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Mitogen-activated protein (MAP) kinase and phosphoinositide 3-kinase (PI3K) pathways are necessary for
cell cycle progression into S phase; however the importance of these pathways after the restriction point is
poorly understood. In this study, we examined the regulation and function of extracellular signal-regulated
kinase (ERK) and PI3K during G,/M in synchronized HeLa and NIH 3T3 cells. Phosphorylation and activa-
tion of both the MAP kinase kinase/ERK and PI3K/Akt pathways occur in late S and persist until the end of
mitosis. Signaling was rapidly reversed by cell-permeable inhibitors, indicating that both pathways are
continuously activated and rapidly cycle between active and inactive states during G,/M. The serum-dependent
behavior of PI3K/Akt versus ERK pathway activation indicates that their mechanisms of regulation differ
during G,/M. Effects of cell-permeable inhibitors and dominant-negative mutants show that both pathways are
needed for mitotic progression. However, inhibiting the PI3K pathway interferes with cdc2 activation, cyclin B1
expression, and mitotic entry, whereas inhibiting the ERK pathway interferes with mitotic entry but has little
effect on cdc2 activation and cyclin B1 and retards progression from metaphase to anaphase. Thus, our study
provides novel evidence that ERK and PI3K pathways both promote cell cycle progression during G,/M but

have different regulatory mechanisms and function at distinct times.

Mammalian-cell proliferation requires the activation of Ras
and subsequent signaling through divergent pathways involving
Raf-1, mitogen-activated protein kinase kinase 1/2 (MKK1/2),
and extracellular signal-regulated kinase 1/2 (ERK1/2), as well
as phosphoinositide 3-kinase (PI3K), phosphoinositide-depen-
dent kinase 1, and Akt/protein kinase B (Akt) (8, 15, 26, 34).
The importance of MKK/ERK and PI3K pathways during cell
cycle progression has been best defined in G, where activation
of both pathways is needed for cyclin D1 induction, repression
of cyclin kinase inhibitors, E2F activation, and entry into DNA
replication. Distinct signaling mechanisms in each pathway
facilitate progression through G,/S, as well as cell growth and
survival in G, through processes involving nuclear transcrip-
tion factor phosphorylation, immediate-early gene induction,
expression of cell cycle genes that direct DNA synthesis, and
regulation of translational initiation.

In contrast, the importance of ERK and PI3K pathways
during G, and mitosis has yet to be clearly defined. Although
previous studies indicate that ERK promotes cdc2/cyclin B
activation and M phase progression in meiotic systems such as
Xenopus laevis oocytes (46), the role of ERK in mitotic M
phase appears to vary with the experimental system. For ex-
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ample, some reports show that, in Xenopus egg extracts, de-
pletion of ERK or inhibition of MKK has no effect on cyclic
activation of cdc2/cyclin B (11, 38, 52). Other studies of Xeno-
pus egg extracts and fertilized eggs show instead that elevation
of ERK activity arrests cells in G, prior to chromosome con-
densation and nuclear envelope breakdown, suggesting that
ERK suppresses cdc2 activation and mitotic entry (1, 7, 56).
The latter involves activation of Weel, possibly though its
phosphorylation by ERK (37, 55).

For somatic cells, earlier reports reached variable conclu-
sions concerning the timing of ERK activation during G,/M,
ranging from elevated ERK activity during G,/M and inacti-
vation following nocodazole treatment in CHO cells (53) to
low ERK activity during S/G, and increased activity only after
nocodazole treatment in Swiss 3T3 cells (16). Studies by our
laboratory and by Zecevic et al. have demonstrated activation
of MKK1/2 and ERK1/2 during mitotic onset in several mam-
malian cell types (48, 60). Activation and nuclear localization
of active MKK and ERK occur during prophase and prior to
nuclear envelope breakdown, suggesting a positive role for this
pathway in early M phase. In synchronized NIH 3T3 cells,
inhibiting MKK/ERK signaling using dominant-negative
MKKI1 or MKKI1/2 inhibitor PD-98059 delayed mitotic entry
by 3 or 10 h, respectively (59). This was concomitant with
sustained phosphorylation of cdc2 at Tyr15, suggesting that the
MKK/ERK pathway promotes M phase entry by facilitating
dephosphorylation of pTyrl15-cdc2 and activation of cdc2-cy-
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clin B. In contrast, suppressing ERK by injecting mitogen-
activated protein kinase phosphatase 1 (MKP1) in somatic
Xenopus tadpole cells had no effect on cdc2 activation (57).

The role of PI3K signaling during mitosis is also somewhat
contradictory in literature reports. In fertilized sea urchin eggs,
inhibiting PI3K with wortmannin blocks maturation-promoting
factor activation and centrosome duplication and arrests em-
bryonic cell cycling (13). Likewise, PI3K inhibitors interfere
with in vitro assays for GTP-dependent nuclear envelope as-
sembly, consistent with a proposed role for phosphoinositide-
rich membranes in envelope reformation (33). On the other
hand, forkhead transcription factors in Saccharomyces cerevi-
siae form functional transcription complexes at promoter ele-
ments of yeast mitotic regulators CLB2 and SWI5 (29, 31, 44).
Because active Akt phosphorylates forkhead, suppressing its
nuclear translocation and subsequent transcriptional activity,
PI3K signaling might be expected to interfere with mitosis by
suppressing expression of mitotic cyclins. However, recent
studies with NIH 3T3 cells have shown that expression of
constitutively active PI3K does not affect mitotic entry but
instead delays mitotic exit between M and G, leading to de-
fective cytokinesis (6).

In this study, we compare the regulation and function of
ERK and PI3K pathways during G,/M in mammalian systems.
Here we present the novel results that MKK/ERK and PI3K
pathway components are activated prior to completion of
DNA synthesis. Activation of the MKK/ERK pathway is serum
dependent in NIH 3T3 cells but serum independent in HeLa
cells, revealing cell-specific variations in growth factor depen-
dence during S/G,. Importantly, suppressing ERK activation
using MKK inhibitors or dominant-negative ERK resulted in a
minimal delay in cdc2 activation but delayed cyclin B1 nuclear
translocation as well as progression from metaphase into an-
aphase. This demonstrates that ERK is important for facilitat-
ing mitotic progression after cdc2 activation and during mitotic
exit, in addition to promoting mitotic entry at the level of cyclin
Bl translocation. On the other hand, inhibiting PI3K signaling
with a PI3K inhibitor or dominant-negative Akt arrested cells
in G, concomitant with suppression of cyclin B1 induction and
cdc2 activation. This reveals a positive role for the PI3K path-
way in regulating cdc2 activation and mitotic entry, in addition
to its reported negative regulation of mitotic exit. These find-
ings reveal distinct cell cycle timing requirements for MKK/
ERK versus PI3K signaling in G,/M and provide new insight
into the integration between G, signaling pathways and cell
cycle regulation.

MATERIALS AND METHODS

Cell culture. NIH 3T3 cells, HeLa S3 cells, and ERK1™/~ mouse embryonic
fibroblasts (MEFs) were maintained in complete medium (Dulbecco’s modified
Eagle’s medium [DMEM], 10% fetal bovine serum [FBS]) supplemented with
penicillin (100 U/ml) and streptomycin (100 pg/ml). Retinal pigment epithelial
cells expressing human telomerase reverse transcriptase (Clontech) were grown
in DMEM-F-12 with 10% FBS, 2 mM L-glutamine, and 0.348% sodium bicar-
bonate. Cell synchronization was carried out by plating cells onto 6- or 10-cm-
diameter dishes; cells reached 50% confluence on the following day. Cells were
then treated with 2 mM thymidine in complete medium for 16 h, washed twice
with Hanks’ balanced saline solution (HBSS) or with DMEM-0% FBS, incu-
bated for 8 h in complete medium, and treated again for 16 h with 2 mM
thymidine in complete medium. The resulting G,/S-enriched cells were washed
twice with HBSS or DMEM-0% FBS and released into the cell cycle in the
presence of DMEM-10% FBS for up to 26 h; MKK1/2 or PI3K inhibitors were
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added at various times. Cells switched into 0% FBS were washed three times with
HBSS and then incubated in DMEM-0% FBS or OptiMEM-0% FBS. In some
experiments, cells were synchronized in G/S and then transiently transfected
with Lipofectamine (Life Technologies) during the first 3 to 4 h after release with
wild-type (WT) or dominant-negative (K52R) ERK2 or WT or dominant-nega-
tive Aktl. In other experiments, cells were first transiently transfected and then
synchronized and released back into the cell cycle as described above.

Reagents. Stock solutions of PD-98059 (50 mM; Calbiochem), U-0126 (10
mM; Promega), and PD-184352 (21 mM; Upstate Biotechnology) in dimethyl
sulfoxide (DMSO) were diluted into media to final concentrations of 75 to 100
M, 15 to 100 pM, and 25 uM, respectively. Stock solutions of wortmannin (400
wM; Sigma) and LY-294002 (25 mM; Sigma) were diluted into media to final
concentrations of 200 nM and 25 puM, respectively. Monoclonal antibodies rec-
ognizing diphosphorylated ERK1/2 (ppERK1/2; pT183 and pY185), a-tubulin,
and y-tubulin were purchased from Sigma. Monoclonal antibodies recognizing
the hemagglutinin (HA) tag epitope (12CAS5) were purchased from BabCO, and
monoclonal antibodies recognizing B-tubulin (3B15.9) were a gift from Dick
McIntosh (39). Polyclonal antibodies recognizing phosphorylated MKK1/2
(pS217 and pS221), Akt (pS473), cdc2 (pY15), and p70 S6 kinase (pT389) were
purchased from Cell Signaling Technology. Rabbit polyclonal antibodies recog-
nizing MKK1 (C-18), Akt1/2 (H-136), ERK2 (C-14), cdc25C (C-20), and poly-
(ADP-ribose) polymerase (PARP) (H-250) and monoclonal antibodies recog-
nizing p34-cdc2 (17) and cyclin B1 (GNS1) were purchased from Santa Cruz
Biotechnology. Rabbit polyclonal antibodies recognizing phosphorylated Ser10
(pH 3) of histone H3 were purchased from Upstate Biotechnology.

Cell transfections were carried out with 1 ug of plasmids for expression of rat
WT or K52R ERK?2 (a gift from Melanie Cobb, University of Texas Southwest-
ern) from pMCL under the control of a cytomegalovirus (CMV) promoter and
of human WT or K179M Akt from pCEFL under the control of a CMV pro-
moter (a gift from J. Silvio Gutkind, National Institutes of Health).

Immunoblotting. Synchronized cells were washed twice with cold phosphate-
buffered saline (PBS), lysed by being scraped into 300 pl of tissue lysis buffer (20
mM Tris [pH 7.4], 137 mM NaCl, 2 mM EDTA, 1% Triton X-100, 25 mM
B-glycerophosphate, 2 mM sodium pyrophosphate, 10% glycerol, 1 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine). Ly-
sates (20 pg) were diluted with an equal volume of 2X sodium dodecyl sulfate
(SDS) sample buffer and resolved by SDS-polyacrylamide gel electrophoresis.
Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane,
blocked for 1 to 2 h with 5% nonfat dry milk or 3% bovine serum albumin (BSA)
in Tris-buffered saline (TBS; 50 mM Tris [pH 7.5], 0.15 M NaCl, 0.1% Tween
20), and incubated for 2 h to overnight with primary antibodies diluted in
TBS-1% BSA. Membranes were washed several times in TBS and incubated
with horseradish peroxidase-conjugated antimouse or antirabbit antibodies
(Jackson ImmunoResearch; diluted 1:10,000). Proteins were detected by en-
hanced chemiluminescence (NEN/DuPont).

Flow cytometry. Synchronized cells were trypsinized, washed with PBS, fixed
with 3 ml of cold (—20°C) 70% ethanol, and stored at 4°C overnight. Cells were
then incubated with 100 pg of propidium iodide (Sigma)/ml dissolved in 0.2 M
Tris, pH 7.5-20 mM EDTA-1 mg of RNase A (Sigma)/ml for 1 h at room
temperature and diluted with an equal volume of PBS. DNA content was mea-
sured by flow cytometry (FACScan analyzer; Becton Dickinson) and analyzed by
using the Sync Wizard model and ModFit LT software (Becton Dickinson).
Aggregated cells revealed by forward scattering were filtered out of the data set
prior to analysis. To quantify G, S, and G,/M populations, settings for 2N and
4N peaks were defined within each experiment from the G,/S-arrested cells and
applied to all samples within a given experiment. Apoptotic cells were quantified
by using the Fit Apoptosis function in the software, which determines the per-
centage of cells that are sub-2N, calibrated with respect to the reference G, peak
in each experiment.

Histone H1 kinase assays. An anti-cdc2 antibody (0.4 pg) adsorbed to 10 .l of
protein G-Sepharose (Pharmacia) was added to cell lysates (100 wg) and incu-
bated with mixing at 4°C for 2 h. Immune complexes were washed extensively
with cold kinase buffer (25 mM HEPES [pH 7.4], 25 mM MgCl,, 1 mM dithio-
threitol, 0.5 mM sodium orthovanadate) and incubated for 30 min at 30°C with
20 pl of kinase buffer containing 10 wCi of [y->*P]ATP, 20 uM cold ATP, and 2.5
wg of histone H1 (type IIIS; Sigma). Reactions were quenched with SDS loading
buffer and resolved by SDS-polyacrylamide gel electrophoresis. 3>P incorpora-
tion into histone H1 was quantified by PhosphorImager analysis (Molecular
Dynamics).

Immunofluorescence. For mitotic-index measurements, cells were grown on
glass coverslips in 6-cm-diameter plates, synchronized, and transfected as de-
scribed above. At various times after release, cells were fixed for 5 min with 4%
paraformaldehyde in PBS (Electron Microscopy Sciences), permeabilized for 2
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FIG. 1. Activation of ERK during S/G,/M. Cells were synchronized by thymidine arrest, released, and harvested at the indicated times by
scraping, and lysates (20 pg) were immunoblotted with an anti-ppERK or anti-ERK2 antibody. In parallel experiments, cells were analyzed by flow
cytometry. (A) ERK1/2 is diphosphorylated in NIH 3T3 cells within 30 min after release and inhibited by treating cells at 0 h with 15 uM U-0126
or 75 1M PD-98059. Controls in these and other experiments were treated with an equal volume of DMSO carrier. (B) ERK1/2 is diphospho-
rylated in HeLa cells within 3 h after release, decreases as cells progress through G,/M (6 to 8.5 h), and increases again as cells enter G;. ERK
phosphorylation was inhibited strongly by 25 uM U-0126 and weakly by 100 uM PD-98059.

min with 0.1% Triton X-100 in PBS, and stained for 5 min with 4’,6-diamidino-
2-phenylindole (DAPT; 0.2 wg/ml in PBS). Mitotic chromosomes were identified
by their characteristic condensed structures in prophase through telophase, with
different fields of view at X400 magnification analyzed. The numbers of mitotic
cells were expressed as percentages of total cells counted.

For indirect immunofluorescence, cells were grown on coverslips, synchro-
nized, and transfected and then fixed and permeabilized. Cells were immuno-
stained with mouse anti-HA (1:1,000), mouse anti-cyclin B1 (1:500), mouse
y-tubulin (1:200), mouse a-tubulin (1:200), mouse B-tubulin (1:10), or rabbit
anti-pH 3 primary antibodies (1:200), followed by goat anti-mouse AlexaFluor
488 (1:400) and goat anti-rabbit AlexaFluor 594 (1:400) secondary antibodies
(Molecular Probes) with 0.2 ug of DAPI/ml as described previously (48).

RESULTS

ERK phosphorylation cycles continuously during G,/M.
HeLa or NIH 3T3 cells were synchronized in G,/S by double-
thymidine arrest and released into S phase. ERK phosphory-
lation was monitored at various times after release back into
the cell cycle by immunoblotting with an antibody that recog-

nizes active, diphosphorylated forms of ERK1 and ERK2. Par-
allel experiments monitored the cell cycle stage by flow cytom-
etry (Fig. 1). Diphosphorylation of ERK in synchronized NIH
3T3 cells occurred within 30 min after release, peaked at 1 h,
and remained sustained during G,/M until cells returned to G,
at 10 h (Fig. 1A). In HelLa cells, biphasic phosphorylation of
ERK increased during S phase between 1.5 and 5 h after
release, decreased between 6 and 8 h as cells transited G,, and
increased between 8.5 and 10 h as cells proceeded through
mitosis and returned to G, (Fig. 1B). In both cell types, ERK
phosphorylation was suppressed by MKK inhibitors U-0126 or
PD-98059 (3, 5, 17), indicating that the mechanism of phos-
phorylation requires active MKK1/2 (Fig. 1). In HeLa cells,
U-0126 was found to be a more effective inhibitor of ERK
phosphorylation and activation than PD-98059 (Fig. 1B).
Incubation of HeLa cells through a second cell cycle allowed
analysis of ERK phosphorylation during mitotic entry without
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FIG. 2. Mitotic ERK phosphorylation cycles continuously. Cells
were synchronized, harvested at the indicated times after release from
thymidine block, and analyzed by immunoblotting with anti-ppERK
or anti-ERK2. (A) HeLa cells were allowed to complete one syn-
chronized cell cycle and then harvested 15 to 26 h after release.
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complications due to thymidine arrest and serum refeeding
(Fig. 2A and B). HeLa S3 cells retain a significant degree of
synchrony up to 26 h following release from thymidine arrest.
In the second cell cycle, phosphorylation of ERK was observed
in G,/early S (15 h), followed by reduced activity in G, (19.5 h)
and increased activity in M/G, (23 h). The level of ERK phos-
phorylation in S/G,/M was ~10-fold lower than that in asyn-
chronous cells stimulated with phorbol myristate acetate (Fig.
2A and B). Similar differences in the level of staining of indi-
vidual cells by indirect immunofluorescence were seen (data
not shown). ERK phosphorylation was rapidly suppressed
when U-0126 was added at 18.5 h (Fig. 2B). This behavior and
the results in Fig. 1 demonstrate that ERK continually cycles
between phosphorylated and unphosphorylated forms during
S/G,/M and that the activation of ERK depends on signaling
events occurring after the restriction point.

To examine the growth factor dependence of ERK activa-
tion, HeLa cells were analyzed in the first and second round of
mitosis after serum withdrawal (Fig. 2C). Cells were switched
into serum-free DMEM or OptiMEM at 0 h after release from
thymidine block (Fig. 2C, top), 5 h after release (after cells had
completed S phase; Fig. 2C, middle), or 19 h (after cells en-
tered the second S phase; Fig. 2C, bottom). Under conditions
where addition of U-0126 led to rapid dephosphorylation of
ERK, serum removal had little effect. In contrast, the opposite
effect was observed in NIH 3T3 cells (Fig. 2D), where serum
withdrawal at 0 (Fig. 2D, top) or 3 h after release led to
marked attenuation of ppERK. This indicates that the serum
dependence of ERK activation varies among cell types, which
may reflect different regulatory mechanisms or autocrine
mechanisms in HeLa and other cancer cells.

Effect of MKK inhibitors on cell cycle progression and cdc2
activation. Next, the effects of inhibiting the MKK/ERK path-
way on cell cycle progression were examined. Flow cytometry
analysis of HeLa cell DNA content showed that the majority of
cells entered G,/M with 4N DNA at 6 h and returned to G,
after 10.5 h (Fig. 3A and B). HeLa cells treated with PD-98059
or U-0126 at the time of thymidine release showed a significant
delay in the return to 2N, most apparent at 10.5 h (Fig. 3C and
D). PD-98059-treated cells also showed a noticeable delay of
progression at 6 h as cells entered S/G,, as reported previously
(59). However, this was not observed with U-0126.

In principle, the events delaying cell cycle progression may
have occurred during early S, perhaps reflecting a requirement
for the MKK/ERK pathway near the G,/S transition. There-
fore, PD-98059 or U-0126 was added 5.5 h after release from
thymidine, and time points were taken thereafter (Fig. 3E and

Immunoblotting with a ppERK antibody shows enhancement of acti-
vating ERK phosphorylation as cells enter the second S phase, fol-
lowed by decreased phosphorylation in G,/M and increased phosphor-
ylation in late M to G,. Flow cytometry of cells harvested in parallel is
shown. PMA, phorbol myristate acetate. (B) HeLa cells were har-
vested 15 to 26 h after release and treated with 20 uM U-0126 (top) or
DMSO (bottom) at 18.5 h. (C) HeLa cells were switched into DMEM-
10% FBS, DMEM-0% FBS, or OptiMEM-0% FBS, at 0 (top), 5
(middle), or 19 h (bottom) after release. Similar results were obtained
in two or three separate experiments. (D) NIH 3T3 cells were switched
into DMEM-10% FBS, DMEM-0% FBS, or OptiMEM-0% FBS at 0
(top) or 3 h (bottom) after release.
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FIG. 3. Cell synchronization and effects of MKK1/2 inhibitors on
S/G,/M progression. HeLa cells were synchronized by thymidine ar-
rest. At time zero, medium was replaced with DMEM-10% FBS and
cells were analyzed at the indicated times by flow cytometry. (A) Asyn-
chronous (Asynch) cells show peak fluorescence of 2N and 4N cells
(arrows). Synchronized cells sampled before release show arrest in
G,/S. (B to D) Comparison of synchronized cells treated with DMSO
(0.1% [vol/vol]) (B), PD-98059 (100 pM) (C), or U-0126 (20 n.M)
(D) simultaneously with release at 0 h shows a delay in progression of
cells from 4N to 2N in the presence of either MKK1/2 inhibitor. (E and
F) Synchronized cells treated with PD-98059 (100 pM) (E) or U-0126
(20 uM) (F) at 5.5 h after release are also delayed in progression from
4N to 2N. Similar results were obtained in three separate experiments
with HeLa cells and once with NIH 3T3 cells (data not shown).

F). The effects of either inhibitor added at 5.5 h were similar to
those observed when the inhibitor was added at time zero.
Thus, the observed delay depends on events that require MKK/
ERK pathway activation well after the restriction point and
does not represent secondary effects of inhibiting the pathway
during G,.

As reported previously (59), PD-98059 also caused a sig-
nificant delay in cdc2 histone H1 kinase activation in HeLa
and NIH 3T3 cells (shown for NIH 3T3 cells; Fig. 4A) and
delayed tyrosine dephosphorylation of cdc2 and hyperphos-
phorylation of cdc25C by about 90 min when added at 0 or
5.5 h (Fig. 5). However, U-0126 added at 0 h after release
had little effect on cdc2 histone H1 kinase activation in
either HeLa or NIH 3T3 cells (Fig. 4B and C) and little, if
any, effect on cdc2 tyrosine dephosphorylation or cdc25C
hyperphosphorylation when added at 0 or 5.5 h (Fig. 5).
Finally, levels of cyclin Bl decreased at 12 h to ~30% of
those observed at 10 h, which we attribute to degradation
expected during metaphase exit. The decrease was delayed
by PD-98059 but was unaffected by U-0126. Conceivably, the
two compounds may act through distinct mechanisms, in
which U-0126 directly suppresses MKK1/2 activity, whereas
PD-98059 suppresses MKK1/2 phosphorylation and activa-
tion by upstream kinases such as Raf-1 or MEK kinase-1 (5,
17). However, neither PD-98059 nor U-0126 suppressed
MKK1/2 phosphorylation after thymidine release, which was
in fact augmented by both drugs to levels significantly above
controls (Fig. 5A). This reflects feedback control of MKK
phosphorylation (3, 5, 49). Therefore, because U-0126 is
more effective than PD-98059 at inhibiting ERK phosphor-
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FIG. 4. Effect of MKK/ERK pathway inhibition on cdc2 activation.
NIH 3T3 (A and C) and HeLa (B) cells were synchronized and re-
leased into DMSO (diamonds) or PD-98059 (100 pM) or U-0126 (20
M) (squares). At various times, cell lysates were prepared, followed
by immunoprecipitation of cdc2 and measurement of histone H1 phos-
phorylation, reported as fold increases normalized to time zero. Be-
cause U-0126 only slightly delayed cdc2 activation (by less than 1 h) the
significant delay in kinase activation by PD-98059 was attributed to a
nonspecific drug effect.

ylation, we conclude that inhibiting ERK has little effect on
cdc2 activation and that the more pronounced effect of
PD-98059 in mitosis reflects nonspecific drug behavior. Such
effects render PD-98059 inappropriate for studying ERK
function during G,/M progression.

Interestingly, immunoblots of phosphorylated MKK1/2
revealed a lower-mass form of 30 kDa that was enhanced
during G,/M (Fig. 5A). This form was also observed in cells
transfected with HA-MKKI1 by using a probe to the N-
terminal HA tag sequence (data not shown), indicating that
it contains the N-terminal 30-kDa portion of MKK1. The
significance of the processing product is unknown, although
its appearance correlates strongly with mitotic entry, being
delayed under conditions that block G,/M progression (Fig.
5A). It may be related to previous reports of an enhanced
susceptibility of MKKI1 to trypsinization and production of a
20-kDa C-terminal fragment following in vitro incubation
with mitotic extracts (10). In any event, limited intracellular
proteolysis of MKK1/2 is a novel physiological event accom-
panying mitotic progression.
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FIG. 5. Activation of ERK and MKK during S/G,/M and effect of
MKK1/2 inhibitors on mitotic cell cycle regulators. Cells were synchro-
nized, released, and harvested at the indicated times by scraping fol-
lowed by immunoblotting. (A) ERK1/2 is diphosphorylated in HeLa
cells within 3 h after release, followed by decreased reactivity in G, and
increased reactivity in late M or G, (12 h). ERK phosphorylation was
inhibited strongly by 25 uM U-0126 and weakly by 100 uM PD-98059
added at time zero. MKK1/2 phosphorylation increased weakly after
release but was elevated by addition of MKK inhibitors. The appear-
ance of an immunoreactive species of 30 kDa, which corresponds to an
N-terminal fragment of MKK, correlated with the timing of mitotic
entry (9 h). Mitotic entry also correlated with decreased reactivity of
pTyr15-cde2 kinase, reflecting dephosphorylation and derepression of
activity, as well as with gel mobility retardation of cdc25C phosphatase,
reflecting phosphorylation and activation. U-0126 added at time zero
had little effect on the behavior of cdc2, cdc25C, or the MKK fragment,
although PD-98059 significantly delayed each in a manner correlating
with the longer delay in recovery to 2N (Fig. 3C). No effects of MKK
inhibitors on cyclin B1 were observed. (B) Addition of MKK1/2 inhib-
itors as for panel A except at 5.5 h after release shows similar sup-
pression of ERK phosphorylation, indicating continuous cycling of
phosphorylation in late S/G,. Effects on cell cycle regulators are similar
to those observed at time zero. Similar results were obtained in at least
two separate experiments.
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MKK/ERK pathway promotes early and late mitotic pro-
gression. The role of the MKK/ERK pathway in regulating
mitotic progression was further characterized by monitoring
chromatin staining in synchronized cells. HeLa cells synchro-
nized in G,/S and released back into the cell cycle in the
presence of U-0126 were significantly delayed in mitotic entry
compared to untreated cells (Fig. 6A). Similar results were
obtained for NIH 3T3 cells with U-0126 and for HeLa cells
with PD-184352, an inhibitor of MKK1/2 which is chemically
unrelated to U-0126 but which most likely binds the same site
on the kinase (47).

HelLa cells released from thymidine arrest were then exam-
ined for distribution among mitotic stages in the presence of
increasing concentrations of U-0126 (Fig. 6B). Based on the
appearance of condensed chromatin, the largest fraction of
HeLa cells in prophase occurred at 7 to 8 h, with cells appear-
ing in telophase by 9.5 h. At 7 h, the numbers of mitotic cells
at all stages were reduced in the presence of U-0126, reflecting
a delay in mitotic entry. However at 9.5 h, a selective decrease
in anaphase and telophase cells concomitant with increased
metaphase cells was also apparent, and by 10 to 10.5 h, cells
treated with U-0126 were enriched in metaphase as most of the
control population returned to G, (Fig. 6B). Representative
images of cells at the 10-h time point are shown in Fig. 6C. The
results demonstrate that inhibition of ERK by U-0126 sup-
presses the transition of cells from metaphase to anaphase and
delays entry into prophase. Like U-0126, PD-184352 also in-
terfered with mitotic entry and progression (Fig. 6D).

The delay in mitotic progression prompted us to examine the
morphology of cells treated with MKK1/2 inhibitors (Fig. 6E to
G). This was first examined in HeLa cells (Fig. 6E) released
from thymidine arrest into 0, 25, or 100 uM U-0126 or 25 puM
PD-184352. Cells analyzed at various times by indirect immu-
nofluorescence for a- or B-tubulin, y-tubulin, and chromatin
showed no differences in spindle formation or centrosome
duplication with either inhibitor. Nor were effects of the inhib-
itor observed in nontumorigenic NIH 3T3 and retinal pigment
epithelial cell lines (Fig. 6F). Additionally, the centrosomes in
NIH 3T3 cells were counted, and no apparent variation in
centrosome number was observed, even at high concentrations
of U-0126. These results indicated that the delayed mitotic
entry and progression with U-0126 are not attributable to gross
perturbations in centrosome duplication or spindle formation.

The delay in mitotic entry was further addressed in HeLa
cells that were synchronized, released, and examined for sub-
cellular localization of cyclin B1 as well as phosphorylation of
histone H3 at Ser10 (pH 3), a marker of late G, and early M
phase (4). At 7 h the majority of mitotic cells were in prophase
based on chromatin appearance (Fig. 6B). At this time point,
pH 3-positive cells in interphase and prophase prior to nuclear
envelope breakdown were scored for weak, moderate, or
strong pH 3 staining (examples in Fig. 7), which correlated,
respectively with G,, early prophase, or late prophase as de-
termined by DAPI staining (not shown). pH 3-positive cells
after prophase were not counted. We then determined the
percentages of pH 3-positive cells in which cyclin B1 localiza-
tion was predominantly cytoplasmic or nuclear or was equally
distributed between both compartments (examples in Fig. 7).
The percentages of control and U-0126-treated pH 3-positive
cells with nuclear cyclin B1 were similar, with the timing of
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FIG. 6. MKK/ERK pathway inhibition by U-0126 delays early and late mitotic progression. (A) HeLa or NIH 3T3 cells grown on glass
coverslips were synchronized and released into DMSO (diamonds) or 20 pM U-0126 or PD-184352 (squares). At various times, cells were fixed
and permeabilized and chromatin was stained with DAPI. At each time point and condition, the total number of HeLa cells counted ranged
between 1,100 and 2,900 and the number of NIH 3T3 cells counted ranged between 350 and 570. (B) HeLa cells grown on coverslips were
synchronized, released, and treated at 5 h with 0, 25, or 100 uM U-0126. Cells were stained with DAPI at 7, 8.5, 9.5, 10, and 10.5 h and scored
by chromatin appearance for numbers of cells in prophase (Pro), prometaphase (Prometa), metaphase (Meta), anaphase (Ana), and telophase
(Telo). At each time point and condition, the number of HeLa cells counted ranged between 700 and 1,400, averaging 1,017 cells. (C) Cells treated
with 25 or 100 uM U-0126 were monitored by DAPI staining at 10 h. At this time point, most of the control cell population returned to G,, whereas
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cells treated with U-0126 showed significant enrichment in metaphase. Each experiment was repeated at least twice with similar results. (D) HeLa
cells grown on coverslips were synchronized, released, and treated at 5 h with 0 or 25 uM PD-184352. Cells were stained with DAPT at 7.5, 8.5,
10, and 11.5 h and scored by chromatin appearance as for panel B. At each time point and condition, the number of cells counted ranged between
1,300 and 2,900, averaging 2,100 cells. The 7.5- and 10-h time points are shown. (E) HeLa cells grown on coverslips were synchronized and released
into 0, 25, or 100 pM U-0126 or 25 pM PD-184352. Cells in mitosis were analyzed by indirect immunofluorescence with anti-a-tubulin,
anti-y-tubulin, and DAPI staining. Representative images of cells at all stages of mitosis are shown. (F) NIH 3T3 cells grown on coverslips were
synchronized and released into 0 or 100 wM U-0126, and retinal pigment epithelial cells (RPE) were treated with 0 or 100 uM U-0126 or 25 uM
PD-184352. Mitotic cells were analyzed by indirect immunofluorescence as for panel E with anti-B-tubulin, anti-y-tubulin, and DAPI staining.
(G) Centrosomes identified by anti-y-tubulin staining in NIH 3T3 cells as in panel F were counted at 6 and 7 h following release into 0 or 100 uM

U-0126. Numbers of cells with two, three, or more than three centrosomes are indicated.
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FIG. 7. Effect of U-0126 on cyclin B1 nuclear translocation. To monitor the timing of cyclin B1 nuclear translocation, cells treated with 25 or
100 pM U-0126 were analyzed at 7 h by indirect immunofluorescence with anti-cyclin B1, anti-pH 3, and DAPI staining. The pH 3-positive cells
in interphase or prophase prior to nuclear envelope breakdown were counted and scored for weak, moderate, or strong pH 3 reactivity (W, M,
or S, respectively, in pH 3 fluorescence images). Localization of cyclin B1 in cytoplasmic, nuclear, or both cytoplasmic and nuclear compartments
(C, N, or CN, respectively, in cyclin Bl images) is reported as percentages of pH 3-positive cells, counting 100 to 150 cells in each condition.

cyclin B1 nuclear localization correlating with the degree of pH
3 staining (Fig. 7). This indicates that cyclin B1 nuclear trans-
location was delayed in U-0126-treated cells to the same de-
gree as mitotic entry. Given that cyclin B1 expression levels
were unaffected by U-0126 (Fig. 5), the result reveals a re-
quirement for active ERK at or before cyclin B1 nuclear trans-
location.

To verify that the effects of U-0126 were due to inhibition of
ERK1/2, two approaches were used to test the effects of dom-
inant-negative ERK on the mitotic index. In the first set of
experiments, HeLa cells were synchronized in G,/S and trans-
fected with WT or dominant-negative (K52R) ERK2 during
release back into the cell cycle. Expression of recombinant
ERK2 was apparent after 8 h (Fig. 8A). Under these condi-
tions, cells were fixed onto coverslips and analyzed for mitotic
index by DAPI staining. Cells expressing dominant-negative

ERK?2 showed a significant reduction in mitosis that was most
evident in metaphase, compared to cells expressing WT ERK2
(Fig. 8B). Corresponding effects on cyclin B1 expression were
minimal (Fig. 8A).

In a second approach, cell cycle progression in ERK1-defi-
cient MEFs was examined (41). MEFs were synchronized in
G,/S with thymidine, released back into the cell cycle, and
transiently transfected with HA-tagged WT or K52R ERK2
during the first 4 h after release. After release for 8 h, cells
were fixed and stained to monitor recombinant ERK expres-
sion as well as pH 3 reactivity. Recombinant HA-ERK2
localized to nuclei in G, cells (Fig. 8C), consistent with previ-
ous reports of mitotic nuclear translocation of endogenous
ERKI1/2 (48, 60). Percentages of cells expressing HA-ERK2
that were also positive for pH 3 (example shown in Fig. 8C)
were then calculated to monitor mitotic index. MEFs trans-
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FIG. 8. Dominant-negative ERK2 delays mitotic progression. (A and B) HeLa cells were synchronized and transfected during the first 3 h of
release with WT or catalytically inactive (KR) ERK2 cDNA and harvested 0, 8, and 9 h after release. (A) Immunoblotting with the anti-ERK2
antibody shows slower gel migration of recombinant WT or KR ERK2 than of endogenous ERK2 (top). Little effect of KR versus WT ERK2 on
cyclin B1 levels is observed (middle). Equal protein loading is indicated by y-tubulin immunoreactivity (bottom). (B) Cells grown and transfected
in parallel on coverslips were stained 8 h after release with the anti-HA antibody and DAPI. Percentages of cells in prophase or metaphase after
transfection with WT or KR ERK?2 were determined based on chromatin appearance, counting 180 to 200 cells in each condition. Similar results
were obtained in two independent experiments. (C) ERK1~/~ MEFs were grown on coverslips, synchronized, and transfected during release. Cells
were analyzed 8 h after release by indirect immunofluorescence, probing for recombinant HA-ERK?2 (left), pH 3 reactivity (middle), and chromatin
staining (right). The appearance of DAPI staining shows an example of a mitotic cell in prophase. (D) MEFs expressing WT or KR ERK2 were
scored for positive reactivity with anti-pH 3 and expressed as the percentages of the total cells counted (30 to 50 cells in each condition). Two
independent experiments show significant suppression of mitotic cells expressing dominant-negative ERK2.
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fected with K52R ERK?2 showed significantly lower pH 3 re-
activity than cells transfected with WT ERK2 (Fig. 8D), cor-
roborating the requirement for ERK signaling during
progression into mitosis.

PI3K signaling promotes G,/M progression and mitotic en-
try. Recent studies indicate that MKK/ERK and PI3K path-
ways function in early and late phases of G, respectively, to
control entry into DNA replication (27), revealing distinct cell
cycle timing requirements for each pathway during the G,/S
transition. This prompted us to examine the regulation and
influence of PI3K-dependent pathways in S and G,/M, in order
to compare them to the cell cycle dependence on the MKK/
ERK pathway. NIH 3T3 cells were synchronized in G,/S and
released back into the cell cycle for various times, and activa-
tion of PI3K signaling was assayed by monitoring the phos-
phorylation state of downstream kinases Akt and p70 S6 ki-
nase. Enhanced phosphorylation of both Akt and p70 S6
kinase was observed within 30 min of release (Fig. 9A), similar
to the kinetics of ERK activation. Phosphorylation was also
enhanced during the second cell cycle following release from
thymidine arrest, indicating that Akt activation during S/G,/M
is not an artifact of serum refeeding (Fig. 9B).

We next addressed the serum dependence of Akt phosphor-
ylation (Fig. 9B and C). Significant attenuation of phosphory-
lated Akt was observed in HeLa cells switched into media
containing 0% FBS at 0 or 18.5 h after release from thymidine
block, as well as in NIH 3T3 cells switched at O h after release.
The serum requirement of pAkt in HeLa cells contrasts with
the serum independence of ppERK, indicating that the two
pathways are regulated by distinct mechanisms.

To examine the requirement for signaling during cell cycle
progression, PI3K inhibitors wortmannin and L'Y-294002 (40,
54) were added to cells at the time of release from arrest.
LY-294002 effectively blocked Akt and p70 S6 kinase phos-
phorylation, whereas wortmannin had little effect (Fig. 9A).
Likewise, LY-294002 but not wortmannin delayed S-phase exit
and G,/M entry by as much as 4 h, as measured by flow
cytometry analysis of DNA content (Fig. 10A). LY-294002 also
suppressed cyclin B1 expression and cdc2 histone kinase acti-
vation in NIH 3T3 cells (Fig. 9 and 10B). The effect of the
PI3K inhibitor on G,/M progression was tested in synchro-
nized HeLa cells, where treatment with L'Y-294002 also sup-
pressed cdc2 activation and cyclin B1 expression (Fig. 10C and
D). Together the data reveal a novel function for PI3K in
promoting cyclin B1 synthesis or stabilization and facilitating
cell cycle progression at the onset of mitosis.

Enhanced apoptosis in response to LY-294002 was also ob-
served by flow cytometry of NIH 3T3 cells synchronized and
released into DMEM-10% FBS (Fig. 10E) or by PARP cleav-
age in HeLa cells (Fig. 10F). This indicates a second function
for the PI3K pathway in promoting cell survival during mitosis,
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although the numbers of apoptotic cells were too low to ac-
count for the cell cycle delay.

LY-294002 inhibits other members of the PI3K gene family;
therefore the effects of expressing dominant-negative Akt were
examined in order to confirm the involvement of PI3K in G,/M
progression. HeLa cells were synchronized in G,/S, transiently
transfected with WT or catalytically inactive (K179M) Akt1 for
3 h, and harvested at the indicated times (Fig. 11) after release.
Immunoblotting revealed a 40% reduction in cyclin B1 expres-
sion in cells transfected with inactive Aktl compared to WT
Aktl (Fig. 11A). Under these conditions, the transient-trans-
fection efficiency was 30%, suggesting that cyclin B1 is strongly
reduced in cells expressing dominant-negative Akt. Similarly,
cells that were first transfected with inactive Aktl, followed by
cell synchronization and release, showed significant inhibition
of cyclin B1 expression during G,/M compared to cells trans-
fected in parallel with WT Akt1 (Fig. 11B). The results support
a novel role for both PI3K and Akt in promoting G,/M pro-
gression at the level of cyclin B1.

Finally, the potential influence of PI3K inhibitors on ERK
activation during S/G,/M was examined to screen for potential
interrelationships between the pathways. Neither LY-294002
nor wortmannin significantly affected the phosphorylation of
ERK1/2 or MKK1/2 (Fig. 9A), indicating that ERK activation
is not controlled by PI3K signaling. However, LY-294002
blocked proteolytic processing of MKK1/2, which correlates
strongly with mitotic entry (Fig. 9A), consistent with the cor-
responding delay in cdc2 activation. Similarly, inhibition of
MKK1/2 by U-0126 had no effect on the phosphorylation of
Akt or p70 S6 kinase in synchronized cells (data not shown).
Thus, ERK and PI3K pathways are both activated during G,/M
but function independently, with temporal requirements be-
fore the onset of mitosis and an additional requirement for
ERK during metaphase-anaphase progression.

DISCUSSION

This study provides novel insight into the regulation and
function of ERK and PI3K signaling pathways during S/G,/M
in somatic mammalian cells. Whereas previous reports showed
that ERK is active during prophase (48, 60), we now demon-
strate that the initial activation of both ERK and PI3K occurs
in S phase. The rapid responses to cell-permeable inhibitors
indicate that each pathway is continuously activated through
the end of mitosis. Thus both pathways, which play critical
roles during G4, also function well after the restriction point in
somatic cells.

The serum dependence of ERK activation in NIH 3T3 cells
suggests that the mechanism(s) regulating this pathway is nor-
mally growth factor regulated, whereas serum independence in
HeLa cells could reflect autocrine or cell-autonomous mecha-

FIG. 9. Enhancement of PI3K signaling during S/G,/M and suppression by a PI3K inhibitor. (A) NIH 3T3 cells were synchronized and released
into DMEM-10% FBS in the presence of DMSO (0.1% [vol/vol]), wortmannin (200 nM), or LY-294002 (25 wM) added at 0 h. Cells were
harvested at the indicated times, and clarified lysates were analyzed by immunoblotting for activating phosphorylation of Akt, p70 S6 kinase, ERK,
and MKK. Decreased signaling to Akt and p70 S6 kinase was observed in cells treated with L'Y-294002 in a manner that correlated with decreased
cyclin B1 protein. Loading controls are shown by y-tubulin staining. Similar results were obtained in two or three separate experiments. (B) HeLa
cells were switched into DMEM-10% FBS or DMEM-0% FBS at 0 (top) or 18.5 h (bottom) after release, harvested at the indicated times, and
analyzed by immunoblotting for pS473-Akt and Akt. (C) NIH 3T3 cells were switched into DMEM-10% FBS or DMEM-0% FBS at 0 h after

release, harvested, and analyzed by immunoblotting as in panel B.
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FIG. 10. Inhibition of PI3K suppresses cdc2 activation and cyclin Bl induction. NIH 3T3 (A, B, and E) and HeLa (C, D, and F) cells were
synchronized and released into DMEM-10% FBS in the presence of DMSO (0.1% [vol/vol]), wortmannin (200 nM), or LY-294002 (25 pM) added
at 0 h. (A) NIH 3T3 cells were harvested at the indicated times, followed by flow cytometry after release into DMSO (diamonds), wortmannin
(squares), or LY-294002 (triangles). Cells in G, (2N), S, and G,/M (4N) were quantified by curve-fitting FACScan profiles and reported as
percentages of total cells. LY-294002 caused a significant delay in S phase exit and G,/M entry, correlating with inhibition of PI3K signaling. (B
and C) NIH 3T3 (B) and HeLa (C) cells were harvested after release into DMSO (diamonds) or LY-294002 (squares). Histone H1 kinase activity
measured following cdc2 immunoprecipitation from lysates show suppression of kinase activation by LY-294002. (D) HeLa cells were synchronized
and released into DMSO or LY-294002, and lysates were analyzed by immunoblotting. LY-294002 causes a significant reduction in cyclin Bl
expression, as observed in NIH 3T3 cells (Fig. 8). (E) NIH 3T3 cells released into DMSO or LY-294002 and analyzed by flow cytometry show
increased apoptotic-cell populations (fluorescence intensity less than 2N) in the presence of a PI3K inhibitor. (F) HeLa cells synchronized and

released into L'Y-294002 also show enhanced cleavage of PARP.

nisms. Potential upstream effectors of MKK and ERK include
Src family tyrosine kinases and protein tyrosine phosphatase-a,
which reportedly function in mitotic Raf activation (32, 43, 45,
61, 62). In addition, Ras signaling in G,, which has been pro-
posed to facilitate cyclin D1 induction (22, 23), may also be
relevant to MKK/ERK pathway activation and function during
G,/M.

When ERK phosphorylation or PI3K signaling was inhibited
with cell-permeable inhibitors, synchronized cells responded

by delayed cell cycle progression, effects that were corrobo-
rated by expressing dominant-negative ERK and Akt mutants,
respectively. However, whereas inhibition of the MKK/ERK
pathway delayed mitotic entry and progression in late mitosis
with little effect on cyclin Bl expression or cdc2 activation,
inhibition of the PI3K/Akt pathway blocked mitotic onset, sup-
pressing cyclin B1 induction and cdc2 activation. The findings
demonstrate that somatic mammalian cells have very distinct
temporal requirements for signal transduction pathways in mi-
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FIG. 11. Dominant-negative Aktl suppresses cyclin Bl expression.
(A) HeLa cells were synchronized and transfected during the first 3 h
of release with WT or catalytically inactive (K179M) Akt and har-
vested 5 to 8 h after release. Immunoblotting with the cyclin Bl
antibody shows reduced expression in cells expressing the Akt K179M
mutant compared to that in cells expressing WT Akt (top). The trans-
fection efficiency under these conditions was approximately 30%.
Equal protein loading is indicated by ERK2 immunoreactivity (bot-
tom). (B) The Akt K179M mutant also suppresses cyclin B1 expression
when Hela cells are first transfected with Akt for 16 h, followed by cell
synchronization by double-thymidine arrest and release for 2 to 10 h.

tosis, utilizing PI3K signaling to facilitate M phase entry and
MKK/ERK signaling to facilitate M phase exit to G;.

Our initial expectation was that inhibiting the MKK/ERK
pathway would substantially retard mitotic entry based on re-
sponses in Xenopus meiotic M phase showing inhibition of
progesterone- or Mos-induced maturation and cdc2 activation
following injection of neutralizing anti-MKKI1 antibodies,
dominant-negative MKK1, MKP1, or PD-98059 (11, 24, 30).
Similarly, a report concerning NIH 3T3 cells showed a sub-
stantial delay in cdc2 activation after treatment with PD-98059
and a smaller but significant delay after expressing dominant-
negative MKK1 (59). However, recent findings have raised
questions about the requirement for ERK signaling in meiotic
M phase. In Xenopus oocytes, inhibition of MKK1/2 by U-0126
does not affect progesterone-induced cdc2 and cyclin B acti-
vation or meiosis I, whereas dominant-negative Xenopus polo
kinase (PIx1) inhibits both events (20). Thus, the MKK/ERK
pathway appears to be sufficient but not necessary for entry
into meiosis I, when PIx1 is active toward cdc25. Likewise, the
pronounced effect of PD-98059 on mitotic entry is likely non-
specific. Taken together, we conclude that the MKK/ERK
pathway is not necessary for cdc2 activation during somatic-cell
mitosis, although it facilitates mitotic entry at the level of cyclin
B1 nuclear translocation. It will be informative to examine the
effects of U-0126 on phosphorylation events that regulate cy-
clin Bl import and export.

Candidate mitotic targets for ERK include the hSWI/SNF
chromatin-remodeling complex, which is phosphorylated and
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inactivated by ERK (51), and Mytl, a cdc2-inhibitory tyrosine
kinase which is phosphorylated and inactivated by pp90-Rsk
(42). A role for MKKI1 in Golgi dispersion during mitosis has
also been suggested (2, 10, 25, 28). Earlier studies also re-
ported that ERK depolymerizes interphase microtubules and
forms mitotic microtubules in Xenopus cell extracts (19). In
three cell lines tested, suppressing ERK with U-0126 does not
noticeably perturb early mitotic events such as centrosome
duplication and mitotic spindle assembly (Fig. 6E to G). These
preliminary findings do not exclude regulatory mechanisms in
early G,/M but suggest that the requirements, if any, are sub-
tle.

In Xenopus cycling egg extracts, ERK activation promotes
spindle checkpoint arrest (36, 52), observed in the presence of
nocodazole and high levels of sperm nuclei. Inhibiting ERK by
adding MKP1 or PD-98059 or by immunodepleting MKK or
ERK interrupts the checkpoint mechanism, causing degrada-
tion of cyclin B, release from arrest, and premature exit from
mitosis, while adding Mos, MKK, or ERK to extracts sustains
the mitotic state even in conditions under which cdc2 is inac-
tivated (9, 11, 21, 36, 52). Furthermore, active ERK localizes to
kinetochores in mammalian cells and its activity is stabilized by
nocodazole and reduced upon anaphase entry (48, 60). We
have found that potential substrates for ERK are kinetochore
antigens recognized by the 3F3/2 monoclonal antibody, whose
phosphorylation state is linked to microtubule attachment and
tension at kinetochores (12, 48). Another potential substrate is
the centromeric motor protein, CENP-E, which is involved in
chromosome congression and which is directly phosphorylated
by ERK (58, 60). Thus, ERK may function to provide an early
sensory signal for improper microtubule-kinetochore attach-
ment, which sustains spindle checkpoint activation.

It was therefore unexpected to observe enrichment of meta-
phase cells in response to U-0126, revealing that, in HeLa cells,
the MKK/ERK pathway facilitates exit from metaphase. This
appears to contradict a role for this pathway in promoting
checkpoint activation but may be explained by the observation
that, although U-0126 in our experiments eliminates most of
the phosphorylated ERK in mitotic cells, it does not reduce the
small pool of phosphorylated ERK associated with kineto-
chores (P. Shapiro, E. Roberts, and N. Ahn, unpublished data).
This indicates that the soluble pool of active ERK turns over
more rapidly than the kinetochore-bound pool and suggests
that multiple events are controlled by the MKK/ERK pathway
in late mitosis. We speculate that mitotic functions vary de-
pending on kinase localization; for example, kinetochore-
bound ppERK may be stably phosphorylated and may promote
spindle checkpoint activation until microtubule attachment,
whereas cytoplasmic ppERK may rapidly cycle between phos-
phorylated and unphosphorylated forms and promote events
that facilitate exit from mitosis.

The observed suppression of cdc2 activation by PI3K inhib-
itors and dominant-negative Akt could be accounted for by the
block in cyclin B1 protein induction. This was also unexpected,
given evidence for yeast that cyclin B transcription is enhanced
by forkhead, which in mammalian systems is under negative
control by PI3K. However, alternative mechanisms for regu-
lating cyclin B stability by PI3K may exist. In HeLa and other
mammalian cells, PI3K transcriptionally represses CDK inhib-
itor p27 via phosphorylation and nuclear exclusion of forkhead
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transcription factors; consequently, PI3K inhibitors such as
LY-294002 induce expression of p27 (14, 18). Previous studies
have also shown that inactivation of E2F or cdk2-cyclin A in
mid-S phase elevates cyclin B1 ubiquitination and degradation
by derepressing the association between the anaphase-promot-
ing complex (APC) and its substrate recognition subunit, Cdh1
(35), implying that cyclin A and cdk2 activation in mid-S phase
is needed for buildup of the cyclin Bl protein in G,. Our
findings may be explained by a model in which inhibition of
PI3K by LY-294002 or dominant-negative Akt enhances p27
synthesis and inactivates cyclin A and cdk2, leading to desta-
bilization of the cyclin B1 protein. While our manuscript was
under review, Shtivelman et al. (50) reported results similar to
ours with respect to PI3K/Akt pathway activation during G,/M
and suppression of mitotic progression by LY-294002 and also
found that LY294002 causes Chk1 activation in the absence of
DNA damage. Together, our two studies indicate that PI3K/
Akt signaling is needed at two points during S/G,/M, during
induction of cyclin Bl and repression of Chkl.

It is instructive to compare our results with a recent report
showing that expression of constitutively active PI3K (p110-
CAAX) in NIH 3T3 cells increases the proportion of cells in
telophase and impairs cytokinesis following release from Col-
cemid but has little effect on mitotic entry (6). The effect
involves repression of forkhead, because the cytokinesis defect
is bypassed by an Akt-insensitive FKHRL1 mutant, and tran-
scriptionally inactive forkhead mutant ADBAFX mimics the
effect of p110-CAAX. Although forkhead promotes transcrip-
tion of mitotic cyclins in mammalian cells as it does in yeast,
the repression of cyclin B transcription by p110-CAAX is not
sufficient to completely downregulate cyclin B protein in G,.
This is consistent with the phenotype of S. cerevisiae fkh2A and
fkh1Afkh2A mutant strains, which show defects in spindle for-
mation and cell separation but which do not arrest in G, (44).
The mechanism for the cytokinesis defect is instead attributed
to interference with cyclin B degradation during Colcemid
release, possibly due to downregulation of Plk1, another tran-
scriptional target of forkhead, which facilitates APC-mediated
ubiquitination of cyclin B. Thus, mechanisms for transcrip-
tional regulation of cyclin B by PI3K may not be as important
as mechanisms for regulating protein stability after the restric-
tion point.

Taken together, results from this study indicate that PI3K
signaling, like MKK/ERK signaling, both positively and nega-
tively affects mitotic progression. On one hand, suppressing
PI3K signaling with LY-294002 or dominant-negative Akt re-
presses mitotic entry. On the other hand, constitutive PI3K
signaling disrupts cytokinesis by repressing forkhead and
downregulating cyclin B and PIk1, but not enough to block
mitotic entry (6). Both the loss of cyclin Bl expression by
inhibiting PI3K before entry into mitosis and the loss of cyclin
B1 degradation by activating PI3K during mitotic exit are con-
sistent with a mitotic role for PI3K in suppressing APC activity.
We speculate that the timing and/or localization of PI3K sig-
naling during G, may be critical for regulating distinct mitotic
events. Alternatively, signal transduction thresholds may be
important, in which PI3K signaling must remain below a high
threshold to enable transcription of mitotic regulators but must
remain above a lower threshold to repress p27 and enable
mitotic entry.
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