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During G2 phase of cell cycle, centrosomes function as a scaffold for activation of mitotic kinases. Aurora-A is first
activated at late G2 phase at the centrosome, facilitates centrosome maturation, and induces activation of cyclin B-Cdk1
at the centrosome for mitotic entry. Although several molecules including HEF1 and PAK are implicated in centrosomal
activation of Aurora-A, signaling pathways leading to Aurora-A activation at the centrosome, and hence mitotic commit-
ment in vertebrate cells remains largely unknown. Here, we have used Clostridium difficile toxin B and examined the role
of Rho GTPases in G2/M transition of HeLa cells. Inactivation of Rho GTPases by the toxin B treatment delayed by 2 h
histone H3 phosphorylation, Cdk1/cyclin B activation, and Aurora-A activation. Furthermore, PAK activation at the
centrosome that was already present before the toxin addition was significantly attenuated for 2 h by the addition of toxin
B, and HEF1 accumulation at the centrosome that occurred in late G2 phase was also delayed. These results suggest that
Rho GTPases function in G2/M transition of mammalian cells by mediating multiple signaling pathways converging to

centrosomal activation of Aurora-A.

INTRODUCTION

During the G2/M transition cells undergo dramatic mor-
phological and biochemical changes to prepare for cell divi-
sion. The most prominent changes during this phase are
centrosome maturation and separation, chromosome con-
densation, and cell rounding (Palazzo et al., 2000; Belmont,
2006; Théry and Bornens, 2006). The centrosome starts to
mature in late G2 phase, accumulating y-tubulin and other
pericentriolar components and increasing its size and micro-
tubule-nucleating activity (Palazzo et al., 2000). Recent stud-
ies have demonstrated that the centrosome plays an essen-
tial role during this period in the activation of mitotic
kinases including Aurora-A and Cdk1 that regulate the com-
mitment of cells to mitosis. As the centrosome matures, the
active cyclin B1-Cdkl complex first appears at the centro-
some and then spread throughout the whole cell, suggesting
that the centrosome provides a scaffold for activation of this
kinase complex (Jackman et al., 2003). Aurora-A is first acti-
vated at late G2 phase at the centrosome, facilitates centro-
some maturation, and induces activation of cyclin B-Cdk1 at
the centrosome to trigger the G2/M progression (Hirota et
al., 2003). Several studies implicated molecules including
Ajuba (Hirota et al., 2003), HEF1 (Pugacheva and Golemis,
2005), and PAK1 (Zhao et al., 2005) in centrosomal activation
of Aurora-A. Aurora-A is then targeted to and activated at
the spindle by another molecule, TPX2 (Tsai et al., 2003;
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Eyers et al., 2003; Bayliss et al., 2003). However, signaling
pathways controlling Aurora-A activation at the centrosome
and hence mitotic commitment in vertebrate cells remain
largely unknown.

Rho GTPases, including Rho, Rac, and Cdc42, are acti-
vated from the inactive GDP-bound form to the active GTP-
bound form in response to both extra- and intracellular
stimuli. The active Rho GTPases act on the downstream
effectors such as PAK, ROCK, N-WASP, and mDia and
regulate both reorganization of the actin cytoskeleton and
local dynamics of microtubules. Through these cytoskeletal
actions Rho GTPases regulate many cellular functions in-
cluding cell adhesion, cell migration, and cell cycle progres-
sion (Etienne-Manneville and Hall, 2002). In cell division,
Rho GTPases have long been thought to regulate only cyto-
kinesis. However, several recent studies demonstrated that
Rho GTPase signaling pathways also regulate mitosis in
addition to cytokinesis (Narumiya and Yasuda, 2006). For
example, Cdc42 and its effector mDia3 regulate chromo-
somal segregation in HeLa cells (Yasuda et al., 2004).
Oceguera-Yanez et al. (2005) further reported that Ect2 and
MgcRacGAP regulate the activation and function of Cdc42
in this process. Bakal et al. (2005) found that the Rho GEF Lfc
promotes spindle assembly through Rho in other cell lines.
However, the role of Rho GTPases in earlier phases of mi-
tosis, particularly in progression from G2 to M phase, re-
mains unknown.

Rho GTPases now comprise more than 20 members, and
they often work redundantly to compensate for the loss of
others. Such redundant functions of Rho GTPases are, for
example, seen among Cdc42-related GTPases in mitosis
(Yasuda et al., 2006). This is one reason that makes the study
on the role and function of Rho GTPases in mitosis difficult
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as we discussed (Narumiya and Yasuda, 2006). To overcome
this difficulty and to examine the involvement of these
GTPases, we often use Clostridium difficile toxin B (Aktories and
Barbieri, 2005). Toxin B is a mono-glucosyltransferase that
utilizes UDP-glucose and transfers its glucose moiety onto
the Rho GTPase at a critical threonine residue located in the
Switch-I region. This glucosylation prevents Rho GTPases
from association with its effectors and consequently blocks
the downstream signal transduction pathways. Substrate
specificity of toxin B is restricted to the Rho subfamily
GTPases, and all members of this subfamily such as Rho,
Rac, and Cdc42 are glucosylated. Here, we have used
toxin B and examined the roles of Rho GTPases in G2/M
progression by biochemical and immunocytochemical
analysis. We now show that Rho GTPases are essential for
centrosome maturation, mitotic kinase activation, and the
G2/M progression in HelLa cells.

MATERIALS AND METHODS

Reagents

Antibodies to Aurora-A, Cdc42, phosphoThr288-Aurora-A, and phospho-
Tyr15-Cdk1 were from Cell Signaling Technology (Beverly, MA). Antibodies
to phosphoSer10-histone H3, Racl (clone 23A8), cyclin Bl, and phospho-
Thr423-PAK1/phosphoThr402-PAK2 were from Upstate Biotechnology (Lake
Placid, NY). Monoclonal antibodies to B-tubulin (clone D66) and mAb to
y-tubulin (clone GTU-88), propidium iodide, protease inhibitor cocktail, and
cytochalasin D were from Sigma (St. Louis, MO). Antibodies to Cdk1 (C-19),
Cdc25A (F-6), RhoA (26C4), and Cdc25C (C-20) were from Santa Cruz Bio-
technology (Santa Cruz, CA). mAb to HEF1 (2G9) and rabbit antiserum to
HEF1 were as described previously (Pugacheva and Golemis, 2005). Alexa
Fluor 488 goat anti-mouse IgG, Alexa Fluor 488 goat anti-rabbit IgG, Alexa
Fluor 594 anti-mouse IgG, Alexa Fluor 594 anti-rabbit IgG, rhodamine-
conjugated phalloidin, and 4', 6-diamino-2-phenylindole-dihydrochloride
(DAPI) were from Molecular Probes (Eugene, OR). Uridine diphospho-p-
[U-14C]glucose (304 mCi/mmol) and [y->’P]JATP (3000 Ci/mmol) were ob-
tained from GE Healthcare UK Limited (Amersham Place, England). C. difficile
toxin B was a gift from Klaus Aktories (Albert-Ludwigs-University Freiburg).
Y-27632 and hesperadine were from Calbiochem (La Jolla, CA) and Boehr-
inger Ingelheim (Ridgefield, CT), respectively. Botulinum C3 exoenzyme was
prepared as described (Morii et al., 1995).

Cell Culture and Cell Cycle Synchronization and
Treatment with Toxins and Drugs

HeLa cells were grown in DMEM (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (Equitech-Bio, Kerrville, TX) at 37°C in an
atmosphere containing 10% CO,. Synchronization of cell cycle was performed
by the double-thymidine block method with modification as described pre-
viously (Yasuda ef al., 2004). In brief, HeLa cells were plated either in a
six-well culture dish or in a 100-mm dish at densities as indicated. After 12-h
culture, the cells were incubated with the culture medium containing 10 mM
thymidine for 24 h (the first block). The cells were then washed three times
with phosphate-buffered saline (PBS) and were cultured for 10 h in the culture
medium (the first release). The medium was then replaced again with the
culture medium containing 10 mM thymidine, and the cells were cultured for
14 h (the second block). The cells were then washed free of thymidine as
described above and transferred to the culture medium (the second release).
The cells were treated either with toxin B, C3 exoenzyme, cytochalasin D, or
Y-27632 during culture after the second release. Toxin B, cytochalasin D, and
Y-27632 were added to the culture at 50 ng/ml, 4 uM, and 10-50 uM,
respectively, 8 h after the release and the cell cycle progression was followed
in the continued presence of these compounds. Incorporation of C3 exoen-
zyme into the cells was carried out by electropermeation. HeLa cells were
seeded onto a 100-mm culture dish (Iwaki, Tokyo, Japan) at a density of 5.0 X
10° cells per dish and subjected to the double thymidine block as described.
At 6.5 h after the second release, the cells were washed, incubated with PBS
for 20 min at 37°C, and dissociated by extensive pipetting. Cells were col-
lected by centrifugation and resuspended in OPTI-MEM at a density of 2 X
10° cells/ml. C3 exoenzyme was added to the cell suspension at a final
concentration of 50 ug/ml. A 300-ul aliquot of the suspension was transferred
into a cuvette with an electrode distance of 0.4 cm, and a single pulse of
current (300 V, 960 mF, 100 Q) was applied at room temperature with a Gene
Pulser System (Bio-Rad, Richmond, CA). The cells were plated in a well of a
six-well culture dish (Iwaki) or that containing a collagen-coated coverslip
(BD Biosciences, San Jose, CA) and cultured in DMEM supplemented 10%
fetal calf serum.

Vol. 18, October 2007

Rho GTPases in G2/M Transition

In Vitro Glucosylation Assay

HelLa cells treated either with or without toxin B (50 ng/ml) were scraped
with a rubber policeman at various times after the second release from
100-mm dish cultures. The cells were washed with ice-cold PBS five times,
and centrifuged. Cell pellet was then resuspended in 400 ul of a reaction
buffer (50 mM triethanolamine/HCI, pH 7.5, 150 mM KCl, 2 mM MgCl,, 0.5
mM GDP, 0.1 mM dithiothreitol, protease inhibitor cocktail), and disrupted
by sonification (1 s, five times on ice), followed by centrifugation for 10 min
at 1000 X g. The supernatant (2 mg/ml protein) was used as cell lysate. HeLa
cell lysates (70 ug protein) were incubated with 10 pg/ml toxin B in the
presence of 30 uM UDP-[**C]glucose (375 nCi) at 37°C for 1 h in a total
volume of 50 ul. After incubation, 15 ul of 4X Laemmli sample buffer was
added, and the proteins were separated by 15% SDS-PAGE. The gel was dried
and subjected to autoradiography with a Kodak BioMax MS Film (Eastman
Kodak, Rochester, NY).

Flow Cytometric Analysis

For analysis of DNA content by flow cytometry, HeLa cells were seeded into
a 100-mm culture dish (Iwaki) at a density of 5.0 X 10° per dish and subjected
to the double thymidine block as described above. The cells were trypsinized
at indicated times after the second release, washed twice with PBS, and then
fixed in 70% ice-cold ethanol. After keeping at —20°C for at least 2 h, the cells
were washed with PBS twice and resuspended in 2 ml of PBS containing 40
pg/ml propidium iodide and 100 ug/ml RNase A. The suspension was then
applied to flow cytometric analysis on an EPICS XL-MCL system and EXPO32
ADC Analysis software (Beckman Coulter, Fullerton, CA).

Immunoblotting

HeLa cells were seeded into a six-well culture dish (Iwaki) at a density of
0.8 X 10° cells per well 12 h before the first thymidine block. At various times
after the second release, cells were washed once with PBS and lysed in 300 ul
of Laemmli sample buffer. Ten or 20 ul of the cell lysates (~20-40 ug protein)
was then subjected to SDS-PAGE, and separated proteins were transferred to
a nitrocellulose membrane. The membrane was blocked with a blocking
buffer containing 5% skim milk (Invitrogen) in Tris-buffered saline (TBS; 100
mM Tris-HCl, pH 7.5, and 150 mM NaCl) for 1 h at room temperature.
Primary antibodies were diluted in the blocking buffer and the following were
added: 1:500 dilutions for antibodies to phosphoThr288-Aurora-A and Cdk1;
1:1000 dilutions for antibodies to phosphoTyr15-Cdk1, phosphoSer10-histone
H3, Aurora-A, HEF1 (2G9), Cdc25A and Cdc25C; and 1:200 dilutions for
antibodies to B-tubulin and cyclin B1. After overnight incubation at 4°C with
these primary antibodies except for incubation at room temperature for 1.5 h
with the antibody to phosphoSer10-histone H3, the membranes were washed
three times with TBS containing 0.05% Tween-20. The bound primary anti-
bodies were detected with corresponding horseradish peroxidase—conjugated
secondary antibodies (GE Healthcare Bio-Sciences, Piscataway, NJ; 1:1000
dilution in the blocking buffer) and ECL Western Blotting Detection System
(GE Healthcare Bio-Sciences).

Immunofluorescence

HeLa cells were seeded on a collagen-coated coverslip (BD Biosciences) at a
density of 0.6 X 10° cells per well in a six-well culture dish (Iwaki) and
subjected to the double thymidine block as described above. At indicated
times after the second release, cells were fixed. For staining for phospho-
Thr288-Aurora-A, y-tubulin, and HEF]I, cells were fixed in cold methanol for
5 min at —20°C. For HEF1 staining, cells were pretreated with 0.5% Triton
X-100 in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, and 2
mM MgCl,, titrated to pH 6.9 with potassium hydroxide) for 5 min at 37°C
before fixation. For staining for phosphoSer10-histone H3, phosphoThr402-
PAK2, and cyclin-B1, cells were fixed with 4% formaldehyde (Polysciences,
Warrington, PA) for 20 min at 37°C and permeabilized with 0.5% [vol/vol]
Triton X-100 in PBS. Blocking was carried out by incubation of fixed cells with
PBS containing 3% bovine serum (the blocking buffer) at room temperature
for 1 h. The cells were incubated overnight at 4°C with primary antibodies
diluted in the blocking buffer: 1:200 dilutions for antibodies to phospho-
Thr288-Aurora-A, cyclin B, and phosphoThr402-PAK2; 1:300 dilutions for
antibodies to phosphoSer10-histone H3 and +y-tubulin; and 1:100 dilution for
antiserum to HEF1. The cells were then stained with corresponding Alexa
Fluor 488 or Alexa Fluor 594 secondary antibodies diluted to 1:200 in the
blocking buffer and DAPI (1 ug/ml) for 1 h at room temperature. Samples
were observed under a Leica AS MDW microscopy (Leica, Deerfield, IL), at
room temperature, with a 10X (HC PL FLUOTAR; NA 0.3), a 63X (HCX PL
APO; NA 1.3), or a 100X (HCL PL APO; NA 1.4) objective lens. Images were
acquired with the Leica AS MDW software (Leica).

Kinase Assay

HelLa cells were lysed with a cell lysis buffer (50 mM Tris-HCl, pH 7.5, 250
mM NaCl, 0.1% NP-40, 5 mM EDTA, 50 mM NaF, 0.8 mM dithiothreitol, 50
mM B-glycero-phosphate, 25 mM a-naphthyl acid phosphate, 80 uM Naz;VO,,
and a protease inhibitor cocktail [Sigmal]). Cell lysates were centrifuged at
10,000 X g for 15 min, and supernatants were collected. The supernatants
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Figure 1. Inhibition of G2/M progression by toxin B treatment. (A)
Experimental protocol. (B) Modification of Rho GTPases by toxin B
treatment. Top, HeLa cells were collected 10 h after the second
thymidine release, i.e., after 2-h treatment with or without toxin B,
and subjected to immunoblot analysis for RhoA, Rac, and Cdc42.
Middle and bottom, HeLa cells treated with or without toxin B were
collected at indicated times after the release and subjected to the in
vitro glucosylation assay (middle) and immunoblot analysis for
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(~600 ug protein) were incubated with 4 ul of antibody to cyclin Bl for 2 h at
4°C and then with 30 ul protein G-conjugated beads (GE Healthcare Bio-
Sciences) for another 2 h at 4°C. Inmunoprecipitates were then recovered and
incubated with 10 pg of histone H1 and 100 uM [y->’P]JATP (1 uCi) in a
reaction buffer (50 mM Tris-HCI, pH 7.5, 12 mM MgCl,, 0.8 mM dithiothreitol,
50 mM B-glycero-phosphate, 25 mM a-naphthyl acid phosphate, and 80 uM
NazVO,) in a total volume of 50 ul for 15 min at 30°C. Reactions were
terminated by the addition of 25 ul of the 3X Laemmli sample buffer. After
boiling, a 20-ul aliquot of the samples was subjected to SDS-PAGE and to
autoradiography with BAS-5000 (Fuji Film, Tokyo, Japan).

RESULTS

Toxin B Treatment Interferes with Mitotic Entry of HeLa
Cells

We previously showed that treatment with toxin B affects
spindle formation, when the toxin is added to HeLa cells
enriched in the prometaphase of mitosis (Yasuda et al., 2004).
We wondered whether the addition of toxin B affects pro-
gression through other phases of the cell cycle such as the
G2/M progression. To test this hypothesis, we synchronized
the cell cycle of HeLa cells in early S phase using the double-
thymidine block method and added toxin B to the medium
8 h after the second release, a time when most cells passed
through S (Figure 1, A and D). In 1-1.5 h after the toxin
addition, HeLa cells rounded up, indicating that the toxin
had inactivated Rho GTPases (Just et al., 1995). This was
confirmed by immunoblot analysis for Rho GTPases, in
which RhoA, Racl, and Cdc42 showed the slower mobility
in the toxin B-treated cells, and by the loss of substrates for
in vitro glucosylation with toxin B in the lysates of toxin
B-treated cells (Figure 1B). As shown by these analyses, this
glucosylation appeared irreversible, at least within the time
of the present experiment. When cells treated with or with-
out the toxin were then fixed and stained with DAPI 12 h
after the second release, i.e., 4 h after the toxin addition,
control cells exhibited various mitotic figures, suggesting
that they had entered mitosis during this period. On the
other hand, the toxin B-treated cells exhibited no mitotic
figures, although they showed partially condensed chromo-
somes in their nuclei (Figure 1C). Flow cytometry after
propidium iodide staining showed that the cells passed
through S and entered the G2 at 8 h after the second release,
and a significant number of control cells reached G1 phase at
12 h. However, the toxin B-treated cells remained as 4N cells
even 12 h after the release (Figure 1D). These results indicate
that the toxin B treatment prevented or delayed mitotic
entry of HeLa cells from G2.

To clarify which step in the G2/M progression is affected
by the toxin B treatment, we first examined Ser10-phosphor-
ylation of histone H3. Histone H3 is phosphorylated at Ser10
at M-phase and this phosphorylation correlates with DNA
condensation in mammalian cells and is used as a marker of
mitotic entry (Prigent and Dimitrov, 2003). Synchronized

Racl (bottom). Note that no in vitro glucosylation occurred in the
toxin B pretreated cells (top), that the toxin B treatment induced
mobility shift of Rho GTPases, and that these changes persisted in
the period examined. (C) DAPI staining of control and toxin
B-treated cells 12 h after the release. Synchronized Hela cells were
stained with DAPI for DNA after treatment with or without 50
ng/ml toxin B for 4 h. Note that control cells showed various mitotic
figures, whereas toxin B-treated cells exhibited partially condensed
chromosomes. Bar, 10 um. (D) Flow cytometry for cell cycle pro-
gression of control and toxin B-treated cells. HeLa cells were syn-
chronized and treated according to the protocol shown in A, col-
lected at indicated times after the second release and subjected to
flow cytometry after staining with propidium iodide.
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Figure 2. Effects of toxin B treatment on histone H3 Ser10 phos-
phorylation and cyclin B expression. (A) Immunofluorescence for
histone H3 Ser10 phosphorylation and cyclin B in control and toxin
B-treated HeLa cells. Toxin B was added to the culture 8 h after the
second release, and cells were fixed at 10 h and stained for histone
H3 Ser10 phosphorylation (red), cyclin B (green), and DNA (blue).
Typical results of three independent experiments are shown. Bar, 10
pm. (B) Immunoblot analysis for histone H3 Ser10 phosphorylation
and cyclin B. HeLa cells were collected every 2 h from 0 to 12 h after
the second release, and lysates were prepared and subjected to
immunoblot with antibodies to phosphoSer10-hisotne H3, cyclin B,
and -tubulin. Note the extensive phosphoSer10-histone H3 band in
lysates of control cells at 10 and 12 h, which is absent in the
corresponding lysates of toxin B-treated cells.

HelLa cells were treated with toxin B as described above, fixed
10 h after the second release, and subjected to immunofluores-
cence for Serl0-phosphorylated histone H3. At 10 h, control
cells had entered mitosis, and a significant number of the cells
showed the phosphoSer10-histone H3 staining, whereas virtu-
ally none of the cells treated with toxin B showed the signal
(Figure 2A). We then prepared cell lysates for immunoblotting.
The lysates of the control cells showed the band corresponding
to phosphoSer10-histone H3 10 and 12 h after the second
release. However, no band was detected in the lysates of the
toxin B—treated cells at these times (Figure 2B). These results
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suggest that toxin B interferes with a step at or before Ser10-
phosphorylation of histone H3.

We next examined the effects of toxin B on expression of
cyclin B. Cyclin B, a component of the M-phase cyclin com-
plex, increases in its amount from the end of S phase, makes
a complex with Cdk1 kinase, and is degraded from mid-M-
phase (Smits and Medema, 2001). Cdk1 is constitutively
expressed, but its activity is regulated by complex formation
with cyclin B and then by phosphorylation and dephosphor-
ylation at specific sites during G2 phase (Nigg, 2001). We
therefore suspected that toxin B affects formation of this
complex and consequently interferes with mitotic entry. We
first examined the expression of cyclin B in the toxin
B-treated HeLa cells by immunofluorescence (Figure 2A)
and immunoblotting analysis (Figure 2B). Staining for cyclin
B revealed that treatment with toxin B did not inhibit cyclin
B expression. On the contrary, apparently more numbers of
cells were positively stained in the toxin B-treated cell pop-
ulation than in the control cells 10 h after the release (Figure
2A). Consistently, immunoblotting revealed that cyclin B
was higher in amount in the lysates of the toxin B-treated
cells than those of control cells 10 and 12 h after the release
(Figure 2B). Because a significant population of control cells
had reached meta-to-anaphase at this time (Figure 1, C and
D), these results suggest that cyclin B degradation was sup-
pressed by inhibition of mitotic entry in the toxin B-treated
cells. These results clearly indicate that toxin B acts on a step
or steps either independent of or after cyclin B expression.

Next, we examined phosphorylation of histone H3 on
Ser10 over a longer time course to determine whether toxin
B arrests cells at G2-phase or delays mitotic entry. Synchro-
nized HeLa cells were fixed every 2 h from 10 to 16 h after
the second release and were stained with antibody to phospho-
histone H3 and DAPI as described above (Figure 3A). In the
control cell population, cells positive with phospho-histone H3
staining appeared already 10 h after the release, reached the
maximum number 12 h, and then decreased 14-16 h. On the
other hand, in the toxin B-treated cell population, cells positive
for phospho-histone H3 were little in number at 10 and 12 h
after the release, reached the maximum number at 14 h, and
were still present at 16 h (Figure 3B). These results indicate that
treatment with toxin B delayed progression through G2-phase
and mitotic entry by 2 h.

Toxin B Treatment Impairs Activation of Cdk1 Kinase

We then examined effects of toxin B treatment on phosphor-
ylation/dephosphorylation and activation of Cdkl. Cdkl
undergoes phosphorylation and dephosphorylation at vari-
ous sites in G2/M progression. Phosphorylation at Thr14
and Tyr15 represents inhibitory phosphorylation that is de-
phosphorylated in G2/M progression by members of the
Cdc25 phosphatase family (Smits and Medema, 2001;
Boutros et al., 2006). On the other hand, Thr 161 phosphor-
ylation is required for activation of Cdkl and increases and
decreases in parallel with cyclin binding. Cells were col-
lected every 2 h from 4 to 16 h with the toxin B addition at
8 h after the second release and subjected to immunoblot-
ting. As shown in Figure 4A, blotting with antibody to Cdk1
detected two bands as described previously. The top band
represents the inhibitory phosphorylated form of the pro-
tein, and the bottom band, the unphosphorylated form
(Solomon et al., 1992). In the control cells, the phosphory-
lated form peaked in amount at 10 h and then decreased. On
the other hand, this time course was delayed again by 2 h in
the toxin B-treated cells, which showed that the top band
peaked in amount at 12 h (Figure 4A). The 2-h delay of Cdk1
dephsophorylation was shown more clearly on blotting with
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Figure 3. (A) Mitotic entry delay by toxin B treatment. HeLa cells
were fixed at indicated times after the second release and stained for
phosphoSer10-hisotne H3 and DNA. Note that Serl0-histone H3
phosphorylation appears 14 h after the second release in the toxin
B-treated cells with concomitant appearance of mitotic figures. Sus-
tained mitotic figures in the toxin B-treated cell population at 16 h
is due to mitotic arrest induced by this toxin (Yasuda et al., 2004).
Typical results of three independent experiments are shown. (B)
Quantitative analysis. The number of cells positive for phos-
phoSer10-histone H3 was determined in 300 cells of each population
at each time and is presented as %. Data are mean * SEM (n = 3).

antibody to phosphoTyr15-Cdkl1. In the control cells, phos-
phorylation of Cdk1 at Tyrl5 accumulated 4-8 h after the
second release and then decreased from 10 h, whereas the
phosphorylation remained high 10 h and decreased only
from 12 h in the toxin B-treated cells (Figure 4A). These
results indicate that the toxin B treatment delayed Cdkl
activation in late G2. This conclusion was then confirmed by
a kinase assay for Cdk1. Cell lysates were prepared, and the
Cdkl-cyclin B complex was precipitated with antibody to
cyclin B and incubated with histone H1 and [y-*?P]ATP.
[*P]Phosphorylated histone H1 was then detected by auto-
radiography as a measure of the Cdk1 activity (Figure 4B).
Although the Cdkl kinase activity in the control cells ap-
peared 10 h and reached the maximum 11 h, the kinase
activity appeared only 12 h and peaked 13 h after the second
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Figure 4. Delayed activation of cyclin B/Cdkl complex in toxin
B-treated cells. (A) Immunoblot analysis for Cdk1, phosphoTyr15-
Cdk1, Cdc25A, and Cdc25C. HeLa cells were collected every 2 h
from 4 to 16 h after the second release with the toxin B addition at
8 h. Total cell lysates were prepared and subjected to SDS-PAGE
and immunoblot analysis as indicated. Arrowheads indicate a phos-
phorylated form of each Cdc25 isoform. (B) Kinase assay of the
cyclin B/Cdk1 complex. HeLa cells were collected at indicated times
after the second release. Cell lysates were prepared and subjected to
immunoprecipitation with antibody to cyclin Bl. Immunoprecipi-
tates were incubated with histone H1 in the presence of [y-**P]ATP,
and [*’P]phosphorylated histone H1 was analyzed by SDS-PAGE
and autoradiography.

release in the toxin B-treated cells. These results showed
that the toxin B treatment delayed the activation of the
M-phase cyclin complex again by 2 h. We next examined
phosphorylation of Cdc25 proteins. The Cdc25 proteins are
the dual specificity phosphatases that dephosphorylate both
Thr14 and Tyr15 phosphorylation of Cdk1l and activate the
kinase in the G2/M transition. These proteins are them-
selves phosphorylated and activated (Izumi et al., 1992;
Kumagai and Dunphy, 1992; Boutros et al., 2006). We carried
out immunoblotting and examined their phosphorylation
status. In the control cells, both Cdc25A and C were phos-
phorylated at 10 h, whereas the phosphorylation of these
proteins appeared only at 12 h in the toxin B-treated cells
(Figure 4A). These results that the Cdc25-cyclin B/Cdkl
pathway was inhibited by the toxin B treatment indicate that
the toxin B acts on a step leading to this activation.

Toxin B Interferes with Activation of Aurora-A at the
Centrosome

Recent studies have revealed that Aurora-A kinase plays an
important role in cell division including centrosome matu-
ration and separation, mitotic commitment, chromosome
alignment, and possibly cytokinesis (Hannak et al., 2001;
Hirota et al., 2003; Kunitoku et al., 2003; Marumoto et al.,
2003; Zhang et al., 2004). Aurora-A increases in its expression
during G2-phase and is activated by phosphorylation at
Thr288 at late G2-phase. Hirota et al. (2003) reported that
Aurora-A is activated by autophosphorylation at Thr288 in
late G2-phase at the centrosome and that this activation is
essential for recruitment of the cyclin B/Cdkl complex to
the centrosome and its activation at the centrosome. We

Molecular Biology of the Cell
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Figure 5. Aurora-A expression and activa-
tion at the centrosome in toxin B-treated cells.
(A) Immunoblot analysis for Aurora-A and
phosphoThr288-Aurora-A. HeLa cells were
collected at indicated times after the second
release with addition of toxin B at 8 h. Cell
lysates were prepared and subjected to immu-
noblot as indicated. (B) Immunofluorescence
for phosphoThr288-Aurora-A in control and
toxin B-treated cells. HeLa cells were fixed at
indicated times after the second release and
stained for y-tubulin (red), phosphoThr288-
Aurora-A (green), and DNA. Insets show
magnified views of the centrosome indicated
by numbered arrows. (Note that Aurora-A acti-
vation examined as phosphoThr288-Aurora-A
appeared 9.5 h after the release in control cells,
whereas it became evident 12.5 h in toxin
B-treated cells.) Typical results of at least three
independent experiments are shown. Bar, 10 um.

therefore determined the expression and activation of Au-
rora-A in HeLa cells treated with or without toxin B first by
immunoblotting using antibodies to Aurora-A and to phos-
phoThr288-Aurora-A. In control cells, Aurora-A protein in-
creased in amount from 8 to 10 h after the thymidine release
and showed strong Thr288-phosphorylation at 10 h, and
both the expression and the phosphorylation decreased at
12 h (Figure 5A). On the other hand, in the toxin B-treated
cells, Aurora-A appeared at 8 h as seen in control cells but
accumulated apparently in more amount than in control
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cells up to 12 h. This apparent hyper-accumulation of the
kinase is probably due to decreased degradation caused by
the delay into mitotic entry, because Aurora-A is known to
be degraded after metaphase (Marumoto et al., 2005). Nota-
bly, even in the presence of such hyper-accumulation, accu-
mulation of Thr288-phosphorylated Aurora-A, i.e., activa-
tion of Aurora-A, was delayed by 2 h and peaked at 12 h in
the toxin B-treated cells (Figure 5A).

We next wanted to confirm that the delay of Aurora-A
activation detected by the immunoblot analysis was due to
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impaired activation of Aurora-A at the centrosome. Syn-
chronized HelLa cells were fixed at the indicated times and
stained for phosphoThr288-Aurora-A and +y-tubulin. In the
control cell population, there was only faint phospho-Auro-
ra-A signal at the centrosome 8 h after the release in mid-
G2-phase, and the signals at centrosomes became evident at
9.5 h and persisted to 11 h after the release (Figure 5B). On
the other hand, in the toxin B-treated cells, the phospho-
Thr288-Aurora-A signals at the centrosome were seen
faintly 11 h after the second release, became evident only
12.5 h, and persisted to 14 h after the release (Figure 5B).
These observations suggest that toxin B treatment interfered
with activation of Aurora-A at the centrosome.

Accumulation of HEF1 at Centrosome and Its
Phosphorylation Were Inhibited by Toxin B Treatment

The above results that the toxin B treatment interferes with
several events associated with G2/M progression, particu-
larly Aurora-A activation at the centrosome, indicate that a
Rho GTPase-dependent pathway or pathways regulate the
centrosomal event. HEF1 (human enhancer of filamentation
1) is a multifunctional docking protein of the Cas family that
localizes to focal adhesions in interphase and mediates a
variety of integrin-dependent signaling (O’'Neill et al., 2000).
HEF1 moves to the centrosome in G2 and contributes to
activation of Aurora-A in the G2/M transition (Pugacheva
and Golemis, 2005). We therefore addressed whether the
toxin B treatment interferes with HEF1 localization at the
centrosome. HelLa cells were collected at various times after
the release from the double thymidine block and stained for
HEF1. In control cells, HEF1 already localized at the centro-
some 6 h after the release in late S/early G2 phase (Figure
6A), gradually accumulated at the centrosome from 8 h as
the centrosomes matured to reach the maximal accumula-
tion 11 h after the release in prometaphase to metaphase. In
contrast, in the toxin B-treated cells, the extent of accumu-
lation did not change significantly from 8 to 11 h and then
gradually increased and reached the maximum at 12.5-14 h
(Figure 6A, Toxin B panels). Thus, the toxin B treatment did
not inhibit the localization of HEF1 at the centrosome but
delayed the time course of its accumulation. We next exam-
ined effects of the toxin B treatment on phosphorylation of
HEF1. Law et al. (1998) reported that the p105 form of HEF1
undergoes extensive Ser/Thr phosphorylation after the thy-
midine release and is converted to the p115 phosphorylated
form. We therefore collected HeLa cells every 2 h from 6 to
16 h after the thymidine release and subjected lysates of
these cells to immunoblotting for HEF1. Toxin B was added
8 h after the release, and its effects on HEF1 phosphorylation
was examined. In control cells, the p115-phosphorylated
form dominated already 6 h after the release, reached its
maximum at 10 h, and then gradually decreased in amount.
On the other hand, with the toxin B addition, the p115 form
that was present 8 h disappeared at 10 h with a concomitant
increase in the amount of p105, which remained in about the
same amount from 10 to 16 h. This result suggests that the
toxin B treatment inhibited Ser/Thr phosphorylation of
HEF1. On the other hand, the addition of hesperadine, an
Aurora kinase inhibitor, to HeLa cells 8 h after the second
release did not change the amount of the p115-phosphory-
lated form of HEF1 (data not shown), which is consistent
with the fact that Aurora-A activation occurred much later
than the appearance of this phosphorylated form of HEFI.

Because inactivation of Rho GTPases by toxin B results in
marked suppression of F-actin in cells and a recent report
showed that actin disruption agents such as cytochalasin D
also suppressed phosphorylation of HEF1 (Zheng and
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Figure 6. Effects of toxin B treatment on localization and Ser/Thr
phosphorylation of HEF1. (A) Immunofluorescence for HEF1.
HeLa cells were fixed with methanol after pre-extraction with
0.5% Triton X-100 in PHEM buffer and stained for HEF1 (green),
y-tubulin (red), and DNA. Arrows indicate centrosomes, and
insets show magnified views of the centrosomes indicated num-
bered arrows. Note that HEF1 was already present at the centro-
some in the end of S phase (6 h) and increased its amount during
G2 progression in control cells and that this increase was delayed
in toxin B-treated cells. (B) Immunoblot for HEF1. HeLa cells
were collected at indicated times after the release with toxin B
addition at 8 h and were subjected to immunoblot for HEF1. Note
that the toxin B treatment abolished p115 phosphorylated form of
HEF1. Typical results of at least three independent experiments
are shown. Bar, 10 um.
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Figure 7. Effects of cytochalasin D on HEF1 phosphorylation and
G2/M transition. (A) Phalloidin staining. HeLa cells were treated
with either 50 ng/ml toxin B or 4 uM cytochalasin D from 8 to 10 h
after the second release and were then fixed and stained with
rhodamine-phalloidin. Note that both toxin B and cytochalasin D
disrupted actin cytoskeleton structure but in different manners. Bar,
10 wm. (B) Effects on HEF1 phosphorylation. HeLa cells were col-
lected at indicated times after the second release with addition of
cytochalasin D or toxin B at 8 h and subjected to immunoblotting for
HEF1. (C) Effects on Serl0-phosphorylation of histone H3. HeLa
cells were treated and collected as above and subjected to immu-
noblotting for phosphoSer10-hisotne H3. (D) Effects on Aurora-A
activation. HeLa cells were collected at indicated times after the
second release with addition of cytochalasin D at 8 h. Cell lysates
were prepared and subjected to immunoblot for phosphoThr288-
Aurora-A as indicated.

McKeown-Longo, 2006), we asked whether the delay in
G2/M transition caused by the toxin B treatment was due to
disruption of the actin cytoskeleton. To test this issue, we
added 4 uM cytochalasin D to HeLa cells 8 h after the release
and monitored the G2/M transition of these cells. The cy-
tochalasin D addition caused dissolution of the actin cy-
toskeleton more extensively than did the toxin B treatment
and indeed suppressed phosphorylation of HEF1 as re-
ported (Figure 7, A and B). However, this treatment caused
only a subtle delay in G2/M transition as examined by Ser10
phosphorylation of histone H3 as well as Thr288 phosphor-
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ylation of Aurora-A (Figure 7, C and D). These results sug-
gest that disruption of the actin cytoskeleton or inhibition of
Ser/Thr phosphorylation of HEF1 cannot be major causes of
the G2/M delay in toxin B-treated cells (see Discussion).

Centrosomal Activation of PAK Was Inhibited by Toxin B
Treatment

We next examined effects of toxin B on PAK activation at the
centrosome. PAK, p21 activated kinase, is a group of effec-
tors that function downstream of Cdc42 and Rac (Bokoch,
2003). A previous study showed that a small population of
PAK is targeted to and activated at the centrosome in G2
before mitosis and works as one of activators for Aurora-A
(Zhao et al., 2005). Although the mutant experiment in this
previous study did not support the involvement of Rho
GTPases in the centrosomal PAK activation, we addressed
this issue again by examining whether the toxin B treatment
inhibits the PAK activation. To this end, we carried out
immunofluorescence for phosphoThr402-PAK2. PAK2 is the
dominant PAK isoform in HeLa cells, and Thr402 is located
in the activation loop of the kinase, phosphorylation of
which results in a marked activation of the enzymatic activ-
ity (Zhao et al., 2005). Costaining for phosphoThr402-PAK2
and y-tubulin in control cells revealed that there was little
signal for phosphoThr402-PAK?2 at the centrosomes 6 h after
the second release that correspond to late S and early G2
phase (Figure 8A). Centrosomal phospho-PAK2 signal was
clearly detected 8 h after the second release and became
stronger after 9.5 h. In the toxin B-treated cells, the signal of
the PAK phosphorylation was also seen at the centrosomes
but its time course was again delayed; it became evident
only 11 h after the second release. Intriguingly, the phos-
phoThr402-PAK?2 signal present in the cells before the toxin
addition i.e., 8 h after the release was not detected at 9.5 h in
the toxin B-treated cells, suggesting that the toxin B treat-
ment suppressed the centrosomal activation of PAK. There-
fore, we next examined this inhibitory effect of toxin B
quantitatively by counting the number of cells with or with-
out this centrosomal PAK-activation signal in the control
and toxin B-treated cell population. As shown in Figure 8B,
75-80% of the control cell population in G2 phase showed
PAK activation at the centrosome during the period from 8
to 10.5 h after the release, whereas cells with the positive
signal decreased time-dependently to <40% in the toxin
B-treated cell population. Furthermore, concomitant with
the decrease in number, the intensity of the centrosomal
signal became also weaker in the toxin B-treated cells (data
not shown). On the other hand, alteration of PAK activation
was not detected in cells treated with cytochalasin D (Figure
8B). These results suggest that Rho GTPases are required for
activation of PAK at the centrosome in the G2/M progres-
sion and that this Rho GTPase action appears independent
of the actin cytoskeleton.

Effects of Botulinum C3 Exoenzyme and Y-27632 on HEF-1
Phosphorylation, Aurora-A Activation, and G2/M
Transition

We next examined the effects of botulinum C3 exoenzyme
on G2/M transition, because toxin B inactivates all members
of Rho GTPases, whereas C3 exoenzyme inactivates only the
Rho subgroup of the GTPases such as RhoA, RhoB, and
RhoC, in this subfamily (Aktories and Barbieri, 2005). Be-
cause C3 exoenzyme does not permeate cells so easily as
toxin B, we subjected the cells 6.5 h after the release to
electropermeation in the presence of C3 exoenzyme as de-
scribed previously (Kato et al., 2001). This treatment caused
almost all amounts of Rho protein to be ADP-ribosylated, as
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Figure 8. Inhibition of PAK activation at the centrosome by toxin B treatment. (A) Immunofluorescence for phosphoThr402-PAK2. HeLa

cells were fixed at indicated times after the second release and stained for y-tubulin (red), phosphoThr402-PAK2 (green), and DNA. Insets
show magnified views of the centrosome indicated by numbered arrows. Note that PAK activation examined as phosphoThr402-PAK2
present 8 h after the release was abolished at 9.5 h in toxin B-treated cells. The phosphoThr402-PAK2 signals on chromosomes of mitotic
cells may represent PAK activation at kinetochores (Li et al., 2002). Typical results of at least three independent experiments are shown.
Bar, 10 um. (B) Quantitative analysis on PAK activation. HeLa cells treated with either toxin B (top) or cytochalasin D (bottom) were
fixed at indicated times after the second release and stained for y-tubulin and phosphoThr402-PAK2. The number of cells with a signal

of phosphoThr402-PAK2 at the centrosome was determined in 50 cells of each population. Data are mean = SEM (n = 3).

evidenced by immunoblot for RhoA in lysates of control and
C3 exoenzyme-exposed cells (Figure 9A) and by extensive
formation of binucleate cells 14 h after the release (data not
shown). Because the electropermeation procedure attenu-
ated cell cycle synchronization and, consequently, mitotic
entry of control cells (Figure 9B), we also carried out elec-
tropermeation of toxin B and used the toxin B-treated cells
as a positive control for the C3 exoenzyme-treated cells. The
C3 exoenzyme-treated cells also showed the delay in G2/M
progression as examined by Ser1l0 phosphorylation of his-
tone H3 but only by 1 h compared with 2-h delay in the toxin
B-treated cells; the phosphorylation was detected first 12 h
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after the release in the C3 exoenzyme-treated cells as seen in
the toxin B-treated cells compared with 11 h in control cells,
with a peak at 12, 13, and 14 h after the release in the control,
C3 exoenzyme-treated and toxin B-treated cells, respec-
tively (Figure 9B). The C3 exoenzyme treatment delayed
Aurora-A activation also marginally by 0.5-1 h (Figure 9C).
The C3 exoenzyme treatment also increased the amount of
unphosphorylated form of HEF1 and appeared to accelerate
its degradation (Figure 9D).

One of the major effectors of Rho is ROCK/Rho-kinase,
and this enzyme is present in the centrosome and was
reported to be associated with Aurora-A (Chevrier et al.,
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Figure 9. Effects of botulinum C3 exoenzyme on G2/M transition.
(A) Modification of Rho GTPases by C3 exoenzyme treatment. Note
the slower mobility of bands for the RhoA in the lysates of cells
treated with C3 exoenzyme. (B) Effect on Ser10-phosphorylation of
histone H3. Either toxin B or C3 exoenzyme or vehicle was elec-
tropermeated into HeLa cells 6.5 h after the second release. The cells
were then collected at indicated times and subjected to immuno-
blotting for phosphoSer10-histone H3. (C) Effects on Aurora-A ac-
tivation. HeLa cells treated as above were collected and subjected to
immunoblotting for phosphoThr288-Aurora-A. (D) Effects on HEF1
phosphorylation. HeLa cells treated as above were collected and
subjected to immunoblotting for HEF1.

2002; Du and Hannon, 2004). We therefore next examined
effects of Y-27632, a specific ROCK inhibitor, on the HEF1
phosphorylation, Aurora-A phosphorylation, and G2/M
transition. Y-27632 added up to 50 uM 8 h after the release
was without effects on G2/M progression and Aurora-A
activation (Figure 10, A and B). This compound did not
affect the HEF1 phosphorylation, either, but appeared to
accelerate its degradation (Figure 10C).

DISCUSSION

Here we examined effects of toxin B treatment on cell cycle
progression of HeLa cells released from the double thymi-
dine block and found that the toxin B treatment interfered
with G2/M progression. A prominent feature of the toxin B
effect was that this treatment delayed various events asso-
ciated with G2/M transition such as Aurora-A activation,
Cdk1 activation, and histone H3 phosphorylation by 2 h, but
did not arrest the progression. After the 2-h delay all of these
events occurred apparently normally, and the cells pro-
gressed to mitosis. Given that the glucosylation of Rho
GTPases by toxin B appears irreversible, these findings sug-
gest that there are a Rho GTPase-dependent pathway and a
Rho GTPase-independent pathway to initiate G2/M transi-
tion of HeLa cells, that the Rho-dependent pathway initially
triggers the transition under the usual culture conditions,
but that when it fails, the other Rho-independent pathway is
mobilized to compensate for its loss.
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Figure 10. Effects of Y27632 on G2/M transition. (A) Effect of
Y27632 on Ser10-phosphorylation of histone H3. Y-27632 was added
to HeLa cells 8 h after the second release. The cells were collected at
indicated times after the second release and subjected to immuno-
blotting for phosphoSer10-histone H3. (B) Effect of Y27632 on Au-
rora-A activation. HeLa cells were treated and collected as above
and subjected to immunoblotting for phosphoThr288-Aurora-A. (C)
Effects on HEF1 phosphorylation. Cell lysates were prepared as
above and subjected to immunoblotting for HEF1.

HEF 1

The G2/M transition is supposed to be carried out by a
sequence of events. Currently, Aurora-A activation at the
centrosome is believed as the primary event, which induces
activation of the cyclin B/Cdkl complex, Aurora-B activa-
tion, histone H3 phosphorylation, and chromosome conden-
sation. We now know that several signaling pathways con-
verge at the centrosome and contribute to Aurora-A
activation at this organelle. Among the events we analyzed
here, HEF1 accumulation and PAK activation at the centro-
some contribute to Aurora-A activation (Pugacheva and
Golemis, 2005; Zhao et al., 2005). Although the toxin B treat-
ment impaired both, they showed different time courses.
Although PAK activation at the centrosome occurred from
8 h, HEF1 was present at the centrosome already at 6 h and
increased in amount only after 9.5 h. The toxin B treatment
did not affect earlier constitutive presence of HEF1 at the
centrosome and delayed only the later accumulation. Given
that Aurora-A activation at the centrosome increased from 8
to 10 h, the PAK activation that is inhibited by toxin B and
precedes the HEF1 accumulation appears to be the primary
target of toxin B for the delay of Aurora-A activation. Given
that PAKs are effectors of Cdc42 and Rac (Bokoch, 2003),
these results suggest that Rho GTPases, possibly Cdc42- or
Rac-related GTPases, function to activate PAK at the centro-
some and that this action is inhibited by toxin B. Consis-
tently, we previously stained mitotic cells pre-extracted with
0.5% Triton X-100 in PHEM bulffer and found that Cdc42 is
localized in the spindle poles (Oceguera-Yanez et al., 2005),
and our preliminary immunofluorescence analysis using the
same extraction method detected the Cdc42 signal at the
centrosome in HeLa cells in G2 phase (Oceguera-Yanez,
Ando, and Narumiya, unpublished results). These results
indicate that Cdc42 is present at the centrosome and acti-
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vates PAK at G2/M transition. However, our preliminary
RNA interference (RNAi) experiment showed depletion of
Cdc42 alone does not cause the delay of G2/M transition at
least to a similar extent (data not shown), suggesting that
this function is exerted redundantly by more than one mem-
bers of Rho GTPases.

In contrast to our suggestion that Rho GTPase(s) is in-
volved in centrosomal PAK activation, Zhao et al. (2005),
based on their experiment using a PAK mutant, suggested
that PAK is activated at the centrosome in a Rho GTPase-
independent manner. However, these two findings are not
mutually exclusive. Zhao et al. used the PAK (S76P) mutant
incapable of binding Cdc42 or Rac. They fused this mutant
with the centrosome-targeting motifs, expressed the fusion
proteins in COS cells and examined PAK activation after
30 h of culture. Their experiment therefore showed that PAK
could be activated independent of Rho GTPases when it is
targeted to the centrosome, but did not address whether Rho
GTPases activate centrosomal PAK in a physiological con-
text. As we discussed above, the toxin B treatment did not
arrest the progression but delayed the G2/M transition by
2 h. After the 2-h delay, PAK activation, consequently, entry
to mitosis, occurred apparently normally in the presence of
continued inactivation of Rho GTPases, suggesting that
there are a Rho GTPase-dependent and a Rho GTPase-inde-
pendent pathway to PAK activation. We suggest therefore
that Rho GTPases come in first for PAK activation at the
centrosome, and that, when it fails, the Rho-independent
pathway found by Zhao et al. is mobilized as a compensa-
tory mechanism for PAK activation.

Then, is the centrosomal PAK activation only the step
regulated by Rho GTPases at G2/M transition? Here we
found that the toxin B treatment interfered with HEF1 accu-
mulation at the centrosome. The HEF1 accumulation at the
centrosome was previously reported to be important in ac-
tivation of Aurora-A (Pugacheva and Golemis, 2005). Fur-
thermore, we found that treatment of cells with cytochalasin
D also delayed the G2/M progression. This finding is con-
sistent with previous report by Barth et al. (1999) that C.
botulinum C2 toxin, which disrupts the actin cytoskeleton,
induces a similar extent of delay in Cdkl activation and
mitotic entry in HeLa cells. Although the delay by the cy-
tochalasin D treatment is shorter than that caused by the
toxin B treatment, the delay by the cytochalasin D occurs
without effect on PAK activation. These results indicate that
the actin cytoskeleton induced by Rho GTPases has some
regulatory function in G2/M progression and suggests a
possibility that Rho GTPases have an additional regulatory
role in G2/M progression other than that in PAK activation.
Here, we examined involvement of the Rho subgroup of
GTPases with botulinum C3 exoenzyme that specifically
inactivates this subgroup of Rho GTPases and found that
treatment of HeLa cells with C3 exoenzyme indeed caused a
delay in G2/M progression, but the delay was only 1 h.
Curiously, this delay is similar to that found in cells treated
with cytochalasin D, and the C3 treatment also disrupted
actin cytoskeleton, indicating that Rho functions via actin
cytoskeleton in G2/M transition. Furthermore, Schmidt et al.
(2007) used RNAi for a Rho effector, PRK2/PKN2, and
found that depletion of this molecule resulted in impaired
Cdc25B phosphorylation and delay of G2/M transition.
They also found that the toxin B treatment impaired phos-
phorylation of PRK2 and suggested that Rho GTPase is
involved in this pathway. However, as described, inactiva-
tion of Rho by the C3 exoenzyme treatment causes only 1-h
delay, suggesting that, if the Rho-PRK2 pathway functions,
its impairment does not explain all the effects of toxin B we
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observed. Indeed, activation of Cdc25 is believed to occur
after the activation of Aurora-A. On the basis of these find-
ings, we envisage the signal transduction pathways of Rho
GTPases in G2/M transition as in Figure 11.

In summary, using toxin B, we present here several lines
of evidence that Rho GTPase(s) is involved in G2/M transi-
tion. Our analysis suggests that Rho GTPases regulates path-
ways converging to the Aurora-A activation at the centro-
some for G2/M transition, PAK and HEF1 being candidate
effectors in these pathways. Given that Rho GTPases regu-
late cell morphogenesis and that cells change their shape on
mitotic entry, our study raises an interesting possibility that
Rho GTPases function as an integrator of two major events
associated with G2/M transition, activation of mitotic ki-
nases, and cell shape change.
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