
b i o c h e m i c a l p h a r m a c o l o g y 7 5 ( 2 0 0 8 ) 3 8 3 – 3 9 4
KRIBB3, a novel microtubule inhibitor, induces mitotic
arrest and apoptosis in human cancer cells

Ki Deok Shin a,c, Young Ju Yoon a, Yeong-Rim Kang a, Kwang-Hee Son a,
Hwan Mook Kim b, Byoung-Mog Kwon a,*, Dong Cho Han a,*
aMolecular Cancer Research Center, Korea Research Institute of Bioscience and Biotechnology, 52 Eoeun-dong Yuseong-gu,

Daejeon 305-806, Republic of Korea
bBio-Evaluation Center, Korea Research Institute of Bioscience and Biotechnology, 52 Eoeun-dong Yuseong-gu,

Daejeon 305-806, Republic of Korea
cDepartment of Biochemistry, Yonsei University, Seoul 120-749, Republic of Korea

a r t i c l e i n f o

Article history:

Received 20 July 2007

Accepted 22 August 2007

Keywords:

Isoxazole

Microtubule inhibitor

Mitotic arrest

Apoptosis

Bax activation

Cancer therapy

a b s t r a c t

KRIBB3 (5-(5-ethyl-2-hydroxy-4-methoxyphenyl)-4-(4-methoxyphenyl) isoxazole) inhibited

cancer cell growth in vitro and in vivo. Flow cytometry studies showed that KRIBB3 caused cell

cycle arrest at the G2/M phase and subsequent apoptosis. This was confirmed as accumula-

tion of Cyclin B1 and cleavage of poly(ADP-ribose) polymerase (PARP) were detected. While

transient inhibition by KRIBB3 led to reversible mitotic arrest, prolonged exposure to

KRIBB3-induced apoptosis. Co-immunoprecipitation experiments showed that KRIBB3 initi-

ally induced association of inhibitory Mad2 with p55CDC (mammalian homologue of

CDC20), an activator of APC/C (anaphase-promoting complex/cyclosome), suggesting that

the mitotic spindle checkpoint was activated by KRIBB3. However, the level of this inhibitory

complex of Mad2 with p55CDC was gradually decreased 24 h after KRIBB3 treatment, and

was hardly detectable after 48 h, indicating some slipping of the mitotic checkpoint.

Consistent with these observations, KRIBB3 activated the mitotic spindle checkpoint by

disrupting the microtubule cytoskeleton. KRIBB3 was proven to be a tubulin inhibitor using

in vitro polymerization assays and in vivo indirect immunofluorescence staining. The

temporal pattern of Bax activation by KRIBB3 was similar to PARP cleavage, suggesting

that Bax is a mediator of KRIBB3-dependent apoptosis. Furthermore, when KRIBB3 was

administered intraperitoneally into nude mice at 50 mg/kg or 100 mg/kg, it inhibited 49.5 or

70.3% of tumor growth, respectively. These results suggest that KRIBB3 is a good drug

candidate for cancer therapy.
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1. Introduction

Chemicals that interfere with cell cycle progress have

attracted much attention in cancer research because they

can inhibit the proliferation of cancer cells. Among various

anticancer drug targets known to date, those targeting

microtubules are some of the most successful cancer
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therapeutics [1]. Traditional anti-microtubule drugs produce

‘‘unattached’’ kinetochores in mitosis by altering microtubule

dynamics, and cause long-term mitotic arrest [2,3].

The mitotic spindle checkpoint is the major cell cycle

control mechanism in mitosis (for review, see Refs. [2,4,5]). In

order to recognize and interact with mitotic substrates, APC/C

requires the specific factor CDC20 (cell-division-cycle 20
.re.kr (D.C. Han).
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homologue). Genetic and biochemical studies have suggested

that the most downstream event in checkpoint regulation is

the inhibition of CDC20. The signal generators of the mitotic

checkpoint are ‘‘unattached kinetochores’’ which recruit

mitotic checkpoint components and convert these into an

inhibitory complex, which is composed of Mad2 (mitotic arrest

deficient 2), BubR1 (a hybrid of Mad3 and Bub1), Bub3 (budding

uninhibited by benzimidazole 3), and CDC20 [6,7]. Inhibitory

Mad2 and/or BubR1 tightly associate with CDC20 and prevent

it from activating APC/C, blocking degradation of Cyclin B1.

Drug-mediated mitotic-checkpoint-dependent-arrest is

often followed by cell death [2]. Although the capacity to

undergo apoptosis is inherent to all cells, their susceptibility

varies markedly and is influenced by external and internal

events [8]. Members of the Bcl-2 family of proteins play crucial

roles in the regulation of apoptosis through controlling

mitochondrial function and releasing proapoptotic proteins

from the mitochondria. Because mitochondria interact with

microtubules, it is likely that mitochondria may connect

microtubule damage to the apoptotic machinery, acting as

appropriate, and timing switches for the onset of apoptosis. Bcl-

2 overexpression suppresses the apoptotic response induced by

distinct microtubule-active drugs without affecting their

actions on microtubules or on cell cycle arrest at G2/M [9,10].

Bim (Bcl-2 interacting mediator of cell death) [11] and Bmf (Bcl-2

modifying factor) [12] are important linkers of cytoskeleton

and apoptotic machinery since they are indirectly sequestered

by the microtubule (Bim) or actin (Bmf) cytoskeleton. Apoptotic

stimuli lead to the release of Bim from microtubules, and Bim is

therefore free to translocate to the mitochondria, where it binds

Bcl-2 and Bcl-XL to promote apoptosis through neutralization of

the antiapoptotic activity of Bcl-2 and Bcl-XL by forming Bim/

Bcl-2 or Bim/Bcl-XL heterodimers [11], or through additional

mechanisms, including Bax activation [13].

Vinca alkaloids inhibiting microtubule polymerization,

have been used in the treatment of cancer over 30 years

[14]. Unlike vinca alkaloids, taxanes promote tubulin poly-

merization, stabilize microtubules, and thereby inhibit micro-

tubule dynamics, causing abnormal mitotic spindle and

mitotic arrest [15,16]. Although the vinca alkaloids and the

taxanes are both effective in the treatment of cancer, their

potential is limited by the appearance of drug-resistant cancer

cells during cancer treatment [17]. One mechanism leading to

drug resistance is mediated by overexpression of efflux

pumps, specifically the p-gp170 [18] and MRP pumps [19].

These efflux pumps are able to reduce the intracellular

concentration of taxanes or vinca alkaloids to a less toxic level.

KRIBB3 was reported to inhibit tumor cell migration and

invasion at doses of 0.1–1 mM [20]. However, it inhibited

proliferation of MDA-MB-231 with a GI50 of>25 mM, where GI50

is the concentration at which 50% inhibition of cell growth is

seen. This indicates that KRIBB3 significantly inhibits cell

migration without cytotoxicity. Using affinity chromatogra-

phy, Hsp27 was identified as a molecular target of KRIBB3.

Several other studies point to the ability of Hsp27 to increase

the metastatic potential of tumor cells in nude mice, as well as

to enhance their resistance to therapy [21,22]. Higher levels of

Hsp27 expression are commonly detected in a variety of

different cancers including breast [23,24], prostate [25], gastric

[26], and ovarian [27,28] cancer.
Here, we report the biological properties of KRIBB3, which

displays strong antimitotic activity against cancer cells.

KRIBB3 exerts its antiproliferative activity through inhibition

of tubulin polymerization and by activating the mitotic spindle

checkpoint. In addition, KRIBB3 is not a substrate of p-gp170,

and it retains its activity in cell lines with MDR. When KRIBB3

was administered to nude mice, tumor growth was signifi-

cantly inhibited compared to control mice, supporting its

anticancer activity in vivo.
2. Materials and methods

2.1. Reagents and antibodies

Rabbit polyclonal anti-phospho-Histone H3 (Ser 10) antibody

was purchased from Upstate Biotechnology. Antibodies

against Hsp27 and PARP were purchased from Cell Signaling.

Antibodies against Bax, Mad2, and BubR1 were purchased

from BD biosciences (San Jose, CA). Antibodies for Cyclin B1,

p55CDC, and actin were purchased from Santa Cruz Biotech-

nology, Inc. (Santa Cruz, CA). Monoclonal anti-Bax 6A7

antibody was purchased from Sigma (St. Louis, MO). Mono-

clonal anti-a-tubulin was purchased from Molecular Probes.

Chemicals used in these experiments were purchased from

Sigma Chemical (St. Louis, MO) and Calbiochem (San Diego,

CA). KRIBB2 (4-ethyl-5-methoxy-2(3-methyl-4-phenylisoxa-

zole-5-yl)phenol) and KRIBB3 (5-(5-ethyl-2-hydroxy-4-meth-

oxyphenyl)-4-(4-methoxyphenyl) isoxazole) were synthesized

in our laboratory.

2.2. Cell culture, cell proliferation assays, Western
blotting, and immunoprecipitation

The cancer cell lines were originally obtained from ATCC.

HCT-116 (human colon cancer cell line), HCA-7 (human breast

cancer cell line), and SK-OV-3 cells (human ovarian cancer

cell line) were maintained in McCoy’s 5A (Invitrogen) medium

supplemented with penicillin (50 units/ml) and streptomycin

(50 mg/ml). MDA-MB-231 (human breast cancer cell line), HT-

29, HCT-15, SW620 (human colon cancer cell line), NCI-H23

(human non-small lung cancer cell line), DU-145, and PC-3

cells (human prostate cancer cell line) were maintained in

RPMI 1640 (Gibco/BRL). A549 (human non-small lung cancer

cell line) and HeLa cells (human cervical adenocarcinoma cell

line) were maintained in Dulbecco’s modified Eagle medium

(Gibco/BRL). All culture media were supplemented with 10%

heat-inactivated fetal bovine serum (Gibco/BRL). Cell cultures

were maintained at 37 8C under a humidified atmosphere of

5% CO2 in an incubator. A proliferation assay was performed

as previously described [20]. Briefly, 6000 cells were seeded

into 96-well plates in media containing 10% FBS. After 20–

24 h, cells were replenished with fresh complete medium

containing either a test compound or 0.1% Me2SO. After

incubation for 48 h, the cell proliferation reagent WST-1

(Roche Applied Science) was added to each well. The amount

of WST-1 formazan produced was measured at 450 nm using

an ELISA Reader (Bio-Rad, CA). Western blotting and

immunoprecipitation were then performed as previously

described [29].
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2.3. Cell synchronization and cell cycle analysis

For synchronization at metaphase, cells were treated with

nocodazole (1 mM) at 37 8C for 15 h. After treatment, meta-

phase cells were collected by the gentle shake-off method,

centrifuged at 300 � g for 5 min at room temperature, and

washed twice with fresh medium. To relieve cells from the

mitotic phase arrest, cells were replated in a 100 mm cell

culture dish (1 � 106 cells/dish) and incubated at 37 8C in fresh

medium for various time periods. To analyze the DNA content

by flow cytometry, cells were trypsinized, washed twice with

phosphate-buffered saline and fixed with 3 ml of ice-cold 70%

ethanol overnight. Fixed cells were washed twice with PBS

containing 1% fetal bovine serum. The collected cells were

resuspended in PBS (100 ml/1 � 105 cells) and treated with

100 mg/ml of RNase A at 37 8C for 30 min. Propidium iodide (PI)

was then added at a final concentration of 50 mg/ml for DNA

staining, and 20,000 fixed cells were analyzed on a FACScalibur

(Becton Dickinson, San Jose, CA). Cell cycle distribution was

analyzed using the Modifit program (Becton Dickinson).

2.4. Tubulin polymerization assay

For the detection of polymerization of tubulin/microtubules,

CytoDYNAMIX Screen 01 kits were purchased form Cytoske-

leton, Inc. (Denver, CO). Tubulin proteins (>97% purity) were

suspended (300 mg/sample) with 100 ml of G-PEM buffer

(80 mM PIPES, 2 mg MgCl2, 0.5 mM EGTA, 1.0 mM GTP, pH

6.9) plus 5% glycerol in 0.1% DMSO at 4 8C, with and without

test compound. Next, the sample mixture was transferred to

the prewarmed 96-well plate, and polymerization of tubulin

was measured by the change in absorbance at 340 nm every

1 min for 70 min (Wallac victor2; Perkin-Elmer, Inc., Wellesley,

MA) at 37 8C.

2.5. Immunofluorescence microscopy

HCT-116 cells were plated on an 18 mm coverslip coated with

50 mg/ml of Poly-L-Lysine. Cells were incubated in a 37 8C

incubator to allow cells to attach and spread. At the end of

incubation, the cells were fixed with 3% formaldehyde for

10 min, washed three times with PBS for 5 min each time,

permeabilized with 0.5% Triton X-100 for 5 min, washed three

times, and stained with primary antibodies (a-tubulin (1:50))

for 1 h at room temperature. After washing three times with

PBS, the bound mouse IgG was detected with Texas Red-

conjugated anti-mouse antibody (1:100) and counterstained

with 1 mg/ml of DAPI (40, 6-diamidino-2-phenylindole) in PBS

for 1 h at room temperature. Images of stained cells were

examined under a Zeiss LSM 510 META confocal microscope

(Carl Zeiss, Inc., Thornwood, NY).

2.6. Detection of Bax conformational change (activation)

Metaphase synchronized cells were treated with 0.1% DMSO

or 1 mM of KRIBB3. The method was modified from the

previous description [31]. Briefly, cells were collected and lysed

with Chaps lysis buffer (10 mM Hepes (pH 7.4), 150 mM NaCl,

and 1% Chaps). Cell lysates containing 500 mg protein were

incubated with the anti-Bax 6A7 monoclonal antibody for 3 h
at 4 8C in a rotary shaker, after which 40 ml of protein G-

agarose beads were added. After 2 h, lysates containing beads

were centrifuged and washed three times with Chaps lysis

buffer. Bead-bound proteins were resolved by SDS-PAGE and

immunoblotted using an anti-Bax monoclonal antibody (BD

bioscience).

2.7. Knockdown of Hsp27 protein using Hsp27 siRNA

The human Hsp27 small interfering RNA (siRNA) duplex (50-

GUCUCAUCGGAUUUUGCAGC-30) was purchased from Bio-

neer, Inc. (Daejeon, KOREA). A Silencer Negative Control #1

siRNA was purchased from Ambion, Inc. (Austin, TX) as a

control. Cells plated at a density of 8 � 104 cells per well in six-

well plates were transfected with 50 nM or 100 nM of Hsp27

specific and control siRNA oligoduplexes after preincubation

for 20 min with Oligofectamine in serum-free OPTI-MEM

(Invitrogen). Four hours after transfection, RPMI 1640 media

containing 30% serum (without antibiotics) was added,

yielding a final concentration of 10% serum. Forty-eight hour

after transfection, cells were harvested for cell cycle analysis

or for preparation of whole cell lysates.

2.8. Nude mouse xenograft assay

Seven-week-old female inbred specific-pathogen-free (SPF)

BALB/c nude mice were obtained from the Charles River Co.

(Japan), and were housed in sterile conditions under 12 h

light:12 hdark cycles, and fed food and water ad libitum. For the

evaluation of the in vivo anti-tumor activity of KRIBB3, HCT-

116 cells (0.3 ml of 3 � 106 cells/ml) were implanted subcuta-

neously into the right flank of the mice on day 0. KRIBB3 or

doxorubicin was dissolved in 0.5% Tween 80 and administered

intraperitoneally daily for 16 days at a concentration of 50 or

100 mg/kg for KRIBB3 or 2 mg/kg for doxorubicin. The dosage

amount was 0.2 ml per 20 g body weight. Tumor volumes were

estimated as length (mm) �width (mm) � height (mm)/2. To

determine the toxicity of the compound, the body weight of

tumor-bearing animals was measured. On day 16, the mice

were sacrificed and the tumors were removed and weighed.
3. Results

3.1. Inhibition of tumor cell growth by KRIBB3

To determine the effect of isoxazoles on the growth of cancer

cells, HCT-116 colon cancer cells were treated with com-

pounds at different concentrations (0–100 mM) for 48 h

(Fig. 1A). KRIBB2 is an inactive structural analogue of KRIBB3.

KRIBB3 exhibited a dose-dependent inhibition of cell growth in

a broad range of concentrations, and the GI50 value of KRIBB3

for in vitro growth inhibition was approximately 0.35 mM,

where GI50 is the inhibitor concentration at which 50%

inhibition of cell growth is seen.

Failure in cancer chemotherapy is often related to multi-

drug resistance (MDR). Therefore, we tested whether MDR1

overexpression confers resistance to KRIBB3. Paclitaxel and

vinblastin are the most widely used antimitotic cancer drugs,

and are substrates of P-glycoprotein (MDR1). Therefore, we



Fig. 1 – Structure and activity of isoxazole compounds, paclitaxel, vinblastin, and colchicine on the proliferation of HCT-116

or HCT-15 tumor cells. HCT-116 or HCT-15 cells were treated with different concentrations of compounds or with vehicle

solvent (0.1% DMSO), and their viability was determined using the WST-1 assay 48 h after treatment. The results were

expressed relative to the vehicle-treated cells. This data is from one out of three independent experiments with similar

results.
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used these chemicals as positive compounds for MDR1. HCT-

15 is an MDR1 overexpressing colorectal carcinoma. As

expected, HCT-15 has profound resistance to paclitaxel (53-

fold), vinblastin (11-fold), and colchicines (4-fold) compared

with HCT-116. In contrast, KRIBB3 is equally potent toward

HCT-116 and HCT-15 (Fig. 1C and D), suggesting that KRIBB3

can be effective against MDR1-overexpressing drug-resistant

cells.

Similarly, the effect of KRIBB3 on the proliferation of

various tumor cell lines was analyzed (Table 1). Because more

than 50% of human cancers have mutated p53, which is

known to be an important regulator of cell cycle progression

and apoptosis, we chose to study both p53 wild type and p53-

deficient cancer cell lines. Fortunately, KRIBB3 was able to

exert its inhibitory activity in a p53-independent pathway, as

shown by its similar effects on the p53 expressing and

deficient cell lines.

3.2. Inhibition of Hsp27 does not block tumor cell growth

Previously, we reported that KRIBB3 inhibited tumor cell

migration by blocking PKC-dependent phosphorylation of
Hsp27 through direct binding to Hsp27 [20]. To determine

whether inhibition of Hsp27 affects cell proliferation, we

introduced Hsp27 siRNA into HCT-116 cells. As shown in

Fig. 2A, expression of Hsp27 was largely eliminated from HCT-

116 cells after transfection of Hsp27 siRNA, indicating that the

siRNA can target Hsp27 mRNA efficiently in HCT-116 cells.

Next, we analyzed the proliferation of HCT-116 cells after the

cells were treated with control siRNA, Hsp27 siRNA, or H2O.

Surprisingly, there was no detectable inhibition of prolifera-

tion by Hsp27 siRNA transfection (Fig. 2B). This result implies

that KRIBB3 inhibits the proliferation of HCT-116 cells in a

Hsp27-independent manner. In addition, knockdown of Hsp27

using siRNA did not affect the HCT-116 cell cycle (Fig. 2C).

3.3. KRIBB3 arrests cells in the G2/M phase

Because KRIBB3 inhibited cancer cell growth, we analyzed the

effect of KRIBB3 on the cell cycle profile. HCT-116 cells were

treated with 1 mM KRIBB3 and harvested at 0, 1, 3, 6, 12, 24, and

48 h after treatment, and then analyzed with a FACScalibur.

When HCT-116 cells were treated with KRIBB3, an increase in

the proportion of G2/M phase cells could be detected (Fig. 3A



Table 1 – Inhibitory effect of KRIBB3 on the proliferation
of human tumor cells

Tumor cell line p53 GI50 (mM)

HCT-116 Wild-type 0.35

HCT-15 Deficient 0.3

SW620 Deficient 0.8

HT-29 Deficient 23

HCA-7 Deficient 0.38

MDA-MB-231 Deficient 25

NCI-H23 Wild-type 0.64

A549 Wild-type 1.2

DU-145 Deficient 0.28

PC-3 Deficient 0.48

SK-OV-3 Deficient 0.6

HeLa Wild-type 0.75

Cells were treated with different concentrations of KRIBB3 or

vehicle solvent (0.1% DMSO), and proliferation was determined

using WST-1 at 48 h after the treatment. This data is from one of

two independent experiments with similar results.
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and B). Seventy percent of cells were arrested at the G2/M

phase checkpoint 12 h after treatment. Because KRIBB3

arrested the cell cycle in the G2/M phase, we used the well-

known antimitotic compound nocodazole as a control for

further study. Treatment with nocodazole showed a similar

effect on the cell cycle profile of HCT-116 cells. In addition,
Fig. 2 – Knockdown of the Hsp27 protein does not affect prolife

transfected with siRNA as described in Section 2, and then lysa

(30 mg) were separated using 12.5% SDS-PAGE, and blotted with a

of transfected HCT-116 cells was determined using the WST-1

relative to the vehicle-treated cells. (C) HCT-116 cells were transf

harvested, fixed, and stained with propidium iodide. Twenty th

analysis. This data is from one of two independent experiment
when DU-145 cells were treated with KRIBB3, cell cycle arrest

could be detected at the G2/M phase (data not shown).

Interestingly, treatment of asynchronous HCT-116 cells with

KRIBB3 resulted in the accumulation of cells with a hyperploid

DNA content (>4 N) (Fig. 3C). Thirty-seven percent of cells

became hyperploid (>4 N) 48 h after KRIBB3 treatment.

Similarly, 36% of nocodazole-treated cells were hyperploid.

This result suggests that KRIBB3 first arrested cell cycle and

then underwent mitosis to become hyperploid.

Cell cycle arrest in the G2/M phase was confirmed by

detecting G2/M phase-specific accumulation of Cyclin B1 and

phosphorylation of Histone H3 (Ser10) (Fig. 3D). The Cyclin B1

protein levels increased after KRIBB3 treatment and remained

elevated for 48 h. Similarly, phosphorylation of Histone H3 (Ser

10) increased after KRIBB3 treatment and remained elevated

for 24 h. However, phosphorylation of Histone H3 (Ser 10)

decreased to its basal level after 48 h. The temporal patterns of

Cyclin B1 accumulation and Histone H3 phosphorylation are

consistent with cell cycle arrest at the G2/M phase as shown in

Fig. 3.

In order to determine whether KRIBB3-treated cells were

blocked at the G2 phase or at the mitotic phase, cells were

analyzed for progression from mitotic arrest. To synchronize

cells in mitosis, HCT-116 cells were treated with 1 mM

nocodazole for 15 h. After collection, synchronized mitotic

cells were replated in medium containing DMSO or KRIBB3.
ration or cell cycle distribution. (A) HCT-116 cells were

tes were prepared with RIPA buffer. The whole cell lysates

nti-Hsp27 antibody or anti-actin antibody. (B) Proliferation

assay at 48 h post-treatment. The results were expressed

ected with control (Con) siRNA or Hsp27 siRNA for 48 h and

ousand stained cells were then subjected to FACScalibur

s with similar results.



Fig. 3 – KRIBB3 induces cell cycle arrest at the G2/M phase and causes apoptosis. (A) HCT-116 cells were treated with 1 mM

KRIBB3 or nocodazole for 0, 1, 3, 6, 12, 24, or 48 h and harvested, fixed, and stained with propidium iodide. Twenty

thousand stained cells were then subjected to FACScalibur analysis. (B) Relative percentages of cells in the sub-G1 (<2 N), G2/

M, S, and G0/G1 stages. (C) Relative percentages of hyperploid (>4 N). Populations were derived from the flow cytometric

analysis in (A). (D) HCT-116 cells were treated with 1 mM KRIBB3 for different times as indicated, and lysates were prepared

with RIPA buffer. Twenty microgram of lysate were resolved by SDS-PAGE and immunoblotted with anti-Cyclin B1, anti-

phospho-Histone H3 (Ser 10), anti-PARP, or anti-actin antibody. This data is from one of three independent experiments

with similar results.
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Fig. 4 – KRIBB3 arrests the cell cycle at the mitotic phase through formation of the inhibitory complex Mad2/p55CDC, and

induces apoptosis via Bax activation. (A) HCT-116 cells were treated with 1 mM nocodazole for 15 h in order to synchronize

the cells at mitosis, as described in Section 2. The collected mitotic cells were replated in 100 mm culture dishes in medium

containing 0.1% Me2SO (DMSO) or KRIBB3 (1 mM). At the indicated time points after nocodazole release, cells were

harvested, fixed, and stained with propidium iodide. Twenty thousand stained cells were then subjected to FACScalibur

analysis. (B) HCT-116 cells were treated with 1 mM KRIBB3 and incubated for different times as indicated. Four hundred

microgram of lysate was immunoprecipitated (IP) with anti-p55CDC antibody and protein G-agarose beads, and

precipitants were resolved by SDS-PAGE after washing three times, and then immunoblotted with anti-Mad2 antibody or

anti-p55CDC antibody. The same whole cell lysates (WCL) were resolved by SDS-PAGE and immunoblotted with anti-Mad2

antibody, anti-p55CDC antibody, or anti-actin antibody. (C) HCT-116 cells were treated with 1 mM nocodazole for 15 h. The

mitotic cells were replated in 100 mm culture dishes in medium containing 0.1% Me2SO (DMSO) or KRIBB3 (1 mM). At the

indicated time points after nocodazole release, cell lysates were prepared with RIPA buffer or with 1% Chaps lysis buffer for

active Bax 6A7 detection. Thirty microgram of lysate was resolved by SDS-PAGE and immunoblotted with anti-PARP

antibody or anti-actin antibody. Five hundred microgram of Chaps buffer lysate was immunoprecipitated (IP) with anti-Bax

6A7 monoclonal antibody and protein G-agarose beads, and precipitants were resolved by SDS-PAGE after washing three

times with Chaps lysis buffer and immunoblotted with anti-Bax monoclonal antibody. Thirty microgram of lysate was

resolved by SDS-PAGE and immunoblotted with anti-Bax antibody. This data is from one of two independent experiments

with similar results.
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Cells were collected at the time indicated, and the profile of the

cell cycle was analyzed by FACS. As shown in Fig. 4A, HCT-116

cells were released from a nocodazole-induced mitotic phase

arrest after replating cells in the medium with DMSO.
However, addition of KRIBB3 (Fig. 4A) into replating medium

did not result in the release of mitotic phase arrested cells.

These results suggest that KRIBB3 arrested the cell cycle at the

same mitotic phase as nocodazole.
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3.4. Time-dependent effect of KRIBB3 in spindle
checkpoint-competent cells

KRIBB3 arrested the cell cycle at the G2/M phase (Fig. 3). In

addition, Cyclin B1, a substrate of APC/C, accumulated

following KRIBB3 treatment. These results imply that APC/C

activity could be inhibited by KRIBB3. Therefore, we examined

whether KRIBB3 exerts its activity through APC/C inhibition.

For this experiment, p55CDC (mammalian homologue of
Fig. 5 – Effect of KRIBB3 on the organization of the microtubule

incubated with 0.1% Me2SO, 1 mM nocodazole, 1 mM taxol, or 1

analyzed by a Carl Zeiss confocal system using monoclonal anti-

anti-mouse antibody, and 4,6-diamidino-2-phenylindole. Scale

in vitro. The tubulins were incubated at 37 8C in the presence of v

or 3 mM KRIBB3, and microtubule formation was measured by t

independent experiments with similar results.
CDC20) was immunoprecipitated with an antibody specific

to p55CDC, and immunoblotted with an antibody specific to

Mad2 (Fig. 4B). Inhibitory association of p55CDC with Mad2

was induced, and reached its maximum 12 h after KRIBB3

treatment. Next, this inhibitory complex decreased 24 h after

KRIBB3 treatment, and disappeared 48 h after treatment.

However, expression of Mad2 and p55CDC remained unaltered

by KRIBB3 treatment. These results suggest that KRIBB3

caused cell cycle arrest at the mitotic phase through the
cytoskeleton in vivo and in vitro. (A) HCT-116 cells were

mM KRIBB3 for 6 h. The cellular microtubule network was

a-tubulin antibody, fluorescein Texas Red-conjugated goat

bar, 10 mm. (B) This assay was done using purified tubulins

ehicle (Me2SO), 3 mM taxol, 3 mM nocodazole, 3 mM KRIBB2,

he spectrophotometer. This data is from one of two
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formation of the inhibitory checkpoint complex of Mad2/

p55CDC. Furthermore, this is consistent with the observation

that a decrease of the inhibitory complex resulted in a slippage

of the mitotic arrest 48 h after KRIBB3 treatment.

3.5. Induction of apoptosis by KRIBB3 is coupled with Bax
activation

The majority of cells were arrested at the G2/M phase 12 h after

KRIBB3 treatment. However, apoptosis was detected 24 h after

treatment (Fig. 3). These results imply that slippage of the cell

cycle after arrest at the mitotic phase could be important in the

induction of apoptosis. Therefore, we collected synchronized

mitotic cells and analyzed their cellular response for apoptosis

in the presence or absence of KRIBB3. As shown in Fig. 4C,

PARP cleavage was detected only from KRIBB3-treated cells.

Bax is a proapoptotic protein of the Bcl-2 family. Under

normal conditions, Bax is primarily located in the cytosol as an

inactive monomer. Bax is activated upon stimulation by death

signals, resulting in a conformational change that targets it to

the outer membrane of the mitochondria. In order to test

whether Bax activation is involved in KRIBB3-induced apop-

tosis, cells were treated with KRIBB3 and collected at the

indicated time, and lysates were prepared with Chaps lysis

buffer. Bax activation was monitored by an immunoprecipita-

tion-coupled Western blot analysis. The monoclonal antibody

Bax 6A7 can specifically precipitate the active conformers of

Bax [30,31]. Fig. 4C shows that activation of Bax was detected

only in lysates prepared from cells treated with KRIBB3. In

addition, the temporal pattern of Bax activation is very similar

to that of PARP cleavage. These results support the hypothesis

that KRIBB3 induces apoptosis through activation of Bax.

3.6. KRIBB3 inhibits microtubule polymerization in vivo
and in vitro

It has been very well documented that microtubule inhibitors,

including nocodazole, arrest cells at the G2/M phase and
Fig. 6 – KRIBB3 inhibits the growth of HCT-116 colon cancers in

activity of KRIBB3, HCT-116 cells (0.3 ml of 3 T 106 cells/ml) wer

mice on day 0. Compounds were dissolved in 0.5% Tween 80 and

concentration of 50 or 100 mg/kg for KRIBB3 or 2 mg/kg for doxor

results were obtained from one assay using 24 mice (6 mice for

formula length (mm) T width (mm) T height (mm)/2, and the re

mice. (B) Body weight was measured on each indicated day usi
induce apoptosis. In addition, microtubules play crucial roles

in maintaining cell morphology and shape. Interestingly,

when cells were treated with KRIBB3, cells became round,

arrested the cell cycle at the G2/M phase and underwent

apoptosis. In light of these observations, we speculated that

microtubules and/or their function could be a potential target

of KRIBB3. Therefore, immunofluorescence confocal micro-

scopy was used to examine the effect of KRIBB3 on the

microtubule cytoskeleton. The normal distribution of micro-

tubules in untreated HCT-116 cells is shown in Fig. 5A.

Paclitaxel treatment resulted in maintenance of microtubule

polymerization with an increase in the density of micro-

tubules. In contrast, treatment with KRIBB3 resulted in

inhibition of microtubule polymerization and the appearance

of short microtubule fragments in the cytoplasm. Similarly,

treatment with nocodazole resulted in a diffuse stain visible

throughout the cytoplasm, similar to staining for KRIBB3-

induced microtubule changes.

Because KRIBB3 disrupted the microtubule organization in

vivo, we further tested whether KRIBB3 directly inhibits

tubulin polymerization in vitro. As shown in Fig. 5B, purified

tubulins were polymerized to steady state in the presence of

GTP at 37 8C in a control sample. As expected, treatment with

KRIBB3 inhibited tubulin polymerization compared with

DMSO. However, KRIBB2, an inactive structural analogue

compound, did not inhibit tubulin polymerization. This result

supports a structurally specific activity of KRIBB3 in micro-

tubule polymerization. In the presence of paclitaxel or

nocodazole as a positive or a negative control, tubulin

polymerization was enhanced or inhibited, respectively.

3.7. KRIBB3 inhibits growth of HCT-116 colon cancer cells
in BALB/c nude mice

A HCT-116 tumor xenograft model of nude mice was used to

investigate the inhibitory activity of KRIBB3 on tumor growth.

HCT-116 cells were implanted subcutaneously into the right

flank of nude mice on day 0, and the compound was
nude mice. (A) For the evaluation of the in vivo anti-tumor

e implanted subcutaneously into the right flank of nude

were administered intraperitoneally daily for 16 days at a

ubicin. The dosage was 0.2 ml per 20 g body weight. These

each compound). Tumor volumes were estimated by the

sults were expressed relative value to the vehicle-treated

ng a balance.
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administered intraperitoneally daily from day 1 at a concen-

tration of 50 or 100 mg/kg for KRIBB3 or 2 mg/kg for

doxorubicin per day. To determine the toxicity of the

compound, the body weight of the tumor-bearing animals

was measured. On day 16, the mice were sacrificed and the

tumors were removed and weighed. Sixteen days after

implantation, tumor volume had decreased by 49.5% (50 mg/

kg) and 70.3% (100 mg/kg) in mice treated with KRIBB3

compared to control mice (Fig. 6). There was no change in

body weight when KRIBB3 was used at 50 mg/kg. However,

when KRIBB3 was used at 100 mg/kg, there was a 10.3% loss of

body weight. Similarly, when doxorubicin was used as a

positive control at 2 mg/kg, a 20% loss of body weight was

observed.
4. Discussion

An unexpected finding of this study is that KRIBB3 inhibits

tumor cell growth. KRIBB3 was initially discovered from

chemical screens to identify inhibitors of migration (but not

proliferation) of MDA-MB-231 breast cancer cells [20]. How-

ever, it inhibited proliferation of a variety of other malig-

nancies at sub-mM concentration, except MDA-MB-231 and

HT-29 (Table 1). KRIBB3 inhibits tumor cell migration and

invasion by blocking PKC-dependent phosphorylation of

Hsp27 through its direct binding to Hsp27 [20].

Initially, we believed that KRIBB3 blocked cancer cell

growth through inhibition of Hsp27. In order to test this

possibility, we used Hsp27 siRNA to silence Hsp27 expression

and examined its effect on cell proliferation (Fig. 2). Surpris-

ingly, knockdown of Hsp27 did not inhibit proliferation of

HCT-116. Therefore, we concluded that the effect of KRIBB3 on

proliferation and cell cycle progression was not through

Hsp27, but rather through another as yet unidentified KRIBB3

target.

In order to determine the molecular mechanism of KRIBB3-

dependent growth inhibition, we analyzed cell cycle progres-

sion in a time-dependent manner. Seventy percent of cells

were arrested at the G2/M phase 12 h after KRIBB3 treatment

(Fig. 3A and B). Cell cycle arrest at the G2/M phase was further

confirmed by detecting the G2/M phase-specific protein Cyclin

B1 and phosphorylation of Histone H3 (Ser 10) (Fig. 3D). There

are many possible KRIBB3 targets responsible for a KRIBB3-

dependent G2/M phase arrest. Accumulation of Cyclin B1

implies that its degradation pathway could be blocked by

KRIBB3. Cyclin B1 is degraded by the proteasome in a cell cycle

dependent manner after APC/C-dependent-ubiquitination.

Therefore, we decided to test whether KRIBB3 inhibits APC/

C-dependent activity. APC/C-dependent-ubiquitination is

dependent on CDC20 (p55CDC, mammalian homologue) to

recognize its substrate. This substrate recognition protein is

associated with its inhibitory protein Mad2. Therefore, we

examined the formation of the inhibitory complex p55CDC/

Mad2 in a time-dependent manner after KRIBB3 treatment

(Fig. 4B). As expected, KRIBB3 treatment induced association of

p55CDC with the inhibitory protein Mad2. This inhibitory

complex may block APC/C-dependent Cyclin B1 degradation.

This leads to the question of how KRIBB3 induces the

inhibitory complex of p55CDC/Mad2. Because microtubule
poisons such as vinca alkaloids cause all kinetochores to

become unattached, thereby generating a mitotic-checkpoint

signal, we decided to test whether KRIBB3 could inhibit

microtubule structure. We carried out indirect immunofluor-

escence microscopy to check the microtubule cytoskeleton in

vivo. Cells treated with KRIBB3 showed short microtubule

fragments in the cytoplasm (Fig. 5A). This structure is similar

to microtubules in cells treated with nocodazole. Furthermore,

in vitro, purified tubulin polymerization was inhibited in the

presence of KRIBB3 or nocodazole, and enhanced in the

presence of paclitaxel (Fig. 5B). From this, we concluded that

KRIBB3 inhibited tubulin polymerization. The inhibitory

activity of KRIBB3 on tubulin polymerization is similar to that

of nocodazole. However, KRIBB2, an inactive structural

analogue of KRIBB3, did not show any inhibitory effect on

tubulin polymerization (Fig. 5B). Consistent with this, KRIBB2

did not inhibit proliferation of HCT-116 cells (Fig. 1). These

results support our conclusion that inhibition of tubulin

polymerization by KRIBB3 caused mitotic phase arrest and

growth inhibition.

Because p53 has been shown to be involved in apoptosis

and more than 50% of human cancers have mutated p53, it is

important for drugs to be able to induce apoptosis in a p53-

independent manner. Therefore, we tested whether KRIBB3

could inhibit the growth of p53 null cancer cell lines.

Fortunately, KRIBB3 was able to induce cell cycle arrest at

the mitotic phase, and apoptosis of both HCT-116 (p53+/+) and

DU-145 (p53�/�) cells. This suggests that induction of

apoptosis following slippage of the mitotic checkpoint may

not depend on the p53-mediated tetraploid checkpoint.

Among 12 cancer cell lines, only MDA-MB-231 and HT-29

were relatively resistant to KRIBB3-induced growth inhibition

(Table 1). Currently, we do not know why these cells are

refractory to KRIBB3. Recently, Tao et al. reported that cells

that can sustain a long-term (48 h) arrest in mitosis (e.g., HT-29

colorectal adenocarcinoma cells) are less susceptible to taxol-

mediated killing than cells that more rapidly adapt into G1

after less than 24 h of drug exposure (e.g., HCT-116 colorectal

carcinoma cells) [31]. Therefore, it is likely that difference(s) in

checkpoint response determine the sensitivity to inhibitors of

microtubule dynamics.

Normal cells have a robust mitotic checkpoint in which one

unattached kinetochore can generate a signal strong enough

to inhibit all cellular APC/C activity and therefore block

progress to anaphase. However, when checkpoint compo-

nents are mutated or their expression is low, they cannot

produce strong enough signals to arrest the cell cycle. When

HCT-116 cells were treated with 1 mM KRIBB3 for 48 h, 43% of

the cells were in the sub-G1 phase, indicating apoptosis (Fig. 3).

However, when Human Foreskin Fibroblast (HFF) cells (normal

cell line) were treated with 1 mM KRIBB3 for 48 h, only 10% of

cells were sub-G1 phase (data not shown). This result supports

the hypothesis that HCT-116 cells are more sensitive to KRIBB3

than HFF cells. In addition, many cancer cells divide in vivo

more frequently than normal cells, and therefore frequently

pass through a stage of vulnerability to mitotic poisons.

Therefore, cancer cells may be relatively sensitive to KRIBB3

compared with normal cells.

Failure in cancer chemotherapy is often related to multi-

drug resistance (MDR). Many microtubule-interacting drugs
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such as the taxanes and vinblastine, are well-known sub-

strates of P-glycoprotein (MDR1). This means that tumor cells

can easily acquire drug resistance by overexpressing the MDR1

pump. The development of new compounds that are effective

against drug-resistant cells is therefore important for cancer

therapy. These results show that KRIBB3 exhibits a similar

potency regardless of P-glycoprotein status (HCT-15 vs. HCT-

116), indicating that KRIBB3 is not a substrate of P-glycopro-

tein, thereby suggesting that KRIBB3 is superior to other

antimitotic agents in this regard.

This study reports the biological properties of the low-

molecular-weight compound KRIBB3, which displays strong

antimitotic activity against cancer cells. In vitro, KRIBB3 exerts

significant antitumoral activity against a variety of malig-

nancies (colon, prostate, breast, and lung). The mode of action

of KRIBB3 as a tubulin inhibitor was shown by an in vitro

tubulin polymerization assay and indirect immunofluores-

cence microscopy. The KRIBB3 selectively arrested cell cycle

progression at the mitotic phase by activating the mitotic

spindle checkpoint. When KRIBB3 was administered, tumor

volume decreased by 49.5% (50 mg/kg) and 70.3% (100 mg/kg)

compared to control mice. The unique structural and

biological properties of KRIBB3 make it an attractive candidate

for further development toward potential clinical applica-

tions.
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