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Inhibition of Importin 1 With a 2-Aminothiazole Derivative
Resulted in G,/M Cell-cycle Arrest and Apoptosis
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Abstract. Background: The design and synthesis of novel
chemotherapeutic agents that can induce apoptosis and cell-
cycle arrest has emerged as an attractive approach for the
treatment of cancer, because they can limit possible
nonspecific effects of compound treatment. Previous studies
established that the expression of KPNBI was increased in
several cancer cells and transformed cell lines and inhibition
of KPNBI using siRNA significantly inhibited cervical
tumour proliferation, but did not affect normal cervical
epithelium. Recently, we reported that a KPNBI1 inhibitor, the
2-aminothiazole derivative 1, possesses strong anti-
proliferative effects against several cancer cells in the
nanomolar concentration range. Results: Treatment with
compound 1 interferes with cell-cycle progression in the
G,/M phase, as detected by flow cytometry analysis and
results in apoptosis by the intrinsic pathway. Fluorescence
microscopic analysis of mitotic cells predominantly mitotic
abnormal cells with monopolar spindles and treatment with
compound 1 did not affect polymerization of microtubules.
Conclusion: Compound 1, as a KPNBI inhibitor, might be a
good target for future development of anticancer agents
showing the activities of apoptosis and cell cycle arrest.

Proteins produced in the cytoplasm are transported through
nuclear pore complexes (NPCs) by carrier proteins known as
importins (or karyopherins) to perform genetic and
transcriptional functions in the nucleus (1). The first such
transport protein identified, importin 1 (KPNB1), transports
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cargos into the nucleus with an adaptor protein such as
KPNA (importin-al) in the classical transport pathway (2-
6), or in the non-classical transport pathway (7-10). Previous
studies established that the expression of KPNB1 (11, 12)
and the level of KPNB1 mRNA (13) are increased in several
types of cancer cells and transformed cell lines. It has been
reported that inhibition of KPNB1 using siRNA, achieves
significant inhibition of cervical tumour proliferation, but
does not affect normal cervical epithelium (11). Recently, we
found that compound 1 possesses strong anti-proliferative
effects against several types of cancer cells and exhibits
strong binding affinity to KPNB1 (K4: ~20 nM) (14). From
molecular docking experiments, we also found that
compound 1 binds strongly to KPNB1, in a pocket centered
around serine-476.
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Components of the cell-cycle machinery are frequently
altered in human cancer. Abnormal cells are eliminated by
apoptosis, but cancer cells develop mechanisms to prevent
this process, in the same way they manage to avoid cellular
growth constraints. The ability of tumour cells to evade
apoptosis can play a significant role in their resistance to
conventional therapeutic regimens, therefore targeting
apoptosis in cancer treatment would be beneficial.
Previously, downregulation of KPNB1 by its siRNA was also
shown to result in the induction of apoptosis and mitotic
arrest in cervical cancer cells. However, KPNB1 has a large
surface area, and it has inherent flexibility to interact with
diverse proteins (15-20). We wondered whether binding of
the small molecule, compound 1, into the binding pocket
would result in significant changes in the interaction between
KPNBI1 and certain cargo proteins related to apoptosis and
cell cycle arrest. Therefore, the effects of compound 1 on
apoptosis and cell-cycle arrest were determined in this study.
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Table 1. IC5 values of compound 1 in various human cell lines. Flow cytometry analysis showed that the treatment with compound 1 resulted in a
significant increase in the percentage of SK-OV3 and HeLa cells in G,/M phase of the cell cycle in a dose- and time-dependent manner and an
increase in the percentage of SubGl peaks, indicating increased cell death.

Time Compound 1 (nM) % cells in SK-OV3 % cells in HeLa
Sub-G, G, S G,/M Sub-G; G, S G,/M
24 h 0 04 57.0 10.7 319 0.7 53.6 8.0 31.1
50 0.1 58.1 8.6 28.7 37 425 79 38.4
100 6.5 16.0 7.0 70.5 6.3 9.8 6.2 66.6
48 h 0 04 54.6 8.2 324 1.0 70.0 133 15.7
50 74 309 154 38.6 104 56.6 15.7 17.3
100 19.5 248 13.8 419 252 264 25.1 233

Materials and Methods

Cell culture and drug treatments. The HeLa human cervical cancer
cell line was obtained from the Korean Cell Line Bank (Seoul,
Korea) and cultured at 37°C under a 5% CO, atmosphere in DMEM
medium (Sigma Aldrich, St. Louis, MO, USA) supplemented with
10% fetal bovine serum (Young In Frontier, Seoul, Korea). The SK-
OV3 and HelLa human cancer cell lines were obtained from Korean
Cell Line Bank (Seoul, Korea) and cultured at 37°C under a 5%
CO, atmosphere in RPMI 1640 medium (WelGENE, Daegu, Korea)
supplemented with 10% fetal bovine serum (WelGENE, Daegu,
Korea). Twenty-four hours after seeding, compound 1 was added to
the culture medium to a final concentration of 10 nM, 50 nM and
100 nM. Afterwards cells were incubated with compound 1 for
various time points.

Western blot analysis. Cells were suspended in RIPA buffer (Tris-
HCI [pH 8.0] 50 mM, NaCl 150 mM, SDS 0.1%, SDC 0.5%, NP-
40 1%, EDTA 1 mM). Protein samples were separated through
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes (Millipore, MA, USA).
Membranes were blocked with 5% skim milk in tris-buffered saline
with 0.1% Tween 20 (TBS-T). The primary antibodies against the
target proteins were anti-caspase-3 mouse polyclonal IgG (Santa
Cruz, CA, USA), anti caspase 8 mouse monoclonal IgG (Cell
signaling technologies, MA, USA), anti caspase 9 rabbit polyclonal
IgG (Cell signaling technologies, MA, USA), anti-bax rabbit
polyclonal IgG (Santa Cruz, CA, USA), anti-bcl-2 mouse
monoclonal IgG (Santa Cruz, CA, USA), anti-PARP rabbit
polyclonal 1gG (Santa Cruz, CA, USA) and anti-f-actin mouse
monoclonal IgG (Sigma Aldrich, St. Louis, MO, USA); all
antibodies were diluted in TBS-T (1:500~1:10000) and applied to
membranes overnight at 4°C. Secondary antibodies were diluted in
TBS-T and applied to the membrane for 1 h at room temperature.
Signals were visualized using enhanced chemiluminescence (ECL).

Flow cytometry assay. Cells were first harvested by trypsinization,
then washed with cold DPBS, and fixed with 70% ethanol/DPBS at
4°C overnight before harvesting. Cells were then permeabilized and
labeled with 10 ug/ml propidium iodide (PI) (Sigma Aldrich, St.
Louis, MO, USA). DNA contents were analyzed with a Navios flow
cytometer (Beckman Coulter, CA, USA).
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Fluorescent microscopy. Cells were grown on poly-D-lysine coated
coverslips and treated with compound 1 or KPNB1 siRNA. Cells
were fixed with cold methanol for 15 min and washed with PBS.
Coverslips were subsequently incubated with anti-f-tubulin (1:100,
Sigma-Aldrich, St. Louis, MO, USA) for 1 h and FITC-conjugated
goat anti-mouse (1:100, Jackson ImmunoResearch, PA, USA) for 1
h. After each step, coverslips were washed three times with PBS.
Nuclear DNA was stained using 10 ng/ml 4’°,6-diamidino-2-
phenylindole (DAPI) for 15 min and washed with PBS. Coverslips
were mounted with faramount (DAKO corporation, Hamburg,
Germany) and images were acquired by means of a digital camera
(DS-QilMc, Nikon) and NIS-Elements image analysis software
(Nikon Instruments Inc., USA).

Tubulin polymerization assay. The polymerization was determined
in 100 pl volumes at 37°C with the tubulin polymerization assay kit
(Cytoskeleton, Denver, USA). Purified tubulin was >99% pure from
bovine brain. Control sample was 5% DMSO in general tubulin
buffer and all compounds were 10 uM of per well. Tubulin
polymerization was monitored through measurements of the change
in absorbance. They were measured at 30 sec intervals for 60 min
using a Multi-Mode microplate reader (Bio-Tek Instruments,
Highland Park, VT).

Results and Discussion

In order to investigate whether cell death induced from
compound 1 was related to apoptosis, we determined
apoptosis with Annexin V-FITC and propidium iodide
solution (PI) by flow cytometry (Figure 1). The percentage
of total apoptotic cells (early and late apoptotic cells)
increased from 2.0% (control) to 9.7% (100 nM compound
1) for SK-OV3 cells, and 4.1 % (control) to 23.7% (100 nM
compound 1) for HeLa cells at 24 h, showing that compound
1 induced apoptosis in a higher rate in HeLa cells than in SK-
OV3 cells. However, we did not observe cells undergoing
necrosis upon treatment with 100 nM compound 1. In the
intrinsic apoptotic pathway, anti-apoptotic Bcl-2 proteins are
eliminated by cell death signals, which stimulate the release
of cytochrome ¢ from the mitochondrial intermembrane space
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Figure 1. Compound 1 induced cell apoptosis. SK-OV3 and HeLa cells were treated with 100 nM compound 1 for 24 h. Cells were then stained
with Annexin V-FITC and propidium iodide (PI), and analyzed using flow cytometry. Four different cell populations are marked as follows: Live
cell population (Pl — AV-), early apoptosis (PI — AV+), late apoptosis (PI + AV+) and necrosis (PI + AV—). (A) Flow cytometry analysis of SK-

OV3 cells. (B) Flow cytometry analysis of HeLa cells.

to the cytosol by pro-apoptotic proteins, such as Bax (21).
Cytochrome c then induces the activation of caspase 9 as the
apical caspase. Caspase 9 further activates the effector
caspase 3/7. A previous report demonstrated that inhibition of
KPNBI1 by its siRNA resulted in a sustained degradation of
anti-apoptotic proteins, release of cytochrome c, and increase
of caspases 3/7 activity in the intrinsic mitochondrial-
dependent pathway of apoptosis (11). Therefore, we
examined the cleaved activation of caspase 9, the upstream
effector of caspase 3, as an indicator of the intrinsic pathway

of apoptosis. Western blotting analysis demonstrated that
caspase 9 cleavage was increased in a dose- and time-
dependent manner when HeLa cells were treated with
compound 1 (Figure 2). Another marker of apoptosis, PARP
is a downstream substrate of the caspase family. Treatment
resulted of compound 1 in significant dose- and time-
dependent cleavage of full length PARP in cells, suggesting
cell death via an apoptotic pathway. Moreover, treatment with
compound 1 decreased the level of anti-apoptotic Bcl-2,
further suggesting activation of intrinsic apoptosis.
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Figure 2. Western blot analysis using anti-PARP, PARP, cleaved caspase 9, caspase 9, Bcl-2, and B-actin antibodies, after treating with different
concentrations of compound 1 (10 nm, 50 nM, 100 nM) for 24 and 48 h. The results are representative of three independent experiments.

In order to further determine whether compound 1 caused
growth inhibition, we analyzed the cell cycles of SK-OV3
and HeL a treated for 24 and 48 h with compound 1 at 50 and
100 nM concentrations, using flow cytometry. As shown in
Table I, the treatment with compound 1 resulted in a
significant decrease in the percentage of both cell lines in
G, and an associated significant increase in the percentage
of cells in G,/M phase of the cell cycle in a dose- and time-
dependent manner. As expected, the percentage of SubGl
peaks increased from 0.4% (control) to 19.5 % for SK-OV3
cells, and from 1.0% (control) to 25.2 % for HeLa, indicating
increased cell death. This observation is consistent with the
findings that treatment with KPNB1 siRNA causes G,/M
phase arrest, followed by apoptosis in cervical cancer cells.

In addition to its roles in the nuclear transport pathway of
cargos, it has been reported that KPNBI1 is involved in both
early and late mitotic events by affecting spindle assembly
and nuclear envelope reassembly (22). Quantitative balance
of KPNB1 and RanGTP is also required for mitotic spindle
function. For example, treatment with importazole, a small-
molecule inhibitor of the interaction between KPNB1 and
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RanGTP, caused dose-dependent defects in spindle assembly,
spindle positioning, and chromosome alignment (23). It was
also reported that knockdown of KPNB1 expression with
siRNA in cancer cells produced mitotic defects, such as
multipolar spindles, chromosome misalignment, and lagging
chromosomes (11).

To compare the effects on mitotic progression of
compound 1 treatment with the mitotic defects of KPNB1
knockdown, SK-OV3 cells were treated with either
compound 1 or KPNBI1 siRNA, and an immunofluorescence
assay was performed. When cells were transfected with
KPNB1 siRNA for 72 h, as shown in Figure 3E and F,
immunofluorescence staining showed cells with four types
of mitotic abnormalities: Astro-like monopolar spindles
(35%), misalignment of chromosomes (45%), multipolar
spindles (8%), and lagging chromosomes in anaphase/
telophase (12%). Meanwhile, treatment with 100 nM of
compound 1 resulted in an increase of mitotic cells (36.5%)
(Figure 3B). From analysis of these mitotic cells with tubulin
and DAPI staining, cells with monopolar spindles were
predominantly observed (Figure 3D, 67%), while DMSO-
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Figure 3. Prolonged mitotic arrest and distinct mitotic defects of compound 1 and KPNB1 siRNA in SK-OV3 cells. (A) SK-OV3 cells were treated
with 100 nM of compound 1 or DMSO for 24 h and f3-tubulin immunofluorescence and DAPI fluorescence visualized. Size bar is 50 um. (B) Mitotic
cells were counted in compound 1- and DMSO-treated cells. Cells were counted in triplicate, >150 cells per count. (C) Representative images are
shown for mitotic abnormalities induced by DMSO and compound 1. In DMSO-treated SK-OV3, cells were normally dividing, as shown in images
a-i. However, in compound 1-treated cells, astro-like polar spindles (images j, k, 1), dipolar spindles with chromosome misalignments (images m, n,
0), and multipolar spindles (images p, q, r) were observed. Size bar is 10 um. (D) The frequency of cells with mitotic abnormalities was determined,
in triplicate, in >80 cells of the mitotic cell population in compound 1-treated SK-OV3. (E) SK-OV3 cells were transfected with KPNBI siRNA for
72 h and B-tubulin immunofluorescence and DAPI fluorescence visualized. Representative images are shown for mitotic abnormalities in mock and
KPNBI siRNA-treated cells. Astro-like polar spindles (images m, n, o), misalignment of chromosomes (images p, q, r), multipolar spindles (images
s, t, u), and lagging chromosomes in anaphasel/telophase (images v, w, x) were observed in KPNBI siRNA-treated cells. (F) The frequency of cells
with mitotic abnormalities was determined, in triplicate, in >150 cells of the mitotic cell population in KPNBI siRNA-treated SK-OV3.
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Figure 4. Effect of compound 1 on microtubule polymerization in vitro.
Bovine brain tubulin protein (3 mg/ml) was mixed with special reaction
buffer as described in the Materials and Methods Section, and incubated
with 10 uM solutions of each compound in DMSO and incubated with
only DMSO and without DMSO as controls. The polymerization of
tubulin was measured based on the increase in optical density. O.D. (340
nm) and was measured for every minute for a total of 40 min at 37°C.
Unlike paclitaxel and nocodazole, treatment with compound 1 and
importazole in the cell-free system had no effect on tubulin density.

treated SK-OV3 cells were found dividing normally (Figure
3C). Dipolar spindles with chromosome misalignments
(28%) and multipolar spindles (5%) were also observed, but
no lagging chromosomes in late mitosis were detected in
cells treated with compound 1.

Most antimitotic agents interact with microtubules.
Monopolar spindles in mitotic cells, the most frequent defect
caused by treatment with compound 1, also observed in cells
treated with antimicrotubule agents, such as nocodazole and
monastrol, which interfere with the polymerization of
microtubules (24, 25). Therefore, in order to compare the effect
of compound 1 with other mitotic inhibitors, we investigated
the effect of compound 1 on tubulin polymerization using an
in vitro tubulin polymerization assay. While adding the
microtubule-stabilizing agent, paclitaxel, into the reaction
clearly increased polymerization of microtubules and the
mitotic inhibitor, nocodazole, disrupted them, treatment with
compound 1 did not affect polymerization of microtubules, as
shown in Figure 4. This suggested that compound 1 does not
bind directly to tubulin or microtubules. The tubulin
polymerization assay also showed that importazole, an inhibitor
of the KPNB1/RanGTP pathway, has no effect on tubulin
density, which is consistent with the previous studies (23).

It has been reported that distinct domains of KPNBI1
regulate diverse aspects of mitosis in human cells, including
spindle pole formation, chromosome alignment, and mitotic
progression (22). Regarding the types of mitotic abnormalities,
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the consequences of compound 1 on mitosis are somewhat
different from those of KPNB1 knockdown from siRNA or
RanGTP/KPNB1 inhibition with importazole. We have
previously shown that the binding site for compound 1 is
located on the concave face of H11 among 19 tandem HEAT
repeats (termed H1-H19) (14). It is unclear whether the
mitotic function of KPNB1 is inhibited by the significant
changes in binding interaction that occur between KPNB1 and
certain cargo proteins when compound 1 binds to this pocket.

In summary, treatment with compound 1 interferes with
cell cycle progression in the G,/M phase where KPNB1 has
previously been reported to play a role. Treatment with
compound 1 also results in apoptosis by the intrinsic pathway.
The design and synthesis of novel chemotherapeutic agents
that can induce apoptosis and cell cycle arrest have emerged
as attractive approaches in cancer therapy because these
agents can limit possible non-specific effects of compound
treatment. Therefore, as a KPNB1 inhibitor, compound 1
might be a good target for future development of anticancer
agents and for study of KPNB1 functions.
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