO

n=3

0 200 400 600 800 1000 0
FL2-A

Counts
[ 0 80 120 160 200
Counts
0 40 80 120 160 200
[ 0

120 160 200

Counts

80

n=3 n=3

200 400 600 800 1000 0 200 400 600 800 1000
FL2A FL2-A

120 160 200
120 160 200

NP-10
(10uM)

Counts
Counts

80
80

0
40

0
8
8
g
g
g
0

Counts
80 120 160 200

40

]

200 400 600 800

g
3
8
g
g
g

120 160 200
120 160 200

HND-007
(3pM)

Counts
Counts

80
80

0
40

0
0

0 200 400 600 800 1000 0
FL2:A

120 160 200

Counts
80

40

0

200 400 600 800 1000 200 400 600 800 1000
FL2A FL2A

o

160 200
160 200

120
120

NP-14
(1HM)

Counts
Counts

80
80

0
40

0
0

0 200 400 600
FL2-A

160 200

Counts
120

80

N=

200 400 600 800 1000 0 200 400 600 800 1000
FL2-A FL2-A

Fig. 2. The novel compounds induce G2/M arrest selectively in cancer-derived cell lines. HeLa, HCT116, and HFF2/T cells were treated with vehicle (DMSO) or the novel compounds at the
indicated concentrations for 24 h. After staining with propidium iodide, cell-cycle distribution was analyzed by flow cytometry. Insets show the number of independent experiments.
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(data not shown). Appearance of a sub-G1 population was also ob-
served in drug-treated HeLa cells, suggesting induction of apoptosis.
This idea was further supported by another assay (see below). Further-
more, these compounds induced similar G2/M arrest in other cancer-
derived cells (Fig. 2). These results demonstrate that the novel
compounds all induce G2 and/or mitotic arrest, leading to inhibition of
cell growth.

Next, we asked whether the drug-treated cells are arrested at G2 or
M phases. To address this issue, we first examined the levels of
phospho-histone H3 Ser-10, a well-known mitotic marker [24]. The

(@)

levels increased comparably to those in cells treated with nocodazole,
a well-known inhibitor of tubulin polymerization (Fig. 3a), indicating
that all of the compounds prevent mitotic progression. We also
examined the status of PARP protein. In agreement with the flow-
cytometric analysis described above, a low-molecular weight, caspase-
cleaved form of PARP, an apoptotic marker [25,26], was detected in
the drug-treated cells (Fig. 3b).

We then examined in more detail the status of the mitotic arrest
induced by these compounds by immunostaining of HeLa cells with
anti-y-tubulin and anti-a-tubulin antibodies (and DAPI for DNA
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Fig. 3. Levels of mitotic phosphorylations and cleaved PARP are elevated in drug-treated cells. (a) HeLa cells treated with DMSO, the indicated compounds (10 uM), hydroxyurea (HU
which arrests cells in S phase; 2.5 mM), or nocodazole (1 uM) for 24 h were subjected to immunoblotting with the indicated antibodies. Phospho-histone H3 (Ser-10) is a target of Aurora
B Kinase; phospho-cyclin B1 (Ser-133) is a target of PIk1 kinase; and phospho-vimentin (Ser-55) is a target of Cdk1 kinase. The signal intensities of the bands were quantified and nor-
malized to the signals for CBB bands. The data from two independent experiments are shown with the indicated protein levels in control DMSO-treated cells set at 100. (b) HeLa cells
treated with the indicated compounds for 24 h were subjected to immunoblotting with anti-PARP antibody to detect the cleaved form of PARP, a marker of apoptosis. The signal intensities
of non-cleaved PARP and the cleaved PARP were quantified, and the ratio of the cleaved PARP to total PARP was calculated. The data from two independent experiments are shown.
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staining). y-Tubulin is a component of centrosomes, whereas o-tubulin
is a main component of microtubules. In control DMSO-treated cells,
normal mitotic progression was observed (as a representative image,
a metaphase cell is shown in Fig. 4a). By contrast, upon NP-10 treat-
ment, most cells arrested between prophase and prometaphase, with
condensed but not arranged chromosomes. In addition, the cells
contained abnormal, often multiple (>3), spindles or asters with
shortened microtubules (Fig. 4a). We counted the number of prominent
v-tubulin-positive foci, representing centrosomes or spindle poles in
mitotic cells, which were identified by the presence of condensed chro-
mosomes in DAPI staining. In control DMSO-treated HeLa cells, most
cells (~90%) contained the normal two centrosomes, and the residual
minor populations contained abnormal multiple (>3) centrosomes or
spindle-like asters (Fig. 4b). By contrast, upon NP-10 treatment, the
number of cells with multiple asters increased significantly, reaching
~50% of all mitotic cells. We carried out two additional experiments to
further understand the mitotic abnormalities induced by NP-10. First,
we analyzed cold-stable microtubules [21] in NP-10-treated HeLa cells

DAPI
merge

multlpolar

z

DMSO

HND-007 NP-10

NP-14

bipolar

nocodazole

HEOEEER0a
IIIIIIIII :

to know whether the shortened microtubules form end-on-attachment
with kinetochores. As shown in Supplementary Fig. S1a, whereas spindle
microtubules remained detectable after cold treatment by immunostain-
ing with anti-a-tubulin antibody in control DMSO-treated cells, they
collapsed in cells treated with low-dose nocodazole or NP-10, suggesting
that microtubules cannot stably bind to kinetochore in NP-10-treated
cells. Second, we counted the number of centrioles in mitotic cells by
immunostaining with anti-centrin1 antibody. Centrin1 is a component
of centrioles. In control DMSO-treated HeLa cells, most cell (~95%)
contained two centrosomes each with two centrioles (i.e. total 4 centri-
oles per single mitotic cell), as expected (Supplementary Fig. S1b and c).
Even in NP-10-treated multipolar HeLa cells with multiple prominent
v-tubulin-positive foci, most cells similarly contained two centrosomes
each with two centrioles (Supplementary Fig. S1b and c), suggesting
that NP-10 may induce spindle multipolarity without centrosome
overduplication or cytokinesis failure [27].

On the other hand, the phenotypes of NP-14- or HND-007-treated
cells differed from those with NP-10. Most cells arrested between
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Fig. 4. NP-10, HND-007, and NP-14 induce aberrant mitotic spindles. (a) HeLa cells treated with the indicated compounds at 10 pM for 6 h were subjected to immunofluorescence analysis
with anti-o-tubulin antibody (green), anti-y-tubulin antibody (red), and DAPI (blue). Representative images of aberrant spindles induced by each compound are shown. Scale bars, 10 um.
(b) Percentages of mitotic cells, classified by number of prominent y-tubulin foci, are shown for each compound. HeLa cells were treated as in (a), and the number of y-tubulin foci was
counted. At least 100 randomly selected cells were subjected to the analysis. Nocodazole was used as a control inhibitor of tubulin polymerization. The number of prominent y-tubulin foci
reflects that of spindle poles: n = 1, monopolar; n = 2, bipolar; n > 3, multipolar. Essentially the same results were obtained in two independent experiments.
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prophase and prometaphase, with condensed but not arranged chro-
mosomes. However, in contrast to NP-10-treated cells, they often
contained monomeric y-tubulin-positive foci, probably representing
non-separated centrosomes, with no visible microtubule formation
(Fig. 4a). We counted the number of prominent vy-tubulin-positive
foci, as above. In both NP-14- and HND-007-treated cells, the number
of cells with monomeric centrosomes significantly increased (Fig. 4b).
Overall, these phenotypes of NP-14- or HND-007-treated cells were
very similar to those observed in nocodazole-treated cells (Fig. 4a
and b).

Taken together, these findings indicate that the novel and structur-
ally closely related compounds NP-10, NP14, and HND-007 hamper
normal spindle formation, thereby inhibiting mitotic progression and
inducing growth arrest and eventual cell death. However, NP-10 and
HND-007/NP-14 may interfere with spindle formation in different
ways. Because NP-10 and HND-007/NP-14 are structurally different
only in the substituents of the benzene ring, it is surprising that such
minor differences affect their target specificities. These findings regard-
ing the structure-function relationship of these compounds will help to
further optimize these compounds and increase their anti-tumor
activities.

3.3. NP-10, HND-007, and NP-14 all inhibit cell growth of a taxane-resistant
cancer cell line overexpressing P-glycoprotein

In clinical treatment with currently used anti-microtubule agents,
one crucial problem to be solved is innate and acquired drug resistance
[2,4]. Therefore, we examined whether our compounds can suppress
the growth of taxane-resistant cancer cells. Accordingly, we tested the
effect of our compounds on lung cancer-derived PC-14 cells and a
paclitaxel-resistant derivative, PC-14/TXT, which overexpresses P-
glycoprotein [28]. As expected, PC-14/TXT cells exhibited paclitaxel re-
sistance in our assay, with a ~12-fold increase in the ICso value
(Table 2). PC-14/TXT cells were also ~8.1-fold more resistant to vincris-
tine. NP-10, NP-14, and HND-007 all inhibited cell growth of both PC-14
and PC-14/TXT at comparable concentrations, with ICsq values of
7.6-10 uM for NP10, 2.6-3.2 pM for HNDOO7, and 2.4-3.2 pM for NP-
14. Therefore, novel compounds could be effective for treatment of
MDR-overexpressing, taxane- and/or vinca alkaloid-resistant tumors.
However, it remains unclear whether the compounds can overcome
taxane-resistance conferred by other mechanisms such as 3-tubulin
mutations [29].

3.4. NP-14 and HND-007, but not NP-10, inhibit tubulin polymerization
in vitro

As described above, the phenotypes of NP-14- and HND-007-treated
cells are similar to those of cells treated with nocodazole, a tubulin po-
lymerization inhibitor. Hence, we examined whether the novel com-
pounds could inhibit in vitro tubulin polymerization. For comparison,
paclitaxel and nocodazole were also included in the assay. As shown

Table 2
Inhibition of in vitro growth of taxane-resistant cancer cells by the compounds used in this
study.

Compound ICs0 (mean =+ S.D.)¥

PC-14" PC-14/TXT
NP-10 7.59 4+ 0.57 10.0 + 0.16
HND-007 2.62 £0.11 3.19+ 034
NP-14 243 +£0.22 3.154+0.21
Paclitaxel 6.38 £ 0.11 75.2 £+ 3.08
Vincristine 9.78 + 1.58 79.4 + 9.66

T Cell lines used; PC-14 (lung adenocarcinoma) and PC-14/TXT (taxane-resistant de-
rivative of PC-14).

* The units of ICsq for NP-10, HND0O07, and NP-14 are piM, and the units for paclitaxel
and vincristine are nM. n = 3-8.
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Fig. 5. HND-007 and NP-14, but not NP-10, partially inhibits tubulin polymerization
invitro. (a, b) Purified porcine brain tubulin was incubated in the presence of the indicated
compounds at the indicated concentrations, and polymerization was monitored as de-
scribed in Materials and methods. DMSO was used as a control vehicle. (a) and (b) were
derived from two different experiments. See also Supplementary Fig. S2.

in Fig. 5a and Supplementary Fig. S2, NP-14 and HND-007 inhibited tu-
bulin polymerization in vitro although to a lesser extent than
nocodazole. Thus, the phenotypes observed following drug treatment
may be at least partly attributable to inhibitory activity of these com-
pounds on tubulin polymerization.

On the other hand, NP-10 did not inhibit in vitro tubulin polymeriza-
tion at all (Fig. 5b and Supplementary Fig. S2). This seems consistent with
the fact that microtubule formation is only partially inhibited in NP-10-
treated cells, as shown above (Fig. 4a). Here, we further examined the
possibility that NP-10 might affect some mitotic kinases and/or mitotic
kinesins. For mitotic kinases, we examined the levels of phosphorylated
forms of histone H3 Ser-10, cyclin B1 Ser-133, and vimentin Ser-55,
which are phosphorylation targets of Aurora B, Plk1, and Cdk1, respec-
tively [24,30,31]. However, all of the phosphorylated protein levels
were maintained at high levels, comparable to those in nocodazole-
treated cells, suggesting that the activities of these kinases were not im-
paired by the novel compounds (Fig. 3a). For the mitotic kinesins, we
prepared the recombinant motor domain proteins (MDs) of CENP-E,
Eg5, and KIFC1, and then investigated the effect of our compounds on
the microtubule-dependent ATPase activity of the kinesin MDs. We
were especially interested in the possibility that the novel compounds
could affect Eg5 ATPase activity, because several compounds with carba-
zole structure inhibit the ATPase activity of Eg5 [11,12]. Moreover, KIFC1
inhibition may lead to multipolar spindles in certain cancer cells but not
in non-transformed cells [32]. However, we did not observe any inhibito-
ry effects on these enzymes (data not shown). At this time point, the
reason(s) for the cancer cell selectivity of NP-10 remains unclear.
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However, there are several possibilities that are not mutually exclusive.
One is that the efficacy of intake and/or excretion of the compound
might be different between HeLa and HFF2/T cells, for example by differ-
ent expression of the related molecule(s) such as transporter(s). More
intriguing possibility is that the compounds would interfere with
molecule(s) involved in proper progression of mitosis and cancer cells
more deeply depend on such molecule(s) for completion of mitotic pro-
gression. For example, Leber et al. identified multiple proteins required
for centrosome clustering in cancer cells [33]. To further characterize
the cancer cell-specific induction of multipolar spindles, we are currently
trying to identify the molecular target(s) of NP-10.

3.5. HND-007 inhibits HeLa cell tumor formation in nude mice

Finally, we examined in vivo anti-tumor activities of these three
compounds, using a HeLa cell xenograft model in nude mice. First, we
determined the maximum tolerable doses for BALB/c mice with once
daily intra-peritoneal administration for 3 days. Based on the outcome,
we used 25 mg/kg NP-14 and 50 mg/kg HND-007 for further experi-
ments. For NP-10, further dose escalation above 100 mg/kg could not
be achieved because of its insolubility; therefore, we used this dose for
subsequent experiments.
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Fig. 6. HND-007 suppresses growth of HeLa tumors in nude mice. (a) HeLa cells were sub-
cutaneously inoculated into BALB/c-nu nude mice. The mice were treated with 50 mg/kg
of HND-007 or control vehicle (n = 8, n = 6 respectively), as described in Materials and
methods. The mean tumor volumes (with SDs) are shown. Arrows represent the days of
drug administration. *, p < 0.05 (compared with vehicle). (b) Kaplan-Meier curves obtain-
ed in the experiments shown above. *, p < 0.05 (compared with vehicle; Kaplan-Meier
estimate).

Nude mice bearing HeLa cell tumors were treated with control vehicle
or one of the three compounds at the doses described above, once daily
for 3 days (intra-peritoneal injection). For NP-14 and NP-10, we did not
observe a significant anti-tumor effect (data not shown). On the other
hand, HND-007 exhibited a statistically significant anti-tumor effect
under these experimental conditions (Fig. 6), although its efficacy for
treatment of HeLa cell tumors in nude mice appears lower than that re-
ported for paclitaxel [34,35]. Based on these findings, we concluded
that HND-007 is a promising lead compound for development of novel
anti-mitotic, anti-microtubule chemotherapeutic agents.

At this time, we have not observed any anti-tumor activity of NP-10.
However, this compound may have a novel mitotic target molecule(s),
and may achieve cancer cell-specific induction of mitotic arrest. There-
fore, it would be useful to perform further experiments aimed at clarify-
ing the target molecule(s) of NP-10 and improving its anti-tumor
activity by synthesizing related compounds.
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