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The antifungal drug griseofulvin inhibits mitosis strongly in fungal
cells and weakly in mammalian cells by affecting mitotic spindle
microtubule (MT) function. Griseofulvin also blocks cell-cycle pro-
gression at G2�M and induces apoptosis in human tumor cell lines.
Despite extensive study, the mechanism by which the drug inhibits
mitosis in human cells remains unclear. Here, we analyzed the
ability of griseofulvin to inhibit cell proliferation and mitosis and
to affect MT polymerization and organization in HeLa cells to-
gether with its ability to affect MT polymerization and dynamic
instability in vitro. Griseofulvin inhibited cell-cycle progression at
prometaphase�anaphase of mitosis in parallel with its ability to
inhibit cell proliferation. At its mitotic IC50 of 20 �M, spindles in
blocked cells displayed nearly normal quantities of MTs and MT
organization similar to spindles blocked by more powerful MT-
targeted drugs. Similar to previously published data, we found
that very high concentrations of griseofulvin (>100 �M) were
required to inhibit MT polymerization in vitro. However, much
lower drug concentrations (1–20 �M) strongly suppressed the
dynamic instability behavior of the MTs. We suggest that the
primary mechanism by which griseofulvin inhibits mitosis in hu-
man cells is by suppressing spindle MT dynamics in a manner
qualitatively similar to that of much more powerful antimitotic
drugs, including the vinca alkaloids and the taxanes. In view of
griseofulvin’s lack of significant toxicity in humans, we further
suggest that it could be useful as an adjuvant in combination with
more powerful drugs for the treatment of cancer.

cancer chemotherapy � mitosis

Griseofulvin, an orally active nontoxic antifungal antimitotic
drug derived from several species of Penicillium (1), has

been used for many years for the treatment of Tinea capitis
(ringworm) and other dermatophyte infections (2). Its mecha-
nism of action has been thought to involve the selective inhibi-
tion of fungal cell mitosis in association with its accumulation in
the keratin layers of the epidermis (1). Early studies demon-
strated that griseofulvin inhibits mitosis in sensitive fungi in a
manner resembling the actions of colchicine and other antimi-
totic drugs that act in mammalian cells by disrupting spindle
microtubule (MT) function (3), although its precise mechanism
of action in sensitive fungi remains unclear. The antiproliferative
and antimitotic effects of griseofulvin in mammalian cells are
very weak, with inhibition requiring high micromolar concen-
trations (4, 5).

The question of whether inhibition of mitosis by griseofulvin
involves MT depolymerization or some other action on MTs in
human cells has remained unsettled. Specifically, griseofulvin
clearly inhibits MT polymerization coincident with inhibition
of mitosis in echinoderm eggs (6), and inhibition of mitosis at
high griseofulvin concentrations in 3T3 cells occurs together
with depolymerization of the spindle MTs (5). In contrast,
inhibition of mitosis by griseofulvin in HeLa cells occurred in
the absence of significant spindle MT depolymerization (4),
which was interpreted as indicating that mitotic inhibition was

caused by the impairment of the organization or function of
the spindle MTs rather than their depolymerization. Griseo-
fulvin is able to bind weakly to mammalian-brain tubulin and
to inhibit the polymerization of MTs in vitro; however, inhi-
bition of brain tubulin polymerization requires very high
concentrations of griseofulvin (5, 7).

MTs exhibit two forms of nonequilibrium dynamics, tread-
milling and dynamic instability (3). Most of the earlier work on
griseofulvin was carried out before the realization that mitotic
spindle MTs are highly dynamic, and that the rapid dynamics of
the MTs, not just their presence, are critical for proper spindle
function (3, 8–13). Further, most antimitotic MT-targeted drugs
that act on animal cells suppress MT dynamics at concentrations
that often are far below the concentrations required to inhibit
(e.g., the vinca alkaloids) (9) or increase (e.g., paclitaxel) (10, 11)
MT polymerization. Further, several antimitotic drugs that
weakly inhibit MT polymerization in cells and in vitro, including
noscapine (12), estramustine (13), and benomyl (14), suppress
MT dynamic instability and treadmilling remarkably strongly in
the absence of appreciable inhibition of polymerization.

In pursuing the earlier results of Grisham et al. (4), we
reasoned that, like the aforementioned drugs, griseofulvin might
inhibit proliferation and mitosis in human cancer cells primarily
by suppressing MT dynamics. Thus, we analyzed the ability of
griseofulvin to inhibit the polymerization of brain tubulin into
MTs and its ability to modulate MT dynamic instability in vitro
together with its ability to inhibit cell proliferation and mitosis
and to affect MT organization in HeLa cells. We found that
griseofulvin inhibited mitosis in parallel with its ability to inhibit
cell proliferation, and that at its IC50 for inhibition of mitosis (20
�M), the organization of the MTs in the blocked spindles
appeared nearly normal. In addition, griseofulvin bound weakly
to tubulin, and inhibition of MT polymerization in vitro required
griseofulvin concentrations �100 �M. In contrast, griseofulvin
suppressed the dynamic instability of the MTs remarkably
strongly (IC50 for overall dynamicity, �1 �M). Our data strongly
support the hypothesis that inhibition of mitosis in human cancer
cells is due to the suppression of spindle MT dynamics. A recent
report indicates that griseofulvin either alone or in combination
with nocodazole inhibits tumor production in athymic mice (15).
Taking these observations together with the data described in
this work, we suggest that griseofulvin might be useful in
combination with more powerful MT-targeted drugs or with
agents acting on novel targets for the treatment of cancer.

Materials and Methods
Reagents. Griseofulvin, GTP, EGTA, colchicine, piperazine-1,4-
bis(2-ethanesulfonic acid) (Pipes), and Mes were purchased
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from Sigma. Phosphocellulose (P11) was obtained from What-
man. All other chemicals used were of analytical grade.

Purification of Goat and Bovine Brain Tubulins. Goat brain MT
protein, tubulin plus MT-associated proteins (MAPs), was iso-
lated as described in refs. 14 and 16. Bovine MT protein was
obtained as described in ref. 17. Goat and bovine tubulin were
separated from the MAPs by using phosphocellulose chromatog-
raphy and stored at �80°C. The tubulin concentration was deter-
mined by the Bradford method using BSA as the standard (18).

The Effects of Griseofulvin on Glutamate-Induced MT Polymerization
in Vitro. Goat brain tubulin (11 �M) was polymerized for 30 min
at 37°C in 25 mM Pipes buffer, pH 6.8, containing 1 M sodium
glutamate, 1 mM GTP, and 5 mM MgCl2 in the absence or
presence of griseofulvin. The polymerized MTs were sedimented
by centrifugation (52,000 � g for 40 min), and the MT polymer
mass was determined. Samples for transmission electron micros-
copy were prepared as described in ref. 14, and MT structures
were observed with a Tecnai G212 electron microscope (FEI,
The Netherlands) at �43,000 magnification.

Effects of Griseofulvin on Seeded MT Assembly. MT nucleating seeds
were constructed by polymerizing goat brain tubulin (3.5 mg�ml)
in the presence of 6 M glycerol and 1 mM GTP at 37°C for 45
min and shearing the MTs into small fragments by repeated
passage through a 25-gauge needle. For measurement of poly-
mer level, desired griseofulvin concentrations were first incu-
bated with 10 �M tubulin at 37°C for 10 min. The MT seeds were
then added (a 1:5 ratio of tubulin in the suspension of seeds to
soluble tubulin; final tubulin concentration of 12 �M). Polymer-
ization was started by adding 1 mM GTP and incubating at 37°C
for 45 min. The MT mass was determined after sedimenting the
MTs at 50,000 � g (32°C) for 45 min.

Griseofulvin Binding to Tubulin. Goat brain tubulin (1 �M) was
incubated with griseofulvin (0–100 �M) for 30 min at 37°C in 25
mM Pipes buffer, pH 6.8. The fluorescence intensity at 335 nm
was measured by using a 0.3-cm-pathlength cuvette and 295 nm
as the excitation wavelength. Fluorescence intensities were cor-
rected for the inner filter effect as described in refs. 13 and 19
and were used to determine the dissociation constant (Kd) for
griseofulvin binding to tubulin (13, 19).

Effects of Griseofulvin on the Aggregation of Tubulin. Tubulin (5
�M) was mixed with different concentrations (5–100 �M) of
griseofulvin in 25 mM Pipes buffer, pH 6.8, and the ligand-
induced aggregation of tubulin dimers was monitored by 90° light
scattering at 400 nm by using a spectrofluorometer (FP-6500,
Jasco, Tokyo). We also used a Zeta Plus analyzer (Brookhaven
Instruments, Holtsville, NY) to analyze the size of tubulin
aggregates.

Cell Culture, Cell Proliferation, Immunofluorescence Microscopy, and
Mitotic Index Assays. HeLa cells were grown at 37°C in a humid-
ified atmosphere of 5% CO2 and 95% air as described in ref. 14.
Griseofulvin was dissolved in 100% DMSO; the final DMSO
concentration in all experiments was 0.1%. The effects of
griseofulvin on cell proliferation were determined in 24-well
tissue culture plates by counting the cells with a hemocytometer
(Bright-Line, Hauser Scientific, Horsham, PA). The cells were
seeded at 5 � 104 cells per ml, and after 24 h, the medium was
replaced with fresh medium containing either DMSO vehicle
(control) or griseofulvin (0–120 �M), and incubation was con-
tinued for an additional 40 h. Both the attached and unattached
cells were harvested and combined after trypsinization (0.025%
trypsin, 10 min) and counted to determine the percent inhibition
of proliferation.

Immunofluorescence microscopy was performed as described
in ref. 14. The cells were seeded on poly(L-lysine)-coated cov-
erslips at a density of 1 � 105 cells per ml contained in 24-well
tissue culture plates. After 40 h of drug treatment, cells were
fixed in 3.7% formaldehyde for 30 min at 37°C and then treated
with cold 100% methanol (�20°C) for 20 min. After the
nonspecific sites had been blocked with 2% BSA�PBS, the cells
were incubated with mouse monoclonal anti-�-tubulin antibody
(Sigma) at 1:300 dilution for 2 h at 37°C. Coverslips were then
rinsed with BSA�PBS and incubated with anti-mouse IgG
antibody labeled with Alexa Fluor 568 (Molecular Probes) at
1:100 dilution for 1 h at 37°C. Coverslips were then rinsed with
PBS and incubated with DAPI (1 �g�ml) for 20 s. The MTs and
DNA were observed with an Eclipse TE-2000 U microscope
(Nikon). The images were analyzed by using IMAGEPRO PLUS
software (Media Cybernetics, Silver Spring, MD).

Mitotic indices were determined by Wright–Giemsa staining
(14). Briefly, the cells were plated at a density of 5 � 104 cells
per ml in 24-well plates 24 h before the addition of griseofulvin.
The cells were then treated with different concentrations of
griseofulvin and incubated for an additional 20 or 40 h. Both the
attached and unattached cells were harvested and combined
after trypsinization (0.025% trypsin, 10 min), washed with PBS,
and then treated with 0.5� PBS for 10 min on ice. The cells were
fixed with methanol�acetic acid solution (3:1, vol�vol). Finally,
the cell suspensions were spread onto cold slides, air-dried, and
stained with a 10% Giemsa solution.

Analysis of MT Dynamic Instability. Purified tubulin (12 �M) was
polymerized for 30 min at the ends of sea urchin (Strongylocen-
trotus purpuratus) axonemal seeds at 37°C in the presence or
absence of the desired concentrations of griseofulvin in 87 mM
Pipes�36 mM Mes�1.4 mM MgCl2�1 mM EGTA, pH 6.8. The
dynamic instability at the plus-ends of individual MTs was
recorded (8). The ends were designated as either plus or minus
on the basis of the growth rate, the number of MTs that grew at
opposite ends of the seeds, and the relative lengths of the MTs.
MT length changes with time were analyzed 30 min after
initiation of polymerization when the MTs had reached steady
state (8). Data points were collected at 3- to 5-s intervals. A MT
was considered to be in a growth phase if it increased in length
by �0.2 �m at a rate �0.3 �m�min. MTs showing length changes
�0.2 �m over the duration of six data points were considered to
be in an attenuated state. Twenty to 30 MTs were analyzed for
each experimental condition.

Results
Inhibition of HeLa Cell Proliferation and Mitosis by Griseofulvin. We
first determined the relationship between the ability of griseo-
fulvin to inhibit mitosis in HeLa cells and its ability to inhibit cell
proliferation. Griseofulvin inhibited cell proliferation weakly
and in a concentration-dependent fashion, with half-maximal
inhibition occurring at 25 � 4 �M (Fig. 1). The effects of
griseofulvin on mitosis closely paralleled its ability to inhibit
proliferation as shown in Fig. 1. At 20 h of drug treatment, 49%
of the cells were blocked at mitosis at 20 �M griseofulvin, and
58% were blocked at 30 �M griseofulvin (Fig. 1). At 40 h of drug
treatment, �35% and �43% of the cells were arrested in mitosis
by 20 and 40 �M griseofulvin, respectively (data not shown).
Thus, the block of mitosis in HeLa cells by griseofulvin correlates
well with its ability to inhibit proliferation of the cells.

The organization of the MTs and chromosomes in the blocked
cell spindles was analyzed by immunofluorescence microscopy
using antibodies against tubulin and DAPI staining of the
chromosomes. In control cells, the bipolar metaphase spindles
and the tight distribution of the chromosomes were similar to
those described in refs. 20 and 21 (Fig. 2). At 20 �M griseofulvin
(40 h of drug treatment), which blocked proliferation and mitosis
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by �45% and �35%, respectively, most of the spindles were
bipolar and appeared nearly normal, with a few chromosomes
not aligned properly on the metaphase plate (Fig. 2). At 40 �M
griseofulvin, most of the spindles were bipolar, but the MTs were
substantially disrupted (Fig. 2). At 120 �M griseofulvin, a
concentration that inhibited proliferation by close to 100%, no
spindle MTs were present in the blocked cells and the chromo-
somes were arranged in nondescript ball-shaped clusters (Fig. 2).

The effects of griseofulvin on the organization of MTs in
interphase cells at a given griseofulvin concentration were less
pronounced than its effects on the spindle MTs. At 40 h of
incubation with 20 and 40 �M griseofulvin, which inhibited
proliferation by �45% and �70%, respectively, the interphase
MTs were nearly intact. However, at 40 �M griseofulvin, 85–
90% of the interphase cells were multinuclear and significantly
larger than control cells (Fig. 3). At 120 �M griseofulvin, which
completely inhibited proliferation, �50% of the cells remained
in interphase and had substantial numbers of MTs, although the

density of the MTs was decreased, compared with the density in
control cells. Interestingly, most of the interphase cells were
mononuclear, suggesting that they were unable to progress in the
cell cycle.

Effects of Griseofulvin on Tubulin Polymerization into MTs in Vitro and
the Binding of Griseofulvin to Tubulin. The effects of griseofulvin on
the polymerization of purified goat brain tubulin into MTs in
vitro were analyzed with polymer mass sedimentation assays. As
shown in Fig. 4A, a griseofulvin concentration as high as 100 �M
had no effect on glutamate-induced polymerization. Identical
results were obtained when polymerization was carried out with
purified tubulin in the absence of glutamate by using glycerol
seeds to nucleate polymerization (data not shown). We analyzed
the structure of the MTs by transmission electron microscopy
when the MTs were polymerized beginning with pure tubulin in
the presence of 0.8 M glutamate and with a MAP-rich MT
protein preparation in the absence of glutamate. We did not
detect any alteration of structure at 5, 20, or 50 �M griseofulvin
under any polymerization conditions (data not shown). Simi-
larly, 100 �M griseofulvin did not change MT structure in the
presence of MAPs. These data are consistent with previous work
showing that 60 �M griseofulvin does not change MT structure
(4). However, we did find that 100 �M griseofulvin altered MT
structure in the presence of 0.8 M glutamate (data not shown).

To determine the affinity constant for the binding of griseo-
fulvin to tubulin, we took advantage of the fact that the binding
of griseofulvin to tubulin reduces tubulin’s intrinsic tryptophan
fluorescence (22). Analysis of the reduction in tubulin fluores-
cence as a function of griseofulvin concentration yielded a very
weak dissociation constant of 300 � 12 �M (Fig. 4 B and C). This
relatively weak binding constant is in the same range but is
2.4-fold weaker than that reported by Chaudhuri and Luduena
(22). A difference of this magnitude could simply be due to the
buffer conditions, subtle differences in the posttranslational
status of the purified tubulin, or various experimental conditions
used in two studies. We also examined the effect of griseofulvin
on the secondary structure of tubulin by far-UV circular dichro-
ism spectroscopy and found that a concentration as high as 100
�M did not affect tubulin’s secondary structure (data not
shown). Further, no aggregation of tubulin dimers was detected
in the absence and presence of different griseofulvin concen-
trations (5–100 �M) by 90° light scattering (data not shown).
However, under similar conditions, vinblastine (30 �M) was
found to induce aggregation of tubulin dimers strongly (data not
shown). The dynamic light-scattering experiment also showed
that up to 50 �M griseofulvin did not induce detectable aggre-
gation of tubulin dimers. However, 100 �M griseofulvin induced
tubulin aggregation weakly (data not shown).

Fig. 1. Inhibition of proliferation (F) and mitotic progression (E) in HeLa cells
by griseofulvin. HeLa cells were treated with various concentrations of griseo-
fulvin (0–120 �M) for 40 h, and the percent inhibition of proliferation was
determined by counting the cells. The mitotic index was determined by using
the Wright–Giemsa staining method after incubating the cells with various
concentrations of griseofulvin (0–120 �M) for 20 h. In the absence of griseo-
fulvin, 2.8 � 0.5% of the DMSO-treated cells were found to be in mitosis.

Fig. 2. Effects of griseofulvin on spindle MTs and chromosome organization.
HeLa cells were incubated with the indicated concentrations of griseofulvin
for 40 h. Spindle MTs (red) and chromosomes (blue) were analyzed as de-
scribed in Materials and Methods.

Fig. 3. Effects of 20, 40, and 120 �M griseofulvin on interphase MTs in HeLa
cells. HeLa cells were incubated with the indicated concentrations of griseo-
fulvin for 40 h.
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Suppression of MT Dynamic Instability at Steady State in Vitro by
Griseofulvin. A number of MT-targeted antimitotic drugs, includ-
ing vinblastine (9) and paclitaxel (10), suppress MT dynamic
instability at much lower concentrations than those required to
change the MT polymer mass (3). Thus, we wanted to determine
whether griseofulvin possessed similar capability. Griseofulvin
did indeed suppress dynamic instability at concentrations far
below those required to inhibit polymerization. Life-history
traces of individual steady-state bovine brain MTs in the absence
or presence of 20 �M griseofulvin are shown in Fig. 5. Control
MTs displayed typical growing and shortening dynamics (Fig.
5A), whereas the dynamics of MTs treated with 20 �M griseo-
fulvin were strongly reduced (Fig. 5B). The actions of griseo-
fulvin on the individual dynamic instability parameters were
determined quantitatively (Table 1). Specifically, griseofulvin
relatively strongly suppressed the rate of growth and shortening.
For example, 5 �M griseofulvin reduced the growth rate by 50%
and the shortening rate by 70%. In addition, 5 �M griseofulvin
also reduced the mean length shortened per shortening event by
40% but did not reduce the mean length of growth. At or near
steady state, both in vitro and in vivo, MTs spend a fraction of

time in an attenuated or paused state, neither growing nor
shortening detectably. As shown in Table 1, griseofulvin strongly
reduced the fraction of time the MTs spent growing and
shortening and increased the percentage of time that the MTs
spent in the attenuated state. Specifically, at the highest griseo-
fulvin concentration examined (20 �M), griseofulvin increased
the fraction of time the MTs spent in the attenuated state by
8-fold, from �6% of the time to 47% of the time.

The transition frequencies among the growing, shortening,
and attenuated phases, which may reflect the gain and loss of the
stabilizing tubulin–GTP or tubulin–GDP–Pi cap at MT ends, are
considered to be important in the regulation of MT dynamics in
cells. Griseofulvin strongly suppressed both the rescue and
catastrophe frequencies (Table 1). For example, 5 �M griseo-
fulvin reduced the catastrophe frequency by 60% and the rescue
frequency by 30%. These data, together with the results indi-
cating that griseofulvin inhibits the rate of shortening, indicate
that griseofulvin acts directly at the MT plus ends. Dynamicity
is a measure of the overall visually detectable growth and
shortening at a MT end per unit time. As shown in Table 1,
griseofulvin strongly suppressed the dynamicity in a concentra-
tion-dependent manner, with 20 �M griseofulvin suppressing
this parameter by �10-fold.

Discussion
Suppression of MT Dynamic Instability and the Inhibition of Mitosis in
HeLa Cells by Griseofulvin. We have found that griseofulvin, an oral
antifungal drug targeted to tubulin and�or MTs, inhibits mitosis
in HeLa cells at the metaphase�anaphase transition in parallel
with its ability to inhibit cell proliferation. The results strongly
support the idea that inhibition of proliferation in these cells by
griseofulvin is due to the inhibition of mitosis. Similar to the
results of previous studies (4, 5, 7), inhibition was weak, with
half-maximal inhibition of proliferation and mitosis occurring at
a griseofulvin concentration of �25–30 �M. Examination of the
mitotic spindles and interphase MT organization in blocked cells
at the IC50 revealed that the spindles were bipolar with nearly
normal MT organization, with several chromosomes located at
or near the poles. However, the interphase MT array in the cells
at griseofulvin’s IC50 was not detectably altered. Such a promet-
aphase�metaphase block with little change in spindle MT orga-

Fig. 4. Effects of griseofulvin on tubulin polymerization and its binding to
tubulin. (A) Effects of griseofulvin on the MT polymer mass. Tubulin (11 �M)
in Pipes buffer, pH 6.8, containing 1 mM GTP and 1 M sodium glutamate was
polymerized into MTs in the absence or presence of different concentrations
of griseofulvin for 30 min at 37°C. Polymers were sedimented, and the polymer
mass was determined as described in Materials and Methods. (B) Binding of
griseofulvin to tubulin. Binding to tubulin was determined by monitoring the
tubulin’s intrinsic tryptophan fluorescence. Tubulin (1 �M) was incubated in
25 mM Pipes buffer with various concentrations of griseofulvin from 0 (E), 10
(F), 30 (■ ), 50 (Œ), and 100 (�) �M, and emission spectra were recorded after
30 min of incubation at 37°C. The fluorescence intensity at 335 nm was used
to calculate the Kd for griseofulvin. (C) Double-reciprocal plot for the binding
of griseofulvin to tubulin. �, fraction of binding sites occupied by griseofulvin;
Lf, free griseofulvin concentration.

Fig. 5. Length changes of individual MTs at their plus ends at steady state in
the absence (A) or presence (B) of 20 �M griseofulvin (see Materials and
Methods).
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nization and in the absence of detectable changes in MT
organization in interphase cells is similar to that induced by
relatively low concentrations of much more powerful antimitotic
drugs, including vinblastine, paclitaxel, and cryptophycin 52 (3).
Although the potency of the more powerful drugs is much higher
than that of griseofulvin, these drugs, like griseofulvin, inhibit or
stimulate MT polymerization at high drug concentrations but at
their lowest effective concentrations, they suppress MT dynamic
instability without affecting the polymer mass (9, 11).

In keeping with the results described in ref. 22, we found that
griseofulvin bound weakly to soluble tubulin (Kd, �300 �M). But
surprisingly, when the ability of griseofulvin to inhibit the
polymerization of purified MAP-free tubulin into MTs was
analyzed at concentrations as high as 100 �M, when �30% of the
tubulin would have been drug-bound, griseofulvin did not affect
the polymer mass, indicating that the binding of griseofulvin to
tubulin does not inactivate the tubulin by sequestering it.

Griseofulvin suppressed the steady-state dynamic instability
behavior of the MTs surprisingly strongly relative to its ability to
inhibit polymerization. Specifically, at 20 �M griseofulvin, the
IC50 for inhibition of proliferation and mitosis in HeLa cells, the
MT-shortening rate was reduced by �75%; the percent time that
the MTs remained in an attenuated state, neither growing nor
shortening detectably, was increased by �8- to 9-fold; and the
overall dynamicity was reduced by nearly 90%. These data
strongly support the idea that inhibition of proliferation and
mitosis in HeLa cells by griseofulvin is brought about by the
suppression of mitotic spindle MT dynamics.

The Mechanism of Action of Griseofulvin. Although griseofulvin has
been shown to inhibit mitosis at metaphase by acting either on
MT polymerization or MT organization in a large number of cell
types, including fungal cells, echinoderm embryos, and mouse
and human cultured cells, its mechanism of action has remained
unclear. For example, Grisham et al. (4) found that when mitosis
was inhibited in HeLa cells by 20 �M griseofulvin, the spindle
MTs were present, appeared normal in structure, and were
normally attached to the spindle poles and the kinetochores, as
revealed by electron microscopy. Similar observations were
made in HeLa cells blocked at moderate griseofulvin concen-
trations (10–20 �M), whereas high griseofulvin concentrations
(�50 �M) did destroy the MTs (5). These results can now be
understood in light of the results described here, indicating that
in vitro griseofulvin suppresses MT dynamic instability at con-
centrations that do not affect the MT polymer mass. We suggest
that the suppression of spindle MT dynamics may be the major

mechanism by which griseofulvin inhibits mitosis in HeLa cells
and perhaps in other human cells. Such a mechanism is consis-
tent with the actions of more powerful antimitotic drugs, in-
cluding vinblastine and paclitaxel, which also suppress MT
dynamics at concentrations that are well below those necessary
to affect MT polymer mass (9, 10). The dynamic instability
behavior of individual MTs cannot be analyzed in HeLa cells,
because the cells are not sufficiently f lat for such an analysis.
However, it will be worthwhile to carry out such an analysis in
a favorable human tumor cell line, such as MCF7 cells.

The reported effects of griseofulvin on the polymerization of
mammalian-brain MTs in vitro are somewhat more difficult to
rationalize. Some of the differences may be due in part to the fact
that inhibition of MT polymerization by griseofulvin requires
much higher griseofulvin concentrations when polymerization is
carried out in the absence, rather than in the presence, of MAPs
(7). In the present study, griseofulvin did not affect the poly-
merization of MAP-free tubulin into MTs at a concentration as
high as 100 �M (Fig. 5), and consistent with these results,
Sloboda et al. (23) found that inhibition of polymerization
required extremely high griseofulvin concentrations (e.g., 500–
800 �M). Thus, a sufficiently high griseofulvin concentration can
inhibit the polymerization of brain tubulin into MTs in vitro. In
contrast, several groups have found that griseofulvin inhibits the
polymerization of tubulin plus MAPs into MTs in vitro in the
same concentration range as used here. Specifically, Roobol et al.
(24) found that griseofulvin concentrations between 20 and 200
�M inhibited polymerization when MAPs were present. Roobol
et al. (24) and Weber et al. (7) reported that griseofulvin could
induce the aggregation of MT protein (tubulin plus MAPs) at
cold temperatures. Related to these results, Roobol et al. (25)
found that griseofulvin can bind efficiently to sheep-brain MAPs
in vitro at griseofulvin concentrations that inhibit MT polymer-
ization. Such data suggest that the ability of griseofulvin to
inhibit MT polymerization when MAPs are present may be
related to an ability of griseofulvin to affect MAP–tubulin
interactions.

How Might Griseofulvin Suppress MT Dynamic Instability? Griseo-
fulvin strongly suppressed the steady-state dynamic instability of
MAP-free bovine-brain MTs in vitro at concentrations well
below those required to reduce the polymer mass. Significant
suppression of the shortening rate and the catastrophe frequency
at the plus ends occurred at griseofulvin concentrations as low
as 0.5 �M, when, based on the affinity of griseofulvin for tubulin,
very little soluble tubulin could have been bound to the drug (�1

Table 1. Effect of griseofulvin on the dynamics of individual microtubules

Parameter

Griseofulvin concentration, �M

0 0.5 1 5 20

Rate, �m�min
Growing 1 � 0.10 0.73 � 0.11 0.84 � 0.20 0.5 � 0.07 0.44 � 0.01
Shortening 19.9 � 0.22 15.6 � 1.3 12.4 � 0.22 6 � 0.24 5.1 � 0.24

Length change, �m
Growing 1.2 � 1.1 1.4 � 1.3 1.64 � 1.6 1.4 � 1.3 1.4 � 1.3
Shortening 4.5 � 4.3 4.9 � 1.1 4.1 � 3.9 2.4 � 2.2 1.8 � 1.6

Percent time in phase
Growing 78.8 59.7 64.4 39.4 48.5
Shortening 15.1 7.7 5.8 7.4 4.1
Attenuation 6.1 32.6 29.8 53.2 47.4

Frequency, no.�min
Catastrophe 0.49 � 0.10 0.2 � 0.04 0.08 � 0.02 0.05 � 0.01 0.05 � 0.01
Rescue 1.9 � 0.48 1.3 � 0.42 1.1 � 0.27 0.68 � 0.20 1.1 � 0.36

Dynamicity, �m�min 2.6 1.2 0.85 0.35 0.28

Data are given as mean � SEM.
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mol of griseofulvin bound per 100 mol of tubulin). These data
indicate that griseofulvin must suppress MT dynamics at its
lowest effective concentrations by an end-poisoning mechanism.
The only way that the drug could inhibit plus-end shortening at
steady state is by acting directly at the plus end.

It is noteworthy that griseofulvin does not inhibit the poly-
merization of MTs to steady state, yet once steady state is
achieved, it strongly inhibits the rate and extent of MT short-
ening. Perhaps somewhat like the action of colchicine–tubulin
complex at MT ends (26, 27), griseofulvin–tubulin complexes
become incorporated at the MT ends, thus forming a copolymer.
Such a mechanism also may occur with benomyl (14). The
incorporation of the griseofulvin–tubulin complexes, although
not able to inhibit tubulin addition, strongly reduces tubulin loss
by increasing the strength of the interactions between tubulin
subunits in the lattice. Perhaps griseofulvin increases the stabil-
ity at the MT end by modifying the size or chemical nature of the
stabilizing cap (28).

The Possible Use of Griseofulvin for the Treatment of Cancer. In view
of its ability to stabilize MT dynamics and to inhibit mitosis in
human cells, it is rather remarkable that griseofulvin is so well
tolerated when given to humans for the treatment of fungal
infections. The drug can cause toxicities in animals that would be
predicted based on its mechanism of action (29, 30), but such
adverse reactions do not appear to occur to an appreciable extent
in humans (2). One major reason for the relative safety of
griseofulvin at the clinically useful doses may be the fact that it

accumulates to high levels in the keratin layers of the skin, where
it acts on the growth of dermatophytes. Another important
factor appears to be that the drug’s effects on mitosis in sensitive
fungal cells occur at concentrations that are substantially below
those required to inhibit mitosis in human cells (31, 32). Brian
(31) found that the inhibitory concentrations of griseofulvin
against various dermatophytes in vitro range from 0.4 to 1.7 �M,
well below the concentration range required to inhibit mitosis in
HeLa cells.

Of considerable interest is a report by Ho et al. (15) that in
athymic mice carrying human tumor xenografts griseofulvin
synergistically inhibits tumor growth in combination with no-
codazole. These authors suggested that griseofulvin might be
valuable in combination with other drugs for the treatment of
cancer. Our data support this idea. It is attractive to consider the
use of nontoxic concentrations of griseofulvin for the treatment
of cancer in combination with other anticancer drugs and even
other MT-targeted drugs. A mild suppression of MT dynamics
by griseofulvin in tumor cells, combined with the effects of more
powerful drugs working through other mechanisms, might pro-
vide a therapeutic advantage for treatment of certain tumors.

We thank H. P. Miller (Department of Molecular, Cellular, and Devel-
opmental Biology, University of California, Santa Barbara) for prepar-
ing bovine brain tubulin. This study was supported by Fogarty Interna-
tional Research Grant TW05550 (to D.P. and L.W.), U.S. Public Health
Service Grant NS13560 (to L.W.), and a grant from the Department of
Biotechnology, Government of India (to D.P.)

1. De Carli, L. & Larizza, L. (1988) Mutat. Res. 195, 91–126.
2. Chan, Y. C. & Friedlander, S. F. (2004) Curr. Opin. Infect. Dis. 17, 97–103.
3. Jordan, M. A. & Wilson, L. (2004) Nat. Rev. Cancer 4, 253–265.
4. Grisham, L. M., Wilson, L. & Bensch, K. G. (1973) Nature 244, 294–296.
5. Weber, K., Wehland, J. & Herzog, W. (1976) J. Mol. Biol. 102, 817–829.
6. Malawista, S. E., Sato, H. & Bensch, K. G. (1968) Science 160, 770–771.
7. Wehland, J., Herzog, W. & Weber, K. (1977) J. Mol. Biol. 111, 329–342.
8. Madari, H., Panda, D., Wilson, L. & Jacobs, R. S. (2003) Cancer Res. 63,

1214–1220.
9. Toso, R. J., Jordan, M. A., Farrell, K. W., Matsumoto, B. & Wilson, L. (1993)

Biochemistry 32, 1285–1293.
10. Derry, W. B., Wilson, L. & Jordan, M. A. (1995) Biochemistry 34, 2203–2211.
11. Derry, W. B., Wilson, L. & Jordan, M. A. (1998) Cancer Res. 58, 1177–1184.
12. Zhou, J., Panda, D., Landen, J. W., Wilson, L. & Joshi, H. C. (2002) J. Biol.

Chem. 277, 17200–17208.
13. Panda, D., Miller, H. P., Islam, K. & Wilson, L. (1997) Proc. Natl. Acad. Sci.

USA 94, 10560–10564.
14. Gupta, K., Bishop, J., Peck, A., Brown, J., Wilson, L. & Panda, D. (2004)

Biochemistry 43, 6645–6655.
15. Ho, Y. S., Duh, J. S., Jeng, J. H., Wang, Y. J., Liang, Y. C., Lin, C. H., Tseng,

C. J., Yu, C. F., Chen, R. J. & Lin, J. K. (2001) Int. J. Cancer 91, 393–401.

16. Hamel, E. & Lin, C. M. (1981) Arch. Biochem. Biophys. 209, 29–40.
17. Panda, D., Chakrabarti, G., Hudson, J., Pigg, K., Miller, H. P., Wilson, L. &

Himes, R. H. (2000) Biochemistry 39, 5075–5081.
18. Bradford, M. M. (1976) Anal. Biochem. 72, 248–254.
19. Gupta, K. & Panda, D. (2002) Biochemistry 41, 13029–13038.
20. Jordan, M. A., Wendell, K., Gardiner, S., Derry, W. B., Copp, H. & Wilson,

L. (1996) Cancer Res. 56, 816–825.
21. Jordan, M. A., Thrower, D. & Wilson, L. (1992) J. Cell Sci. 102, 401–416.
22. Chaudhuri, A. R. & Luduena, R. F. (1996) Biochem. Pharmacol. 51, 903–909.
23. Sloboda, R. D., Van Blaricom, G., Creasey, W. A., Rosenbaum, J. L. &

Malawista, S. E. (1982) Biochem. Biophys. Res. Commun. 105, 882–888.
24. Roobol, A., Gull, K. & Pogson, C. I. (1976) FEBS Lett. 67, 248–251.
25. Roobol, A., Gull, K. & Pogson C. I. (1977) Biochem. J. 167, 39–43.
26. Skoufias, D. A. & Wilson, L. (1992) Biochemistry 31, 738–746.
27. Panda, D., Daijo, J. E., Jordan, M. A. & Wilson, L. (1995) Biochemistry 34,

9921–9929.
28. Panda, D., Miller, H. P. & Wilson, L. (2002) Biochemistry 41, 1609–1617.
29. Klein, M. F. & Beall, J. R. (1972) Science 175, 1483–1484.
30. Gillick, A. & Bulmer, W. S. (1972) Can. Vet. J. 13, 244.
31. Brian, P. W. (1949) Ann. Bot. (London) 13, 59–77.
32. Gull, K. & Trinci, A. P. J. (1973) Nature 244, 292–294.

Panda et al. PNAS � July 12, 2005 � vol. 102 � no. 28 � 9883

M
ED

IC
A

L
SC

IE
N

CE
S


