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BACKGROUND AND PURPOSE
The c-Jun N-terminal kinase (JNK) and tubulin are, frequently, targets for developing anti-cancer drugs. A major obstacle to
successful development is P-glycoprotein (P-gp)-mediated resistance. Here, we have assessed a compound that inhibited
growth of cancer cells, for effects on JNK and tubulin and as a substrate for P-gp.

EXPERIMENTAL APPROACH
Several pharmacological and biochemical assays were used to characterize signalling pathways of 2-phenyl-5-(pyrrolidin-1-yl)-
1-(3,4,5-trimethoxybenzyl)-1H-benzimidazole (PPTMB), a benzimidazole analogue, in prostate cancer cells.

KEY RESULTS
PPTMB inhibited proliferation of several human prostate cancer cell lines. It displayed similar activity against a P-gp-rich cell
line, indicating that PPTMB was not a substrate for P-gp. PPTMB induced G2/M arrest of the cell cycle and subsequent
apoptosis, using flow cytometry. Tubulin polymerization assays and Western blot analysis showed that PPTMB directly acted
on tubulin and caused disruption of microtubule dynamics, inducing mitotic arrest and sustained high levels of cyclin B1
expression and Cdk1 activation. Subsequently, mitochondria-related apoptotic cascades were induced, including Bcl-2 and
Bcl-xL phosphorylation, Mcl-1 down-regulation, truncated Bad formation and activation of caspase-9 and -3. PPTMB
stimulated JNK phosphorylation at Thr183/Tyr185. SP600125, a specific JNK inhibitor, significantly inhibited apoptotic signalling,
indicating that JNK plays a key role in PPTMB action. PPTMB showed a 10-fold higher potency against prostate cancer cells
than normal prostate cells.

CONCLUSIONS AND IMPLICATIONS
PPTMB is an effective anti-cancer agent. It disrupted microtubule dynamics, leading to mitotic arrest of the cell cycle and JNK
activation, which in turn stimulated the mitochondria-related apoptotic cascades in prostate cancer cells.

Abbreviations
Cdk, cyclin-dependent kinase; CMC, carboxymethyl cellulose; DAPI, 4,6-diamidino-2-phenylindole dihydrochloride;
FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; JNK, c-Jun N-terminal kinase; MAPK,
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mitogen-activated protein kinase; MEK, mitogen-activated protein kinase kinase; MPM-2, mitotic protein monoclonal 2;
PBS, phosphate-buffered saline; P-gp, P-glycoprotein; PI, propidium iodide; PMSF, phenylmethylsulphonylfluoride;
PPTMB, 2-phenyl-5-(pyrrolidin-1-yl)-1-(3,4,5-trimethoxybenzyl)-1H-benzimidazole; SRB, sulphorhodamine B; TCA,
trichloroacetic acid

Introduction

Chemotherapeutic agents that inhibit tubulin poly-
merization or stabilize microtubule assembly are
one of the most effective categories of anti-cancer
agents. Therefore, targeting tubulin continues to
provide many drug discoveries in anti-cancer
research. The mechanism of action caused by dis-
ruption of normal tubulin function lies in the
induction of cell cycle arrest at the mitotic phase,
leading to the activation of sophisticated molecular
events that ultimately cause apoptotic cell death
(Bhalla, 2003; Marinho et al., 2008). Many molecu-
lar signals have been identified as being triggered by
tubulin-targeting agents, including the phosphory-
lation and degradation of anti-apoptotic Bcl-2
family members, depolarization of mitochondrial
membrane potential, release of cytochrome c and
formation of apoptosomes and activation of
caspases (Pellegrini and Budman, 2005; Vitale et al.,
2007; Marinho et al., 2008).

The c-Jun N-terminal kinase (JNK), a member of
the mitogen-activated protein kinase (MAPK)
family, is activated by numerous types of stress,
including UV and g-irradiation, toxins, pharmaco-
logical agents and inflammatory cytokines (Carboni
et al., 2008). JNK has been extensively implicated in
various cellular functions, such as cytokine release
reaction (Ciallella et al., 2005), cell differentiation
(Chang et al., 2008), proliferation and apoptosis (Li
et al., 2007; Moon et al., 2008). Several lines of evi-
dence reveal that JNK is capable of phosphorylating
many downstream effectors in addition to c-Jun,
such as Bcl-2, Bcl-xL, 14-3-3, p53 and c-Myc (Weston
and Davis, 2002; Nishina et al., 2004; Sunayama
et al., 2005). Recently, JNK has been proposed
to mediate the apoptotic cell death induced by
tubulin-targeting agents (Stone and Chambers,
2000; Kolomeichuk et al., 2008). In contrast, some
studies have demonstrated JNK-independent apop-
tosis in several types of cancer cells (Wang et al.,
1999; Muscarella and Bloom, 2008). Accordingly,
the interaction between JNK activity and tubulin
polymerization remains unclear and needs further
investigation.

Emerging evidence reveals that targeting tubulin
is a promising approach for cancer chemotherapy.
However, most of the tubulin-binding agents are
derived from natural products with complex chemi-

cal structures that restrict chemical modification.
Therefore, active compounds with relatively simple
chemical structures could be valuable candidates for
further development. Several studies have revealed
that a variety of therapeutic drugs are derived from
benzimidazole analogues, including a class of anti-
helminthic drugs (Critchley et al., 2005). The benz-
imidazole structure also occurs in naturally, being
part of the vitamin B12 molecule. Based on these
considerations, we synthesized a series of small mol-
ecule benzimidazole derivatives to meet the goal of
developing anti-cancer agents. After an extensive
functional screening test, one compound, 2-phenyl-
5-(pyrrolidin-1-yl)-1-(3,4,5-trimethoxybenzyl)-1H-
benzimidazole (PPTMB), was clearly differentiated
from more than 100 derivatives.

In the present work, we have made several bio-
chemical assessments of the action of PPTMB in cell
lines derived from human prostate cancer. Particu-
larly, we analysed the complex interactions between
the regulation of cell cycle progression and apop-
totic signalling cascades. We also elucidated the
effects of PPTMB on tubulin interactions and on
signalling pathways involving JNK. We have also
assessed PPTMB in primary cultures of normal
human prostate gland cells.

Methods

Tissue explants and cell culture
All human tissue samples were obtained following
informed consent of the donors and after full
review by the Ethics Review Committee at National
Taiwan University Hospital. Human hyperplastic
prostates were from men by transurethral resection
of the prostate in National Taiwan University Hos-
pital. All patients had histories of prostatism and
were diagnosed to have benign prostate hyperplasia
by rectal digital examination, transrectal sonogra-
phy of prostate and urodynamic studies. Isolation
of human prostatic cells from prostatic tissue
explants was described in the previous study (Guh
et al., 1998). Human prostate cancer cell lines
(PC-3, DU-145 and LNCaP) were from American
Type Culture Collection (Rockville, MD, USA). The
cells were cultured in RPMI1640 medium with
10% fetal bovine serum (FBS) (v/v) and peni-
cillin (100 units·mL–1)/streptomycin (100 mg·mL-1).
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Cultures were maintained in a humidified incuba-
tor at 37°C in 5% CO2/95% air.

Assays for cell proliferation with
sulphorhodamine B (SRB assay)
Cells were seeded in 96-well plates in medium with
5% FBS. After 24 h, the cells were fixed with 10%
trichloroacetic acid (TCA) to represent cell popula-
tion at the time of drug addition (T0). After addi-
tional incubation with dimethyl sulphoxide
(DMSO) or PPTMB for 48 h, the cells were fixed with
10% TCA, and SRB at 0.4% (w/v) in 1% acetic acid
was added to stain cells. Unbound SRB was washed
out by 1% acetic acid, and SRB-bound cells were
solubilized with 10 mM Trizma base. The absor-
bance was read at a wavelength of 515 nm. Using
these absorbance measurements, taken at zero time
(T0), after incubation under control conditions (C),
and after incubation in the presence of PPTMB (Tx),
the percentage growth was calculated at each con-
centration of the compound, as 100 - [(Tx - T0)/(C
- T0)] ¥ 100. The concentration giving growth inhi-
bition of 50% (IC50) was also calculated from the
concentration–inhibition data.

FACScan flow cytometric assay
After the treatment, the cells were harvested by
trypsinization, fixed with 70% (v/v) alcohol at 4°C
for 30 min and washed with phosphate-buffered
saline (PBS). After centrifugation, the cells were
incubated in 0.1 M of phosphate–citric acid buffer
(0.2 M NaHPO4, 0.1 M citric acid, pH 7.8) for 30 min
at room temperature. Then, the cells were centri-
fuged and resuspended with 0.5 mL propidium
iodide (PI) solution containing Triton X-100
(0.1% v/v), RNase (100 mg·mL-1) and PI (80 mg·mL-1).
DNA content was analysed with the FACScan and
CellQuest software (Becton Dickinson, Mountain
View, CA, USA).

Tubulin turbidity assay
Tubulin polymerization was detected by the use of
CytoDYNAMIX Screen 03 kit (Cytoskeleton, Inc.,
Denver, CO, USA). Tubulin proteins (>99% purity)
were suspended in G-PEM buffer containing 80 mM
PIPES, 2 mM MgCl2, 0.5 mM EDTA, 1.0 mM GTP
(pH 6.9) and 5% glycerol with or without the com-
pound. Then, the mixture was transferred to a
96-well plate, and the absorbance was measured at
340 nm (37°C) for 1 h (SpectraMAX Plus, Molecular
Devices Inc., Sunnyvale, CA, USA).

Tubulin polymerization assay
After the treatment, the cells were harvested by
trypsinization and collected by centrifugation. The
cells were lysed with 0.1 mL of hypotonic buffer

(1 mM MgCl2, 2 mM EGTA, 0.5% NP-40, 2 mM phe-
nylmethylsulphonylfluoride (PMSF), 200 U·mL-1

aprotinin, 100 mg·mL-1 soy bean trypsin inhibitor,
5.0 mM e-amino caproic acid, 1 mM benzamidine
and 20 mM Tris–HCl, pH 6.8). The cytosolic and
cytoskeletal fraction of cell lysate were separated by
centrifugation at 16 000¥ g for 15 min. The super-
natant contained cytosolic tubulin. The pellet rep-
resenting the particulate fraction of polymerized
tubulin was resuspended in 0.1 mL hypotonic
buffer. Tubulin contents in both fractions were
detected by Western blotting.

Western blotting
After the treatment, the cells were washed twice with
ice-cold PBS, and reaction was terminated by the
addition of 100 mL ice-cold lysis buffer (10 mM Tris–
HCl, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM
PMSF, 10 mg·mL-1 aprotinin, 10 mg·mL-1 leupeptin
and 1% Triton X-100). For Western blot analysis, the
amount of proteins (40 mg) was separated by electro-
phoresis in a 10 or 15% polyacrylamide gel, and
transferred to a nitrocellulose membrane. After an
overnight incubation at 4°C in PBS/5% non-fat milk,
the membrane was washed with PBS/0.1% Tween 20
for 1 h and immuno-reacted with the indicated anti-
body for 2 h at room temperature. After four wash-
ings with PBS/0.1% Tween 20, the anti-mouse or
anti-rabbit IgG (diluted 1:2000) was applied to the
membranes for 1 h at room temperature. The mem-
branes were washed with PBS/0.1% Tween 20 for 1 h,
and the detection of signal was performed with an
enhanced chemiluminescence detection kit (Amer-
sham Biosciences, Piscataway, NJ, USA).

Enzyme assays
The enzyme activities of mitogen-activated protein
kinase kinase 1 (MEK1) and Abl tyrosine kinase
were detected according to established assay
methods (Farley et al., 1992; Buchdunger et al.,
1996; Favata et al., 1998). The enzyme sources were
from human (MEK1) and mouse recombinant
Escherichia coli (Abl). For MEK1 assay, after a 15 min
incubation of PPTMB (or 1% DMSO) with the
substrate, myelin basic protein (MBP, 50 mg·mL-1)
containing [g-32P]ATP in the buffer (20 mM MOPS,
pH 7.2, 5 mM EGTA, 20 mM MgCl2, 1 mM dithio-
threitol (DTT), 25 mM b-glycerolphosphate, 1 mM
Na3VO4) at 37°C, the enzyme was added for
another 30 min incubation and the level of
[32P]MBP was determined. For Abl assay, after a
15 min incubation of PPTMB (or 1% DMSO) with
10 mg·mL-1 poly(Glu : Tyr) in the buffer (50 mM
HEPES, pH 7.4, 5 mM EGTA, 20 mM MgCl2, 1 mM
DTT, 0.2 mM Na3VO4) at 37°C, the enzyme was
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added for another 60 min incubation, and the
level of poly(Glu : Tyr-P) was determined by ELISA

quantification.

Confocal microscopic examination of mitotic
spindle organization
Cells were seeded in eight-well chamber slides. After
the treatment, the cells were fixed with 100% metha-
nol at -20°C for 5 min, and incubated in 1% BSA
containing 0.1% Triton X-100 at 37°C for 30 min.
The cells were washed twice with PBS for 5 min and
incubated with anti-tubulin antibody at 37°C for 1 h.
The cells were washed twice with PBS and incubated
with fluorescein isothiocyanate (FITC, 1:100) conju-
gated secondary antibody at 37°C for 40 min. The
nuclei were recognized by staining with 4,6-
diamidino-2-phenylindole dihydrochloride (DAPI)
(1 mg·mL-1). The labelled targets in cells were
detected by a confocal laser microscopic system
(Leica TCS SP2, Mannheim, Germany).

Data analysis
Data are presented as the mean � SEM for the indi-
cated number of separate experiments. Statistical
analysis of data was performed with one-way ANOVA

followed by Bonferroni t-test, and P values < 0.05
were considered significant.

Materials
RPMI 1640 medium, FBS, penicillin, streptomycin
and all other tissue culture reagents were obtained
from Gibco/BRL Life Technologies (Grand Island,
NY, USA). Antibodies to Bcl-2, Bcl-xL, Mcl-1, Bak,
Bax, Bad, GAPDH, PARP, cyclin A, E and B1, cyclin-
dependent kinase 1 (Cdk1), Cdk2 and anti-mouse
and anti-rabbit IgGs were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Antibod-
ies to p27Kip1, caspase-3 and -9, mitogen-activated
protein kinase kinase 1/2 (MEK1/2), phospho-
MEK1/2 (Ser217/221), JNK and phospho-JNK (Thr183/
Tyr185) were from Cell Signaling Technology
(Boston, MA, USA). Antibodies to b-tubulin and
mitotic protein monoclonal 2 (MPM-2) were from
BD Biosciences PharMingen (San Diego, CA, USA)
and Upstate Biotechnology (Lake Placid, NY, USA)
respectively. Taxol, vincristine, DAPI, EDTA, leupep-
tin, DTT, SP600125, PMSF, SRB, PI and all of the
other chemical reagents were obtained from Sigma-

Aldrich (St Louis, MO, USA). PPTMB was synthe-
sized and provided by our colleagues (Dr Chih-
Shiang Chang, Figure 1A). The purity is more than
96% by examination of HPLC and NMR. The com-
pound was dissolved in DMSO. The final concentra-
tion of DMSO was 0.1% in cells.

Results

Effect of PPTMB on cell proliferation and cell
cycle progression
The exposure of several human cancer cell lines,
including prostate cancer cells (DU-145, LNCaP and
PC-3) and P-glycoprotein (P-gp)-rich NCI/ADR-RES
cells, to PPTMB resulted in a concentration-
dependent inhibition of cell proliferation with
similar IC50 values of 3.3, 2.0, 2.4 and 2.7 mM,
respectively (Figure 1B). In contrast, the anti-
proliferative effects of taxol and vincristine were
reduced in NCI/ADR-RES cells. The resistance factor
(RF) was determined based on the ratio of IC50 in
NCI/ADR-RES cells to that in other cancer cell lines.
The average RF of PPTMB was 1.1 (a range from 0.8
to 1.4), which was much lower than that of taxol (RF
925) and vincristine (RF 382) (Table 1).

The effect of PPTMB on cell cycle progression was
determined by FACScan flow cytometric analysis of
PI staining in PC-3 and DU-145, two androgen-
independent prostate cancer cell lines. The data
showed that PPTMB induced an increase of cell
population at G2/M phase, followed by a subse-
quent increase of hypodiploid (apoptotic sub-G1
phase) population of the cell cycle. The data
revealed that PC-3 cells were much more vulnerable
to apoptosis when G2/M arrest occurred. Vincristine
induced very similar effects in these cells
(Figure 1C).

Effect of PPTMB on tubulin polymerization
and mitotic spindle organization
The turbidity assay for tubulin polymerization was
used to examine if PPTMB displayed a direct inter-
action with tubulins. As demonstrated in Figure 2A,
in the presence of GTP at 37°C, the tubulins were
triggered to polymerize in a time-dependent
fashion. Taxol (a microtubule stabilization agent)
was used as a reference agent. As a result, taxol

�
Figure 1
Effects of PPTMB on cell proliferation and cell cycle progression. (A) The chemical structure of PPTMB. (B) Various human prostate cancer cell lines
were treated with PPTMB for 48 h. Cell proliferation was examined by SRB assay. Data are expressed as mean � SEM of four determinations. (C)
The cells were incubated in the absence or presence of PPTMB (10 mM) for the indicated times. Then, the cells were fixed and stained with PI to
analyse DNA content by FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA). Data are representatives of three independent
experiments. Vincristine (positive control), 0.1 mM.
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significantly increased, while PPTMB inhibited,
tubulin polymerization (Figure 2A). We also per-
formed an in vitro microtubule assembly assay in
PC-3 cells, which separated assembly and disassem-
bly microtubules in particulate and soluble fractions
respectively. The data showed that a 24 h exposure
of PPTMB significantly reduced the particulate frac-
tion of polymerized tubulins, confirming the inhibi-
tory effect on microtubule assembly (Figure 2B).

The organization and formation of intracellular
microtubules were also detected by immunofluores-
cence microscopy of PC-3 cells. The in situ labelling
of tubulins and chromosomes demonstrated that
taxol induced the formation of multipolar spindles
and multiple nuclei (Figure 2C). Notably, PPTMB
induced a dynamic change of abnormal microtu-
bule organization from mono- and multipolar
mitotic spindle formation to disassembly of micro-
tubule. Similar effects also occurred in vincristine-
treated cells (Figure 2C). The data suggested that
there might be more than one mechanism that
directly conjugated to tubulins attributing to micro-
tubule dynamics.

Effect of PPTMB on MEK1/2 phosphorylation
and kinase activities
There is increasing evidence that MEK1/2 plays a
crucial role in microtubule assembly and spindle
organization (Sun et al., 2008). As PPTMB caused
abnormal spindle organization and chromosome
alignment, its effects on MEK1/2 were examined. As
shown in Figure 3, PPTMB induced a time-related
inhibition of MEK1/2 phosphorylation at Ser217/221

(Figure 3). To determine if PPTMB directly affected
MEK1/2 activity, an enzyme activity assay was
carried out. In these assays, PPTMB (10 mM) did not
induce inhibition of MEK1/2 activity (data not
shown). We subsequently tested Abl kinase activity
because this tyrosine kinase has been widely sug-
gested to be responsible for the regulation of

MEK1/2 activity (Mizuchi et al., 2005; Coppo et al.,
2006). The data showed that PPTMB (10 mM)
induced a 65% inhibition of Abl kinase activity by
kinase assays.

Effect of PPTMB on cell cycle- and
apoptosis-relevant regulators
The progression of cell cycle is tightly regulated by
cyclins and their binding partners, the Cdks. Cyclin
D and E and the associated Cdk4 and Cdk2 regulate
G1-phase progression of the cell cycle. Cyclin
A/Cdk2 complex activity dominates S and G2
phases, and the progression from G2- to M-phase
is driven by the activation of cyclin B1/Cdk1
complex (Vermeulen et al., 2003). PPTMB caused an
up-regulation of cyclin B protein expression with a
down-regulation of cyclin E and A. The expression
of p27Kip1, a potent inhibitor of cyclin D1/Cdk4, was
also decreased by PPTMB (Figure 4A). These data
confirmed the G2/M arrest of the cell cycle. More-
over, the dramatic appearance of mitotic epitope
MPM-2 further identified the mitotic arrest caused
by PPTMB (Figure 4A).

The members of Bcl-2 family are important regu-
lators of apoptotic cell death. In this family, several
pro-apoptotic proteins, including Bax, Bak and Bad,
stimulate the release of cytochrome c, whereas anti-
apoptotic proteins, such as Bcl-2, Bcl-xL and Mcl-1,
are capable of antagonizing pro-apoptotic members,
preventing the loss of mitochondrial membrane
potential and upholding mitochondrial integrity
(Reed et al., 1996). In this study, PPTMB augmented
the phosphorylation of Bcl-2 and Bcl-xL, and
decreased the protein levels of Mcl-1 (Figure 4B).
The data revealed the loss of function of the anti-
apoptotic members. On the contrary, truncated Bad
(a promoter of apoptosis) was increased by PPTMB.
The outcome was consistent with the activation of
caspase-3 and PARP cleavage, by PPTMB action
(Figure 4B). Moreover, the effects of PPTMB on

Table 1
Comparison of drug resistance of PPTMB, taxol and vincristine in several cancer cell lines

Agent
NCI/ADR-RES PC-3 DU-145 LNCaP
IC50 RF IC50 RF IC50 RF IC50 RF

PPTMB 2.7 � 0.4 – 2.4 � 0.2 1.1 3.3 � 1.1 0.8 2.0 � 0.3 1.4

Taxol 3.7 � 0.5 – 0.004 � 0.001 925 0.006 � 0.001 617 0.003 � 0.001 1233

Vincristine 4.5 � 0.5 – 0.011 � 0.002 409 0.019 � 0.004 237 0.009 � 0.002 500

Different cell lines were treated with various concentrations of the indicated agent for 48 h, and the anti-proliferative effects of these agents
were examined by SRB assays. The IC50 (mM) values were obtained and compared between NCI/ADR-RES and the other cell lines. Data are
expressed as mean � SEM of three to five determinations (each in triplicate). The RF represents the ratio between the IC50 in NCI/ADR-RES
cells and that in the other cell lines.
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several proteins were found to be concentration
dependent (Figure 4C).

Determination of the involvement of
JNK pathway
The intracellular kinase, JNK, participates in many
signalling pathways mediating a range of cellular
events, including cell transformation, differentia-
tion, proliferation and apoptosis. In this study,
PPTMB stimulated a profound increase of JNK phos-
phorylation at Thr183/Tyr185, indicating the activa-
tion of JNK (Figure 5A). SP600125, a specific JNK
inhibitor, was used to determine the functional role
of JNK. As demonstrated in Figure 5B, SP600125
(20 mM) significantly reduced PPTMB-mediated apo-
ptosis of PC-3 cells. As well, several intracellular
signalling pathways affected by PPTMB were
markedly inhibited by SP600125 (Figure 5C). Of
note, the abnormal mitotic spindle organization
induced by PPTMB was dramatically inhibited by
79% (Figure 5D). The data suggest that JNK plays a
key role in the apoptotic signalling cascades.

Selectivity of PPTMB effects for cancer cells
We were able to make primary cultures of normal
human prostate cells. The doubling time of the
primary cultured cells was 33.9 � 2.1 h (n = 4). Three
prostate cancer cell lines showed a range of dou-
bling time (PC-3, 24.7 � 1.9 h; DU-145, 29.1 �
2.1 h; LNCaP, 31.7 � 2.3 h, n = 4). PPTMB also
displayed inhibitory effects on cell proliferation in
primary prostate cells with an IC50 value of 26.7 mM,
which was about 8- to 13-fold higher for normal
cells than those for prostate cancer cells (Figure 6A
and Table 1). With flow cytometry, PPTMB (10 mM)

caused an extensive apoptosis of PC-3 cells after a
36 h treatment, whereas a higher concentration
(50 mM) of the compound induced negligible
increase of apoptosis in primary prostate cells
(Figure 6B).

Discussion and conclusions

Microtubules are important cellular components
participating in the maintenance of cell shape and
many cellular processes including cytokinesis and
mitosis. Microtubules are highly dynamic, and they
are regulated by polymerization and depolymeriza-
tion of the constituent tubulin. Microtubule
dynamics are therefore vulnerable to tubulin-
binding agents, and, because of its involvement in
mitosis, the microtubule become a substantial target
for the development of cancer chemotherapeutic
agents (Bhalla, 2003; Marinho et al., 2008). From the
tubulin turbidity and polymerization assays, our
data revealed that PPTMB displayed a direct interac-
tion with tubulins. In contrast to the naturally
occurring tubulin-binding agents that have
complex chemical structures, PPTMB is a benzimi-
dazole analogue with a relatively simple chemical
structure, which meets one criterion as a therapeutic
candidate. Additionally, PPTMB was not a P-gp sub-
strate, as its efficacy in suppressing cell growth was
similar between P-gp-deficient and P-gp-rich cancer
cell lines. These results supported the develop-
mental potential as P-gp confers multiple drug re-
sistance on a variety of cells by pumping out
numerous other tubulin-binding drugs, such as vin-
cristine, vinblastine, docetaxel and taxol (Wils et al.,
1994; Metzinger et al., 2006).
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The intracellular efficacy of the compound was
higher than that on the turbidity test which uses
pure tubulin, in the absence of microtubule-
associated proteins. One reason could be that
PPTMB may interfere with certain microtubule-

associated proteins, and exhibited better efficacy in
cells. Another possibility is that the intracellular
tubulin-related signalling cascades may potentiate
the effects induced by PPTMB. It is worth noting
that PPTMB induced a dynamic change of abnormal
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microtubule organization from mono- and multipo-
lar mitotic spindle formation to disassembly of
microtubule. There are several lines of evidence sug-
gesting that phosphorylated MEK1/2 co-localizes
with microtubules and regulates spindle organiza-
tion. UO126, a specific MEK1/2 inhibitor, induces
abnormal spindle arrangement and chromosome
misalignment in oocytes (Sun et al., 2008). In this
study, PPTMB significantly blocked MEK1/2 phos-
phorylation (i.e. its activation), but did not directly
inhibit the enzyme activity. Notably, in the kinase
activity assay, PPTMB was able to directly inhibit Abl
tyrosine kinase. The inhibitory ability was compa-
rable to that on MEK1/2 phosphorylation. There is a
large body of evidence showing that Abl tyrosine
kinase can stimulate MEK1/2 activation (Mizuchi
et al., 2005; Coppo et al., 2006). The inhibition of
Abl kinase activity by PPTMB may thus lead to the
blockade of MEK1/2 phosphorylation. In addition,
there are several studies indicating the anti-cancer

potential of combination therapy between Abl
kinase inhibitors and anti-tubulin agents (Greene
et al., 2007). PPTMB, by itself, displayed anti-tubulin
activity and inhibition of Abl indicating a potential
for anti-cancer development.

Activation of cyclin B1/Cdk1 complex at the end
of G2-phase is critical for initiating mitotic entry.
For successful mitosis, cyclin B1 should be degraded
efficiently by the 26S proteasome in metaphase (van
Leuken et al., 2008). Once the checkpoint is inter-
rupted, the mitosis will be arrested, leading to the
initiation of apoptotic signalling cascades. PPTMB
caused a down-regulation of cyclin E and cyclin A
expressions, while sustaining a high level of cyclin
B1 protein. Together with the abnormal microtu-
bule organization and mitotic arrest by flow cytom-
etry, the data indicated that the PC-3 cells were
compelled to stay in an unsuccessful mitosis by
PPTMB. Subsequently, an apoptotic signalling
cascade was initiated, and the cell apoptosis was
identified by the detection of caspase-3 activation
and PARP cleavage.

Mitochondria, found in the cytoplasm of every
eukaryotic cell, are the most susceptible organelles in
response to a variety of stresses that halt the cell cycle
progression. The collapse and dysfunction of mito-
chondria trigger a series of apoptotic pathways. A
large body of evidence reveals that the Bcl-2 family of
proteins plays a central role in the determination of
mitochondrial membrane permeability and cell sur-
vival (Reed et al., 1996). Our data demonstrated that
PPTMB induced phosphorylation of Bcl-2, an intra-
cellular process that results in the loss of its anti-
apoptotic function (Haldar et al., 1995; Kutuk and
Letai, 2008). Additionally, Bcl-xL phosphorylation
was induced by PPTMB. It is suggested that Bcl-xL
phosphorylation plays a role in regulating its func-
tion and participates in the determination of cancer
chemotherapeutic efficacy of tubulin-binding agents
(Poruchynsky et al., 1998). The Bad protein was
cleaved into a 15 kDa fragment by PPTMB. Several
studies show that the apoptotic stimuli may induce
Bad cleavage into a 15 kDa truncated fragment,
which is a more potent apoptosis inducer than the
wild-type protein (Condorelli et al., 2001). The data
indicate that the mitochondria-related mechanism
of action explains PPTMB-induced apoptosis.

JNK is activated by many cellular stresses and
extracellular signals. However, JNKs have been docu-
mented to play opposing roles of inducing apoptosis
or enhancing cell survival in different cell types,
depending on the upstream stimuli and downstream
effectors (Bode and Dong, 2007; Brozovic and
Osmak, 2007). In recent studies, the association of
JNK with microtubules has been documented.
Several microtubule-associated proteins are reported
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to be involved in the interaction, including kinesin-
related motor molecules and several stathmin family
proteins (Nagata et al., 1998; Tararuk et al., 2006). By
using the specific JNK inhibitor SP600125, the data
demonstrated that PPTMB-induced apoptotic signals
were almost completely abolished, revealing the
central role of JNK.

The primary culture of human prostate cells was
used to determine the effect of PPTMB on normal
prostate cells. The data showed that PPTMB dis-
played higher efficacy against prostate cancer cells
than normal prostate cells with a 10-fold selectivity.
Notably, PPTMB could scarcely induce apoptosis in
normal prostate cells even at a fivefold high dose.
It has been suggested that different doubling time
may contribute to the susceptibility of cells to
anti-cancer drugs that target on cell cycle. Although
primary prostate cells showed longer doubling time
than both PC-3 and DU-145 cells, the doubling time
was similar between primary and LNCaP cells.
Therefore, the different doubling time could not
explain the differential between primary and pros-
tate cancer cells. It is critical to identify the cellular
targets that determine the selectivity of PPTMB, and
several factors may be involved, including the
ability of tubulin conjugation, susceptibility of
mitochondria-mediated events and JNK activity.
The mechanisms related to the selectivity await
further investigation.

In conclusion, our data suggest that PPTMB is an
effective anti-cancer agent. PPTMB causes the distur-
bance of microtubule dynamics, leading to mitotic
arrest of the cell cycle and JNK activation, which in
turn stimulates the subsequent mitochondria-
related apoptotic signalling pathways. PPTMB also
shows a preferential efficacy against human prostate
cancer cells compared with normal prostate cells.
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