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In this study, we demonstrate that apoptosis and G2/M cell
cycle arrest were easily induced by treatment with the oralantifungal agent, griseofulvin (GF). The mechanisms of GFinduced G2/M arrest were characterized as (a) induction of
abnormal mitotic spindle formation, (b) elevation of cyclin
B1/cdc2 kinase activity and (c) down-regulation of myt-1 protein expression. On the other hand, caspase 3 activation,
Bcl-2 hyperphosphorylation and inhibition of the normal
function of Bcl-2 associated with Bax were demonstrated to
be the mechanisms of GF-induced apoptosis. DNA fragmentation and flow cytometry analyses demonstrated that combined treatment of GF with the cancer chemotherapeutic
agent, nocodazole (ND), strongly potentiates the apoptotic
effect and arrest of the G2/M cell cycle in 5 types of human
cancer cells, but not in normal human keratinocytes (#76
KhGH). The combined treatment of GF and ND triggered
the polymerization of purified tubulin in HT 29 but not in #76
KhGH cells. To further confirm these observations, the therapeutic efficacy was further examined in vivo by treating
athymic mice bearing COLO 205 tumor xenografts, with GF
(50 mg/kg), ND (5 mg/kg) or GF ⴙ ND. Combined treatment
of GF and ND significantly enhanced the effect of ND, and led
to cessation of tumor growth. These results suggest that
chemotherapeutic agents (such as ND) administered in the
presence of GF might provide a novel therapy for colorectal
cancer.
© 2001 Wiley-Liss, Inc.
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Apoptosis is an active and gene-directed form of cell death with
well-characterized morphological and biochemical features.1 It has
been indicated that the Bcl-2 family is involved in the regulation of
apoptosis.2– 4 Some proteins within this family, including Bcl-2
and Bcl-xL, have been shown to inhibit apoptosis triggered by a
variety of stress stimuli.5 Bcl-2 and related antiapoptotic proteins
have been shown to dimerize with a proapoptotic molecule, Bax,
and modulate the sensitivity of a cell to apoptosis,6 which may
constitute a barrier to the success of cancer therapy. Initiation of
apoptosis appears to be a common mechanism of many cytotoxic
agents used in cancer chemotherapy. Treatment of tumor cells with
antitumor agents usually results in the breakdown of the cell cycle
machinery. Agents with diverse primary targets and binding sites,
including topoisomerase II inhibitors, DNA alkylating agents, antibiotics and folate antagonists, initiate pathways of gene and
protein expression leading to apoptosis.7 Recently, microtubules
have been demonstrated to be the new target of many widely used
cancer chemotherapeutic agents including taxanes, paclitaxel,
cryptophycins and docitaxel by causing specific loss of normal
functions of cellular microtubules.8,9
According to recent reports, microtubule-stabilizing agents such
as paclitaxel and docetaxel10 and microtubule-disrupting drugs
such as vincristine, vinblastine and colchicine have antimitotic and
apoptosis-inducing activity.11 In these studies, human leukemic,
breast cancer and prostate cancer cells exposed to paclitaxel expressed a phosphorylated form of Bcl-2 and underwent apoptosis,
suggesting that phosphorylation of Bcl-2 may inhibit Bcl-2 function.10 In addition, phosphorylation of Bcl-2 appears to inhibit its

binding to Bax, since less Bax was observed in an immunocomplex with Bcl-2 in taxol-treated cancer cells.12 Other studies have
indicated that Bcl-2 phosphorylation is tightly associated with
mitotic arrest, but is not a determinant of progression into apoptosis after mitotic arrest induced by antitubulin agents such as taxol
and nocodazole (ND).13–15 The correlation of G2/M arrest and
apoptosis was investigated in reports that demonstrated that activation of protein kinase A (or raf-1) due to microtubule damage is
an important event in Bcl-2 (or Bcl-xL) phosphorylation.10,16 How
disruption of the microtubules can lead to cell death is only now
being explored.
The ability of cancer chemotherapeutic agents to initiate apoptosis is an important determinant in their therapeutic response.
Our previous results showed that the oral antifungal agent, ketoconazole, caused apoptosis in human cancer cell lines.17 The
present work extends the previous study, and the data indicate that
another antifungal agent, griseofulvin (GF), at micromolar concentrations, rapidly initiates apoptosis. The goal of this study was
to increase our understanding of GF-induced apoptosis and G2/M
cell cycle arrest and also to elucidate general mechanisms through
which intracellular signals can mediate these responses.
MATERIAL AND METHODS

Cell lines and cell culture
The cell line HT 29 (HTB-38; American Type Culture Collection [ATCC], Rockville, MD) was isolated from a moderately well
differentiated grade II human colon adenocarcinoma. The cell line
COLO 205 (CCL-222; ATCC) was developed from a poorly
differentiated human colon adenocarcinoma. The cell line #76
KhGH (CRL 8858; ATCC) was composed of keratinocytes derived from normal human epidermis. Hep 3B cells (HB 8064;
ATCC) were derived from a human hepatocellular carcinoma line.
The cell line Hep G2 (HB 8065; ATCC) was also derived from a
human hepatocellular carcinoma line. Cell lines were grown at
37°C in a 5% CO2 atmosphere in Eagle’s minimal essential meAbbreviations: DMSO, dimethyl sulfoxide; EP, etoposide; FCS, fetal
calf serum; GF, griseofulvin; ND, nocodazole; PARP, poly-(ADP ribose)
polymerase
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FIGURE 1 – Viability of human normal and cancer cells treated with various doses of griseofulvin (GF). (a) COLO 205, (b) HT 29, (c) Hep
G2, (d) Hep 3B, (e) HL 60 and (f) #76 KhGH cells were treated with various concentrations of GF (0 to 50 M). The cell viability was measured
at the indicated time points after exposure to GF. Results are the means of three independent experiments.

dium (for Hep G2, and Hep 3B cells), RPMI 1640 (for COLO 205,
HL 60 and HT-29 cells), supplemented with 10% fetal calf serum
(FCS), 50 g/ml gentamycin and 0.3 mg/ml glutamine. A 3:1
mixture of Ham’s F12 medium and Dulbecco’s modified Eagle’s
medium (for #76 KhGH cells) supplemented with 10% FCS, 40
ng/ml hydrocortisone, 0.01 mg/ml cholera toxin, 0.005 mg/ml
insulin and 10 ng/ml epidermal growth factor.
Determination of cell viability
Cell viability was determined at indicated times based on the
Trypan blue exclusion method as described previously.18 The
viability percentage was calculated based on the percentage of
unstained cells.
Cell synchronization, drug treatment and flow cytometry
analysis
At 72 hr after plating of cells, cells were synchronized with
medium containing 8 mM glutamine and 0.04% FCS for 24 hr.
After synchronization, the cells were stimulated by the addition of
medium containing 10% serum. The stock solutions of drugs
(dissolved in dimethyl sulfoxide [DMSO]) were diluted with serum-free medium to yield final concentrations as indicated in the
text. Cells were incubated with 50 g/ml propidium iodide (Sigma, St. Louis, MO), and DNA content was measured using a
FACScan laser flow cytometer analysis system (Becton Dickenson, San Jose, CA); 15,000 events were analyzed for each sample.

Indirect immunofluorescence staining
The technique of immunofluorescence staining has been described previously.18
Cell protein extraction and immunoprecipitation
Treated or untreated cells were collected for protein extraction
as described previously.19 Equal amounts of protein were immunoprecipitated with saturating amounts of anti-cyclin B1 antibody.
Immunoprecipitates were washed 5 times with extraction buffer
and once with phosphate-buffered saline. The pellet was then
resuspended in sample buffer (50 mM Tris, pH 6.8; 100 mM
dithiothreitol; 2% sodium dodecyl sulfate [SDS]; 0.1% bromophenol blue; 10% glycerol) and incubated for 10 min at 90°C before
electrophoresis to release the proteins from the beads.
Western blot analysis
Treated and untreated cells were lysed in freshly prepared
extraction buffer (10 mM Tris-HCl, pH 7, 140 mM sodium chloride, 3 mM magnesium chloride, 0.5% [v/v] NP-40, 2 mM phenylmethylsulfonyl fluoride [PMSF], 1% [w/v] aprotinin and 5 mM
dithiothreitol) for 20 min on ice. Proteins (50 g/lane) resolved on
12.5% [w/v] SDS-polyacrylamide gel, blotted, and analyzed using
specific antibodies, including polyclonal rabbit anti-human Bax
antisera (Transduction Laboratories, Lexington, KY) and mouse
monoclonal antibodies against lamin A (JOL4, Serotec Co., Oxford, England), myt-1 (Santa Cruz Biotechnologies, Santa Cruz,
CA), Bcl-2, PARP, cyclin B1 and cdc2 kinase (Transduction
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ferred to another Eppendorf tube separating them from the pellets
containing polymerized (cytoskeletal) tubulin. The pellets were
resuspended in 200 l of hypotonic buffer.
The cytosolic and cytoskeletal fractions were each mixed with
70 l of 4⫻ SDS-polyacrylamide gel electrophoresis sample
buffer (45% glycerol, 20% ␤-mercaptoethanol, 9.2% SDS, 0.04%
bromophenol blue and 0.3 M Tris-HCl, pH 6.8) and heated at 95°C
for 5 min. Twenty microliters of each sample was analyzed by
immunoblotting, and was quantitated by densitometry. The percentage of polymerized tubulin was determined by dividing the
densitometry value of polymerized tubulin by the total tubulin
content (the sum of the densitometry values of soluble and polymerized tubulin).
Analysis of DNA fragmentation
Apoptosis was determined by DNA laddering and morphological criteria as described previously.21
Treatment of COLO 205-derived xenografts in vivo
COLO 205 cells (5 ⫻ 106) in 0.2 ml PBS were injected subcutaneously between the scapulae of each nude mouse (purchased
from National Science Council animal center, Taipei). After transplantation, tumor size was measured using calipers and the tumor
volume was estimated according to the following formula: tumor
volume (mm3) ⫽ L ⫻ W2/2, where L is the length and W is the
width.22 Once tumors reached a mean size of 400 mm,3 animals
received either intraperitoneal injections of DMSO (25l), ND (5
mg/kg), GF (50 mg/kg), a combination of GF and ND or saline (as
a control group) 3 times per week for 6 weeks.
RESULTS

FIGURE 2 – Induction of apoptosis by griseofulvin (GF) in human
cancer cells. (a) COLO 205, (b) HT 29, (c) Hep G2, (d) Hep 3B, (e)
HL 60 and (f) #76 KhGH cells were treated with various doses of GF
(0 –50 M) for 24 hr. DNA fragmentation was detected by 1.75%
agarose gel electrophoresis.

Laboratories). Immunoreactive bands were visualized by incubating with the colorigenic substrates, nitro blue tetrazolium and
5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP) (Sigma).
Immunoprecipitation and Cdc2 kinase activity assay
The protein lysate (100 g in 0.5 ml of extraction buffer) was
immunoprecipitated with 5 g monoclonal anti-cyclin B1 antibody. The immuno-complexes were washed 3 times with the lysis
buffer and once with kinase buffer containing 50 mM Tris-HCl
(pH 7.4), 10 mM MgCl2, and 1 mM dithiothreitol. The beads were
incubated with 50 l of kinase reaction mixture containing 50 mM
Tris-HCl (pH 7.4), 10 mM MgCl2, 1 mM dithiothreitol, 10 M
ATP, 5 Ci of [␥-32P] ATP, and 0.5 mg/ml of histone H1 for 15
min. The reaction was terminated by the addition of 20 l of 4⫻
Laemmli’s sample buffer and boiling for 5 min. The 32P-phosphorylated histone H1 was separated by 0.1% SDS, 10% polyacrylamide gel and determined by autoradiography using Kodak
X-Omat film.
Tubulin polymerization assay
This assay has been described elsewhere.20 Cells were lysed
with 100 l of hypotonic buffer (1 mM MgCl2, 2 mM EGTA,
0.5% Nonidet P-40, 2 mM PMSF, 200 unit/ml aprotinin, 100
g/ml soybean trypsin inhibitor, 50 mM ⑀-amino caproic acid, 1
mM benzamidine and 20 mM Tris-HCl, pH 6.8) at 37°C for 5 min
in the dark. The lysate was treated without or with GF (20 M)
and/or ND (0.25 M). The lysates were transferred to Eppendorf
tubes, and each well was rinsed with 100 l of hypotonic buffer.
Following a brief but vigorous vortexing, the samples were centrifuged at 14,000 rpm for 10 min at room temperature. The 200-l
supernatants containing soluble (cytosolic) tubulin were trans-

GF induces apoptosis and G2/M cell cycle arrest in human
cancer cells
In this study, human cancer cells, including colon adenocarcinoma cells (COLO 205 and HT 29), hepatoma cells (Hep G2 and
Hep 3B) and leukemia cells (HL 60), and normal keratinocytes
(#76 KhGH), were treated with various concentrations (0 to 50
M) of GF. The minimal dose of GF that induced cytotoxicity in
human cancer cells was 1 M (Fig. 1). As described previously,23
apoptosis is characterized by specific changes including DNA
fragmentation and the presence of a sub-diploid peak following
flow cytometry analysis. Figure 2 shows that GF induced DNA
laddering in various cancer cells in a dose-dependent manner
(0 –50 M). Our results from Figures 1 and 2 indicate that human
cancer cell lines were more sensitive to GF than to normal human
keratinocytes. The doses of GF that induced DNA fragmentation
were found to be consistent with effective cytotoxic concentrations
in various cell lines. Such results imply that the cytotoxic action of
GF is due to its ability to induce apoptosis.
GF induces abnormal microtubule polymerization in HT 29 cells
The ability of GF to initiate DNA fragmentation was further
evaluated with flow cytometry analysis. As shown in Figure 3a
(left panel), a sub-diploid peak was easily observed in HT 29 cells
at 24 hr after GF (10 M) treatment. However, a higher dose of GF
(⬎20 M) was required to induce significant G2/M cell cycle
arrest (Fig. 3a, left panel). The ability of GF to initiate microtubule
changes coincident with mitotic arrest was illustrated by an immunofluorescence staining technique. A time-dependent experiment was conducted to determine whether GF-induced G2/M
arrest is due to abnormal mitotic spindles. Before GF (20 M)
treatment, cells in the normal interphase were observed with bipolar mitotic spindles (Fig. 3a, arrowhead in middle panel). Treatment of cells with GF (20 M) for 24 hr caused a marked presence
of abnormal mitotic spindle formation with mono-, bi-, and tripolar
spindles of varying lengths (Fig. 3a, right panel). By comparison,
HT 29 cells were treated either with another microtubule damaging
agent, ND (0 –10 M) (Fig. 3b, left panel) or the DNA topoisomerase II inhibitor, EP (0 –10 M) (Fig. 3c, left panel), to investigate
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FIGURE 3 – Comparison of G2/M cell cycle arrest and microtubules distortion in griseofulvin (GF)-, nocodazole (ND)- and etoposide
(EP)-treated HT 29 cells. Left panel: HT 29 cells were treated with (a) GF (0 –20 M), (b) ND (0 –10 M) or (c) EP (0 –10 M) for 24 hr. G2/M
cell cycle arrest was monitored by flow cytometry analysis. Right panel: Indirect immunofluorescence was also performed in HT 29 cells treated
with (a) GF (20 M), (b) ND (1 M) or (c) EP (10 M) for 24 hr. Middle panel: Cells without drug treatment serve as a control. The cells grown
in cover slides were fixed, stained with anti-␣-tubulin antibody and then detected by using indirect immunofluorescence staining technique as
described in Material and Methods. Before treatment, cells in the normal interphase were observed with bipolar mitotic spindles (arrows).

whether GF- and ND-induced G2/M arrests were due to abnormal
mitotic spindle formation. Our results indicate that abnormal microtubule spindles in HT 29 cells were observed in either GF (20
M) or ND (1 M) treatment (Fig. 3a,b, right panel), but not in EP
(10 M) treatment (Fig. 3c, right panel). Such results further
confirm that GF-induced G2/M cell cycle arrest was due to abnormal microtubule polymerization.
Lower dose of GF induces apoptosis but not G2/M cell
cycle arrest
To determine the minimal doses of GF and ND required for
apoptosis in HT 29 cells, DNA fragmentation analysis was performed. Our results reveal that the minimal doses of GF and ND
required for laddering were 10 M (Fig. 2b lane 3 and Fig. 4a, lane
7) and 50 nM (data not shown), respectively. Importantly, DNA
fragmentation was induced by combined treatment with both
agents (Fig. 4a, lane 6). However, in such an extremely low dose,
we found that combined treatment with GF and ND did not affect
G2/M cell cycle arrest (Fig. 4b). Such observations demonstrate
that the threshold for induction of apoptosis was lower than G2/M
arrest in cells treated with GF.

In eukaryotic cells, execution of apoptosis depends on activation of
a family of cysteine proteases, termed caspases.24 Dose- and timedependent experiments were performed to investigate the roles of
caspase activation in GF-treated cells. The results show that caspase
3 was activated following 12 and 24 hr of GF (⬎5 M) treatment
(Fig. 5a,d). Poly (ADP-ribose) polymerase (PARP) has been identified as a substrate for caspase 3 cleavage.25 The specific cleavage of
PARP by activated caspase 3 results in the formation of an 85-kDa
C-terminal fragment.25 Our results show that the specific cleavage of
PARP appeared 12–24 hr after GF (⬎5M) treatment (Fig. 5b,e). We
further explored the possibility that GF treatment may also induce
nuclear lamina protein degradation. Cleavage of lamin A was also
observed at 18 hr later with a time progression that paralleled PARP
degradation when cells were treated with GF (⬎10M) (Fig. 5c,f).
These results demonstrate that GF initiates activation of the caspase
cascade, consistent with the execution of a series of programmed
events leading to apoptotic cell death.
Molecular mechanisms of GF-induced G2/M arrest
As shown in Figure 3a, a higher dose of GF (⬎20 M) could
induce G2/M arrest in human HT 29 cells. To further investigate
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the molecular events in GF-induced G2/M arrest, HT 29 cells were
synchronized at the G0/G1 phase by 0.04% serum starvation for 24
hr. After synchronization, the medium was replaced with the
complete medium containing 10% FCS. The sub-population dur-

FIGURE 4 – Induction of apoptosis but not G2/M cell cycle arrest by
combined treatment of low doses of griseofulvin (GF) and nocodazole
(ND) in HT 29 cells. (a) HT 29 cells were treated with different doses
of GF (0 –10 M), ND (0 –25 nM) or GF ⫹ ND. DNA fragmentation
was examined at 24 hr later. Cells in lane 1 received mock treatment
as controls. (b) HT 29 cells was treated with GF (2.5 M), ND (25
nM) or GF ⫹ ND for 24 hr. G2/M cell cycle arrest was measured by
flow cytometry after exposure to drugs.
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ing cell cycle in cells treated with either mock solution (Fig. 6a) or
GF (40 M, Fig. 6b) were then measured by flow cytometry
analysis. As shown in Figure 6b, G2/M arrest was observed
initially at 6 hr and reached the maximal level (⬎90%) at 24 hr
after GF treatment. Similar results were also seen in COLO 205
cells (data not shown).
We then examined changes of G2/M regulatory proteins in HT
29 cells after GF treatment. Expression of cyclin B1/cdc2, a key
regulator of cell entry into mitosis, was first monitored by immunoblotting and assaying the cyclin B1-immunoprecipitated cdc2
kinase activity. The time points according to Figure 6 were selected as 0 hr (representing the G0/G1 phase), 15 hr (representing
the S phase), 18 hr (representing the G2/M phase) and 24 hr
(representing the second G0/G1 phase). Immunoblotting analysis
showed that cyclin B1 in mock-treated cells was elevated at 18 hr
and then decreased at 24 hr (Fig. 7a). In the GF-treated group, the
cyclin B1 levels accumulated initially at 15 hr and reached the
maximal level at 24 hr. In addition, cdc2 kinase activity was
elevated significantly in the GF-treated group although the change
of protein level was not observed. The other G2/M regulatory
protein, myt-1, which inhibits cdc2 kinase, was down-regulated in
GF-treated cells.
It has been suggested that Bcl-2 phosphorylation is associated
with G2/M cell cycle arrest.10,12,26,27 Figure 7a shows that the
slower migration form of phosphorylated-Bcl-2 was present initially at 15 hr in cells treated with GF. The GF-induced phosphorylation changes of Bcl-2 were consistent with cells accumulating
in the G2/M phase with an active cyclin B1/cdc2 complex. In this
study, GF-mediated Bcl-2 phosphorylation coincided with cdc-2
kinase activation (Fig. 7a, lanes 6 – 8). Our resulsts and those of
others27 indicate that cdc-2 kinase might be involved in Bcl-2
phosphorylation.
It has been shown that Bcl-2 may protect cancer cells from
apoptosis.13 Human cancer cells exposed to paclitaxel expressed a
phosphorylated form of Bcl-2 and underwent apoptosis, suggesting
that phosphorylation of Bcl-2 may inhibit Bcl-2 function. In this
study, we found that Bcl-2 phosphorylation appears to inhibit its
binding to Bax, since less Bax was observed in an immunocomplex with Bcl-2 in GF-treated cancer cells (Fig. 7b). Our results
demonstrate that Bcl-2 phosphorylation affects the binding ability

FIGURE 5 – Caspase-3 protein activation in griseofulvin (GF)-treated HT 29 cells undergoing apoptosis. (a, b, c) HT 29 cells were treated with
various concentrations of GF (5– 60 M) for 24 hr. (d, e, f) HT 29 cells were treated with 10 M of GF for the indicated time points. Proteins
(50 g/lane) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, immunoblotted with caspase 3, poly-(ADP ribose)
polymerase (PARP), or lamin A antibody and detected by the nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP) system.
Each blot is representative of 3 similar experiments.
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FIGURE 6 – Time-dependent response of griseofulvin (GF)-induced
G2/M phase arrest in HT 29 cells. Cells were synchronized with 0.04%
fetal calf serum (FCS) for 24 hr as described in Material and Methods.
After synchronization, cells were then released into complete medium
(10% FCS) containing (a) DMSO (0.1 %), or (b) GF (40 M). G2/M
phase arrest was measured by flow cytometry at the indicated time
points after exposure to GF.

to Bax and promotes abnormal microtubule polymerization, although the intracellular level of ␣-tubulin is not affected (Fig. 7b).
Combined treatment with GF and ND potentiates G2/M arrest
in human cancer cells
Six types of human cells, including HT 29, COLO 205, Hep G2,
Hep 3B, HL 60 and #76 KhGH, were used in this study. Cells were
treated with various G2/M arrest-inducing agents including GF (20
M), ND (0.25 M), EP (20 M) or combined treatment. Our
results indicated that G2/M arrest after 24-h treatment with GF, EP
and ND alone in HT 29 cells was 41%, 38.8% and 9.8%, respectively (Table I). Importantly, combined treatment with GF plus ND
in HT 29 cells strongly potentiated the G2/M cell cycle arrest from
41% in GF and 9.8% in ND to more than 95.8% in combined
treatment with both agents (Table I). Similar results were also
observed in other cancer cell lines (Table I). In contrast, the
potentiation of G2/M cell cycle arrest was not detected in normal
human keratinocytes (#76 KhGH) (Table I). These results suggest

FIGURE 7 – Molecular mechanisms of G2/M arrest induced by
griseofulvin (GF) in HT 29 cells. (a) HT 29 cells were synchronized
with 0.04% fetal calf serum (FCS) for 24 hr as described in Material
and Methods. After synchronization, cells were then released into
complete medium (10% FCS) containing GF (20 M) for 0, 15, 18 and
24 hr. HT 29 cells were also treated with DMSO (0.1%) as a control
group. Proteins were loaded at 50 g/lane. Protein extracts were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), immunoblotted with anti-cyclin B1, myt-1, Bcl-2, or
p34cdc2 antibody and detected by the NBT/BCIP system. The cyclin
B1 antibody-immunoprecipitated p34cdc2 kinase activity from lysates
of GF-treated HT 29 cells was also measured as described in Material
and Methods. Each blot is representative of 3 similar experiments. (b)
Dose-dependent response of GF-induced gene alterations in HT 29
cells. HT 29 cell were treated with various concentrations of GF (0 – 60
M) for 24 hr. Protein extracts were separated by SDS-PAGE, immunoblotted with anti-cyclin B1, Bcl-2, or ␣-tubulin antibody and
detected by the NBT/BCIP system. The Bcl-2 antibody-immunoprecipitated Bax protein from lysates of GF-treated HT 29 cells was also
detected to investigate the ability of phosphorylated Bcl-2 to associate
with Bax.

that G2/M arrest induced by a combination of GF and ND is
specific to cancer cells.
To further scrutinize the underlying mechanisms of such observations, normal human keratinocytes (#76 KhGH) (Fig. 8, lanes
1– 4) and HT 29 cells (Fig. 8, lanes 5– 8) were subjected to a
combined treatment with GF (20 M) and ND (0.25 M). As
shown in Figure 8a (lane 8), phosphorylated Bcl-2 was significantly elevated in cells treated with a combination of both GF and
ND. The protein level of cyclin B1/cdc2 and its kinase activity
were also significantly elevated in HT 29 cells when treated with
both GF and ND combined (Fig. 8, lane 8) as compared with the
same treatment in normal keratinocytes (Fig. 8, lane 4). As shown
in Figure 3, immunofluorescence staining of ␣-tubulin revealed
that GF promotes tubulin polymerization. To further measure the
ratio of tubulin polymerization, a simple assay was conducted by
modifying a method originally described by Minotti et al.20 The
presence of GF and ND in the hypotonic buffer allowed the assay
to be performed on a crude tubulin extract prepared from either HT
29 or #76 KhGH. We compared the relative ratios of soluble and
polymerized tubulin prepared from HT 29 and #76 KhGH cells
treated with GF (20 M), ND (0.25 M) or by combined treat-

399

GRISEOFULVIN POTENTIATES ANTITUMORIGENESIS EFFECTS OF NOCODAZOLE IN HUMAN COLORECTAL CANCER CELLS
TABLE I – SYNERGISTIC INDUCTION OF G2/M ARREST BY GF AND ND IN HUMAN CANCER CELLS
HT 29

1

Control
GF (20 M)
EP (20 M)
ND (0.25 M)
GF ⫹ EP
GF ⫹ ND

COLO 205

Hep G2

Hep 3B

G0/G1

S

G2/M

G0/G1

S

G2/M

G0/G1

S

G2/M

G0/G1

S

70.6
15.3
34.0
68.2
21.8
0.8

20.8
43.7
27.2
22.0
15.1
3.4

8.6
41.0
38.8
9.8
62.9
95.8

60.1
17.9
27.4
61.8
4.3
1.6

30.2
44.6
27.1
28.0
31.3
4.0

9.6
37.5
45.5
10.2
64.4
94.3

52.8
10.7
21.2
46.9
13.6
1.8

37.2
46.8
25.8
40.6
28.1
12.6

10.0
41.5
53.0
12.5
58.1
85.6

60.3
15.7
38.4
39.8
13.5
1.8

29.1
52.6
23.6
44.2
42.1
15.6

HL 60
G2/M G0/G1

10.5
31.5
38.0
15.6
44.4
82.5

55.5
26.6
30.6
51.7
13.0
7.3

S

37.1
40.1
27.2
38.2
40.2
13.8

#76 KhGH
G2/M G0/G1

7.2
33.2
42.1
10.1
46.8
78.9

51.8
45.5
37.2
49.2
30.2
34.1

S

G2/M

33.8
33.7
21.0
35.6
22.3
33.3

14.2
20.6
41.7
15.2
47.4
32.4

GF, griseofulvin; ND, nocodazole; EP, etoposide. Cells were treated with GF (20 M), EP (20 M), ND (0.25 M) or combination for 24
hr. After treatment, G2/M phase arrest was measured by flow cytometry as described in Materials and Methods.
1
Control cells were treated with DMSO (0.1%).

FIGURE 8 – Molecular mechanisms of G2/M phase arrest by combined treatment of griseofulvin (GF) and nocodazole (ND). (a) Human
normal keratinocytes (#76 KhGH) (lanes 1– 4) and HT 29 cells (lanes
5– 8) were subjected to GF (20 M), ND (0.25 M) or combined
treatment for 24 hr. Cells were treated with DMSO (0.1%) as a control
group. Proteins were loaded at 50 g/lane. Protein extracts were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, immunoblotted with anti-cyclin B1 or Bcl-2 antibody and detected
by the NBT/BCIP system. The cyclin B1 antibody-immunoprecipitated cdc2 kinase activity from lysates of drug-treated cells was also
measured as described in Material and Methods. Each blot is representative of 3 similar experiments. (b) In vitro tubulin polymerization
assays by combined treatment of GF and ND in #76 KhGH and HT 29
cells. #76 KhGH (lanes 1– 4) and HT 29 (lanes 5– 8) cells were lysed
with a hypotonic buffer, and the lysate were treated with either GF
(20M, lanes 2 and 6), ND (0.25 M, lanes 3 and 7), GF and ND
(lanes 4 and 8) or without drugs (lanes 1 and 5) for 5 min at 37°C. The
protein lysates containing polymerized (P) and soluble (S) fractions
were then separated and probed with an antibody against ␣-tubulin as
described in Material and Methods.

ment. In the absence of GF or ND, the majority of tubulin was
found in the soluble form (Fig. 8b, lanes 1 and 5) and the ratios of
polymerized and soluble tubulin were similar for both cell lines. In
contrast, with combined treatment of GF and ND, tubulin polymerization was significantly elevated in HT 29 cells (Fig. 8b, lane
8) but not in #76 KhGH cells (Fig. 8b, lane 4). This in vitro system
eliminated factors such as drug uptake and metabolism as experimental variables.
Treatment with GF and ND combination enhances cancer
chemotherapeutic efficacy in vivo
We further examined the therapeutic efficacy of GF and ND in
vivo by treating athymic mice bearing COLO 205 tumor xenografts with GF (50 mg/kg), ND (5 mg/kg) or GF and ND com-

FIGURE 9 – Griseofulvin (GF) enhances nocodazole (ND) efficacy in
COLO 205 tumor xenografts. COLO 205 cells were injected subcutaneously between the scapulas of athymic mice. Once tumor volume
reached approximately 200 mm3, the animal received intraperitoneal
injection of GF (50 mg/kg), ND (5 mg/kg) or a combination of both
agents 3 times per week. Vehicle (DMSO) or saline was also injected
as a negative control. (a) The gross appearance of the mouse-bearing
tumors was observed at 6 weeks after drug treatment. (b) Tumor
volumes were measured weekly and estimated as described above.

bined. After establishment of palpable tumors (mean tumor volume, 200 mm3), animal received intraperitoneal injections of GF,
ND or both agents together 3 times per week, as well as DMSO
and saline for a negative control. After 6 weeks, tumor volumes in
mice treated with either GF or ND were significantly less in
comparison with those in DMSO- or saline-treated controls (Fig.
9). Treatment with GF and ND together significantly enhanced the
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efficacy of ND, leading to cessation of tumor growth (Fig. 9a,b).
In mice receiving these treatment regimens, no gross signs of
toxicity were observed (body weight, visible inspection of general
appearance and microscopic examination of individual organs).
Our results provide further evidence that GF may have significance
of application for cancer chemotherapeutic purposes.
DISCUSSION

GF activated signaling pathways that trigger both G2/M arrest
and apoptosis
Previous studies have demonstrated that various cancer chemotherapeutic agents targeting microtubule can lead to apoptosis in vitro8
and in vivo.28 In this study, we demonstrated that GF-promoted
abnormal microtubule stabilization similarly initiates a cascade of
events leading to apoptosis. Our results demonstrated that initiation of
apoptosis was observed more rapidly with GF (12–24 hr) as compared
with effective doses of ND, paclitaxel and other microtubule-damaging agents (24 –72 hr).8,12 In this study, a dose-dependent experiment
was performed and demonstrated that a lower dose of GF (10 M)
induced apoptosis in HT 29 cells, whereas higher doses of GF (⬎20
M) initiated significant G2/M arrest (Figs. 2 and 3). Higher doses of
GF (⬎20 M) cause an increase of cell death and G2/M mitotic
arrest, which appears to be unrelated to apoptosis. Our results support
the hypothesis that GF activated some signaling pathways, which
trigger both G2/M arrest and apoptosis with a lower threshold of
apoptosis. Recent studies8,29 have suggested that paclitaxel-induced
apoptosis may occur via a signaling pathway independent of microtubule and mitotic arrest. Although it has been well recognized that
anti-microtubule agents can cause both mitotic arrest and apoptotic
cell death, it remains unclear whether apoptosis induced by these
agents is a secondary event resulting from mitotic arrest or represents
a novel mechanism of action for these antimicrotubule agents against
tumor cells.
Combined treatment with GF and ND is significant for
application for cancer chemotherapeutic purposes
In normal cells, the dynamic instability of microtubules is
thought to be critically important to normal microtubule functions,
including mitosis.30 Unusual stabilization of mitotic spindles is
thought to be a common mechanism of microtubule poisons such
as paclitaxel.31 Previous studies indicated that the primary intracellular action of paclitaxel is to specifically bind to cytoplasmic
microtubules in a reversible manner.32 Another study,33 however,
demonstrated that paclitaxel-induced apoptosis is an irreversible
process, which contrasts with the reversible manner of paclitaxel
binding to microtubules. Recently, various cancer chemotherapeutic agents, which block apoptosis through unusual stabilization of
microtubules, simultaneously initiated a cascade of events leading
to apoptosis.8,9 Another study34 indicated that the toxicity of ND
was specific for cells from human but not from mouse and hamster.
These data suggest that there is a species-specific cytoskeletal
damage response pathway. However, the toxicity induced by these
cancer chemotherapeutic agents has been observed frequently,
including neutropenia, myalgias, mucositis, neuropathies and alopecia.35 To minimize the toxicity in normal human cells and
promote the specificity of anti-neoplastic effects in cancer cells,
low dose of ND was used in combination with GF. Our study
demonstrated that synergistic induction of apoptosis and G2/M
arrest occurs only in human cancer cells. Combined treatment of

both GF and ND in athymic mice bearing human colorectal cancer
xenografts also revealed the consistent results observed in vitro.
P34 cdc2 kinase activation and Bcl-2 phosphorylation
Some studies10,36,37 have demonstrated that anti-microtubule
agents induce phosphorylation of Bcl-2 protein, whereas DNAdamaging agents do not. Our results extend these previous findings
and demonstrate that G2/M mitotic arrest and apoptosis were
enhanced synergistically in cells by combined treatment of GF and
ND. Our results show that the mechanisms of G2/M cell cycle
arrest include cyclin B/cdc2 kinase activation, Bcl-2 phosphorylation and abnormal tubulin polymerization. Significant phosphorylation of Bcl-2 was observed in HT 29 cells treated with ND and
GF in which cyclinB/cdc2 kinase activity was consistently activated (Fig. 8). We do not exclude the possibility that some other
kinase(s) might be also involved in the phosphorylation of Bcl-2,
and might be more easily induced in human cancer cells than in
normal keratinocytes.
Several kinases, including c-jun N-terminal kinase,38 Raf-1,37,39
PKA10 and the cyclinB1/cdc2 complex,13,36 have been suggested
to be involved in Bcl-2 phosphorylation. From the results, we
predict that the kinase involved in GF-mediated Bcl-2 phosphorylation is part of the mitotic kinase cascade activated by p34cdc2.
It has been demonstrated previously that Bcl-2 is phosphorylated
on the 17 serine residues, and several serine residues could be
potential sites of phosphorylation by different kinases.37,38 It is not
yet known whether the same sites are hyperphosphorylated by
microtubule-damaging drugs. Further studies are needed to identify the site(s) of hyperphosphorylation in Bcl-2 protein by these
drugs and to define the relevant kinases. As previously reported,
paclitaxel activates p34cdc2 kinase activity, which in turn causes
apoptosis.11 The induction of apoptosis in GF-treated tumor cells
has been proposed to result from activation of p34cdc2, which in
turn causes hyperphosphorylation of Bcl-2 and then inhibits its ability
to heterodimerize with Bax and eventually induce apoptosis.
Possible mechanisms of GF-induced G2/M arrest and apoptosis
As described above, the G2/M arrest and apoptosis effects were
initiated by GF through some signaling pathways with lower
threshold for apoptosis. Based on the phenomena discussed above
and the well-known cellular action of GF on mitotic arrest, we
hypothesize two possible pathways by which GF could cause cell
death. The first pathway could be considered as the microtubule
pathway, by which cell death occurs following mitotic arrest at
higher dose of GF (⬎20M) treatment. Briefly, after GF crosses
the plasma membrane, it binds specifically to cytoplasmic microtubules and promotes the formation of unusually stable microtubules. The stabilization effect leads to cell cycle arrest at the G2/M
phase. Eventually, cells arrested at the G2/M phase may die by
apoptosis. In this case, apoptotic cell death is considered as a
secondary event resulting from mitotic arrest. The second pathway
assumes that GF exerts its cell-killing activity through a genedirected process, such as caspase(s) activation, in cells under a
low-dose GF (10 M) treatment. The activation of caspase 3 could
be consequence of the cell death process rather than causal. Further
investigation must be performed to illustrate the role of other
caspase(s) signaling pathways in GF-induced apoptosis. However,
these two pathways could occur simultaneously, as in our demonstration that higher dose of GF treatment induces both apoptosis
and G2/M arrest.
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