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The serine/threonine kinase Akt is known to promote cell growth by regulating the cell cycle in G, phase
through activation of cyclin/Cdk kinases and inactivation of Cdk inhibitors. However, how the G,/M phase is
regulated by Akt remains unclear. Here, we show that Akt counteracts the function of WEE1Hu. Inactivation
of Akt by chemotherapeutic drugs or the phosphatidylinositide-3-OH kinase inhibitor LY294002 induced G,/M
arrest together with the inhibitory phosphorylation of Cdc2. Because the increased Cdc2 phosphorylation was
completely suppressed by weelhu gene silencing, WEE1Hu was associated with G,/M arrest induced by Akt
inactivation. Further analyses revealed that Akt directly bound to and phosphorylated WEE1Hu during the S
to G, phase. Serine-642 was identified as an Akt-dependent phosphorylation site. WEE1Hu kinase activity was
not affected by serine-642 phosphorylation. We revealed that serine-642 phosphorylation promoted cytoplasmic
localization of WEE1Hu. The nuclear-to-cytoplasmic translocation was mediated by phosphorylation-depen-
dent WEE1Hu binding to 14-3-30 but not 14-3-33 or -o. These results indicate that Akt promotes G,/M cell
cycle progression by inducing phosphorylation-dependent 14-3-30 binding and cytoplasmic localization of

WEE1Hu.

Many growth factors transduce signals to promote cell sur-
vival and proliferation. The characterization of the survival signals
stimulated by growth factors has revealed that phosphatidyli-
nositide-3-OH kinase (PI3K) and Ras are involved in cell sur-
vival and cell proliferation (14). Stimulation with growth factors
activates PI3K on the plasma membrane, and then PI3K gen-
erates the putative second messenger phosphatidylinositol-
3,4,5-triphosphate [PtdIns(3,4,5)P;]. The major targets of
PtdIns(3,4,5)P; are pleckstrin (PH) and phox (PX) homology—
containing proteins (11, 14, 45). One target of PtdIns(3,4,5)P;
is 3-phosphoinositide-dependent kinase 1 (PDK1) containing
the PH domain in the COOH terminus; another target is
serine/threonine kinase Akt (also known as protein kinase B
and RAC protein kinase) containing the PH domain in the
NH, terminus (45). Thus, PtdIns(3,4,5)P; leads to the recruit-
ment of PDK1 and Akt to the plasma membrane, and Akt is
converted from an inactive to an active form by phosphoryla-
tion on Thr**®, in a region termed the T loop, by PDKI.
Furthermore, Akt is phosphorylated on Ser*”? in a region
termed the hydrophobic motif (45). The kinase responsible for
phosphorylation of Akt on Ser*’? was called PDK2. Several
investigators suggest that PDK2 is Akt itself, integlin-linked
kinase (ILK), or PDK1 bound to a COOH-terminal 77-amino-
acid fragment of protein kinase C-related kinase 2 (PRK2) (2,
6, 43). Recently, DNA-dependent protein kinase (DNA-PK)
was identified as a Ser*’? kinase candidate (13). Then, fully
activated Akt transduces many biological responses, including
glucose uptake, protein synthesis, apoptosis inhibition, and cell
cycle progression.
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Eukaryotic cell cycle progression is promoted by the activity
of phase-specific kinase complexes composed of cyclins and
cyclin-dependent kinases (Cdks). The onset of mitosis is con-
trolled by activation of the complex composed of B-type cyclin
and cell division cycle 2 (Cdc2). Regulatory control over Cdc2
is highly conserved in eukaryotic evolution, with its activity
being regulated at two levels (10). First, Cdc2 is inactive as a
monomer and must bind a cyclin B at the G,/M transition.
Second, there is a series of reversible phosphorylations that
control the activity of the Cdc2/cyclin B complex. Phosphory-
lation of Cdc2 on Thr!®* by Cdk-activating kinase (CAK) is
essential for Cdc2 kinase activity (7). This phosphorylation
stabilizes the kinase in the active conformation (7). On the
other hand, Cdc2 is subject to inhibitory phosphorylation,
which is located in the ATP-binding domain of the kinase. The
inhibitory phosphorylation is catalyzed by WEEIHu (also
known as WeelA, a member of Weel family) and Mytl (an-
other member of the Weel family) kinases.

In mammalian cells, Cdc2-inhibitory phosphorylations are
catalyzed by WEE1Hu on Tyr'® of Cdc2 and Myt1 and on both
Thr'* and Tyr'® of Cdc2 (20, 29, 49). At the G,/M transition,
inhibitory phosphorylation on Cdc2 is dephosphorylated by the
Cdc25C phosphatase, which leads to an abrupt activation of
Cdc2 (18, 25, 42). Thus, the activity of WEE1Hu exceeds that
of Cdc25C in G, phase, and therefore, their regulation is
crucial for the G,/M transition. Once initially activated, the
Cdc2/cyclin B complex is further activated through feedback
loops with Cdc25C or WEE1Hu. However, it is unknown how
the dominance between the activities of the WEE1Hu and
Cdc25C is initially reversed to activate Cdc2/cyclin B at entry
into M phase.

Akt is suggested to function as a G,/M initiator. Akt activa-
tion by overexpression of a constitutively active form or by the
loss of PTEN (phosphatase and fensin homologue deleted in
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chromosome 10) could overcome the G,/M arrest that was
induced by gamma irradiation (22). In addition, PTEN null
embryonic stem (ES) cells were reported to transit faster from
the G,/M to the G, phase of the cell cycle than wild-type ES
cells, and L'Y294002, an inhibitor of PI3K, elicited G,/M arrest
in human embryonic kidney (HEK) 293 cells (22). Although
these results suggest that the PI3K-Akt signaling pathway
strongly promotes G,/M transition in a mammalian cell cycle
progression, the direct relationship between the PI3K-Akt sig-
naling pathway and regulation of the G,/M transition is not
fully understood. However, in primary oocytes from the star-
fish Asterina pectinifera, Akt was reported to inhibit Mytl
through Akt-dependent phosphorylation and down-regulation
at the G,/M transition (31). As a result, Akt indirectly causes
the activation of Cdc2 and promotes the cell cycle progression
at the G,/M transition. These findings suggest the possibility
that the PI3K-Akt signaling pathway functions as an M-phase
initiator in mammals.

Here, we show that, in mammalian cells, Akt promotes cell
cycle progression at the G,/M transition through WEE1Hu
inactivation. Chemotherapeutic drugs such as etoposide, cis-
platin, and 17-allylamino-17-demethoxygeldanamycin were re-
ported to down-regulate Akt kinase activity and induce S or
G,/M arrest (1, 8, 12, 15, 30, 36, 39, 44). We found that these
arrests were caused by the increase in phosphorylated Cdc2 on
Tyr'. In addition, L'Y294002 increased the Tyr'>-phosphory-
lated Cdc2 level and increased the population of the G,/M
fraction. Because WEE1Hu tyrosine kinase is known to phos-
phorylate Cdc2 on Tyr'® (49), we hypothesized that Akt regu-
lates WEE1Hu kinase activity. We discovered that Akt directly
bound to the middle range of WEE1Hu and phosphorylated at
Ser®*? residue in its COOH-terminal catalytic domain during
late S to G, phase. The Ser®*? phosphorylation on WEE1Hu
could associate with 14-3-36 but not with 14-3-38 or -o. Fur-
ther analyses revealed that Akt accelerated the cytoplasmic
localization of WEE1Hu by associating with 14-3-36 and that
the expression of Akt together with 14-3-36 abolished the
WEE1Hu-induced G,/M arrest. Thus, we identified Akt as an
M-phase initiator through the mechanisms of phosphorylation-
dependent 14-3-36 binding to WEE1Hu and cytoplasmic lo-
calization.

MATERIALS AND METHODS

Cell culture conditions and reagents. Human embryonic kidney 293T and
human fibrosarcoma HT1080 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum. Human cervical cancer
HeLa cells were cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum. Etoposide (VP-16) and cisplatin (cDDP) were kindly provided by
Bristol-Myers Squibb Co., Ltd. (Tokyo, Japan). LY294002 were purchased from
Sigma (St. Louis, MO). 17-Allylamino-17-demethoxygeldanamycin (17-AAG)
and aphidicolin were purchased from Alomone Labs (Jerusalem, Israel) and
Calbiochem (La Jolla, CA), respectively. Inactive and active Akt proteins were
purchased from Upstate Biotechnology (Lake Placid, NY).

Plasmids. Human wild-type and dominant-negative (AAA, K179A/T308A/
S473A) akt]l cDNAs in a pFLAG-CMV-2 vector (Sigma) or a pHM6 vector
(Roche Molecular Biochemicals, Mannheim, Germany), wild-type and phos-
phatase-inactive (C124S) PTEN in a pFLAG-CMV-2 vector, /4-3-30 in a
pFLAG-CMV-2 vector or a pHM6 vector, and aggrus (also known as podoplanin
or T1a) in a pcDNA3 vector were established in our laboratory (15-17, 24). The
NH,-terminal myristoylated (Myr) active mouse aktl cDNA in a pUSEamp
vector was purchased from Upstate Biotechnology, and a pEGFP-C2 vector was
purchased from BD Biosciences Clontech (Palo Alto, CA).

The NH,-terminally deleted weelhu cDNA (AN214, amino acids 215 to 646)

MoL. CELL. BIOL.

in a pFLAG-CMV-2 vector was generated by PCR with a RIKEN DNA Bank
clone (clone 1204; RIKEN, Tsukuba, Japan) as the template. The sense and
antisense primers used for the PCR were 5'-TGGATACAGAAAAATCAGGA
AAAAGGG-3' and 5'-GGAGGTGGGAAAGGAGTAGCTC-3', respectively.
The A1-364 (AN364-WEE1Hu, amino acids 365 to 646) and A1-559 (AN559-
WEE1Hu, amino acids 560 to 646) deletion mutants of weelhu cDNA were
generated by PCR with AN214-weelhu cDNA as the template. The PCR prod-
ucts were ligated to a pCRII vector (Invitrogen, San Diego, CA). AN214-,
AN364-, and AN559-weelhu in a pCRII vector were digested with EcoRI and
cloned into the EcoRlI site of a pFLAG-CMV-2 vector.

Substitution of Arg*'? or Arg®!! for stop codons in AN214-WEE1Hu to gen-
erate the COOH-terminal deletion mutants (412STOP-WEE1Hu and 611STOP-
WEE1Hu, respectively) was accomplished by converting the appropriate codons
to the stop codon TGA. Substitution of Tyr?*®, Tyr*¢2, Thr?>’, Thr®%°, Ser®%?,
Thr?4, Ser®°, Ser®?, or Thr®** with Ala in a pFLAG-CMV-2-AN214-weelhu
was accomplished using a QuickChange mutagenesis kit (Stratagene, La Jolla,
CA). Full-length wild-type human weelhu cDNA in a pFLAG-CMV-2 vector was
generated by PCR with an LM.A.G.E clone (clone 6147695; Invitrogen) as the
template (27, 41). The sense and antisense primers used for the PCR were
5'-CGGAATTCGATCAGCTTCCTGAGCCGACA-3" and 5'-CGGAATTCC
GGGAGGTGGGAAAGGAGTAG-3', respectively. The PCR-amplified wild-
type weelhu was digested with EcoRI and cloned into the EcoRI site of a
pFLAG-CMV-2 vector. All plasmid DNAs for transfection were purified using a
QIAGEN plasmid maxi kit according to the manufacturer’s protocol (QIAGEN,
Chatsworth, CA).

Transient transfection, immunoprecipitation, and Western blot analysis.
Cells were transfected with appropriate plasmids using Superfect transfection
reagent (QIAGEN) or Lipofect AMINE 2000 reagent (Gibco Laboratories,
Grand Island, NY), according to the manufacturer’s instructions. Immunopre-
cipitation and Western blot analyses were performed as described previously (15,
36, 40). The whole-cell lysates were prepared using lysis buffer containing sodium
dodecyl sulfate (SDS) (1% SDS, 10% glycerol, and 100 mM Tris-Cl [pH 7.6]). In
some experiments, nuclear and cytoplasmic fractions were separated using an
NE-PER extraction kit according to the manufacturer’s instruction (Pierce,
Rockford, IL).

For immunoprecipitation, we used antibodies to Weel (C-20), Akt (C-20), or
14-3-36 (C-17) (Santa Cruz Biotechnology, Santa Cruz, CA) or antibody to the
FLAG tag (clone M2) (Sigma). For Western blot analysis, we used the following:
antibodies to phospho-Cdc2 (Tyr'), Akt, phospho-Akt (Ser*”?), or phospho-
(Ser/Thr) Akt substrate (Cell Signaling Technology, Beverly, MA); antibodies to
Weel (B-11), Cdc2 (clone 17), 14-3-33 (A-6), 14-3-36 (C-17), or 14-3-3¢ (C-18)
(Santa Cruz Biotechnology); an antibody to cyclin A (Neo Markers); antibodies
to cyclin B1 or DNA topoisomerase IIB (TopolIf; Pharmingen, San Diego, CA);
an antibody to the hemagglutinin (HA) tag (clone 3F10; Roche Molecular
Biochemicals); and antibodies to the FLAG tag (clone M2) or B-actin (Sigma).
Subsequently, membranes were washed and incubated with horseradish peroxi-
dase-conjugated secondary antibody. After washing several times, the mem-
branes were developed with an enhanced chemiluminescence (ECL) system
according to the manufacturer’s instructions (Amersham Biosciences, Bucking-
hamshire, United Kingdom).

Small interfering RNA design and transfection. Three small interfering RNAs
(siRNAs) were designed from the human weelhu sequence (WEE1Hu-1~3).
The coding strands of the siRNAs were GGACAGUGUCGUCGUAGAA
(WEE1Hu-1; directed to residues 745 to 763; 3'-dTdG overhang), ACAAGAC
CUGCUAAGAGAA (WEE1Hu-2; directed to residues 832 to 850; 3'-dTdT
overhang), and GGUGAUCUUGGGCAUGUAA (WEE1Hu-3; directed to res-
idues 1384 to 1402; 3'-dTdA overhang). Although each siRNA suppressed hu-
man WEE1Hu expression in 293T and HeLa cells, WEE1Hu-3 siRNA showed
nonspecific cytotoxicity. Thus, we used WEE1Hu-1 and -2 siRNAs for further
analysis. Nonsilencing control siRNA was purchased from QIAGEN. Cells were
transfected with siRNAs using the Lipofect AMINE 2000 reagent, according to
the manufacturer’s instructions.

Measurement of Akt and Cdc2 kinase activities. 293T and HeLa cells were
treated with VP-16, cDDP, or 17-AAG for 6 h. The cells were solubilized with
lysis buffer (0.2% NP-40, 10% glycerol, 137 mM sodium chloride, 20 mM Tris-
HCI [pH 7.6], 1.5 mM magnesium chloride, 1 mM EDTA, 50 mM sodium
fluoride, 1 mM sodium vanadate, 12 mM B-glycerophosphate, 1 mM phenyl-
methylsulfonyl fluoride, and 1 mM aprotinin) for an Akt kinase assay. For a Cdc2
kinase assay, nuclear extracts were prepared with an NE-PER extraction kit and
diluted with lysis buffer. Cell lysates were reacted with protein G-Sepharose that
had been conjugated with an anti-Akt antibody (C-20) or an anti-Cdc2 antibody
(clone 17). The beads were washed three times with lysis buffer. Cdc2 or Akt
kinase activity was estimated with an Akt kinase assay kit or a cdkl1/cdc2 kinase
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assay kit (Upstate Biotechnology), respectively, in accordance with the manu-
facturer’s instructions.

In vitro phosphorylation of WEE1Hu. 293T cells were transfected with the
pFLAG-CMV-2 vector alone or encoding wild-type WEE1Hu. After transfec-
tion for 24 h, transfectants were harvested and lysed with lysis buffer for immu-
noprecipitation, as described previously (40). After immunoprecipitation with
anti-FLAG M2-agarose, the proteins were incubated with recombinant inactive
Akt (500 ng) or active Akt (500 ng) in 40 pl of kinase reaction buffer (20 mM
morpholinepropanesulfonic acid [MOPS], 25 mM B-glycerophosphate, 5 mM
EGTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 112.5 uM ATP, and
17 mM magnesium chloride) for 30 min at 30°C, in the presence of 15 nCi
[y->?P]ATP. The levels of incorporated radioactivity were visualized and quan-
tified using a BAS1000 Bio-Imaging analyzer (Fuji Film, Tokyo, Japan).

Cell synchronization assay. 293T cells were transfected with AN214- or
AN214/S642A-weelhu cDNA. After transfection for 24 h, the cells were treated
with complete growth medium containing 1 pg/ml of aphidicolin for 24 h to block
at early S phase (5, 21). To release the block, cells were rinsed with phosphate-
buffered saline (PBS) and then changed to complete growth medium. The cells
were harvested at 0 h or every 2 h from 4 h after the release. For flow cytometric
analysis, one third of the cells were fixed with 70% ethanol for 30 min at 4°C,
incubated with 1 mg/ml of RNase for 30 min at 37°C, and then stained with 50
pg/ml of propidium iodide for 30 min at 4°C. Others were analyzed by immu-
noprecipitation, following Western blot, as described above.

Immunostaining. HeLa cells were cotransfected with the pEGFP-C2 empty
vector and the pUSEamp vector alone or encoding Myr-Akt together with the
pHMBG6 vector alone or encoding 14-3-36. After transfection for 24 h, cells were
washed and fixed with 4% paraformaldehyde containing 0.2% Triton X-100 for
10 min at 23°C. The cells were then washed with ice-cold PBS and blocked with
10% bovine serum albumin for 1 h at 23°C. After blocking, we incubated the cells
with an anti-Weel mouse monoclonal antibody (1:100 dilution; Santa Cruz
Biotechnology) for 1 h at 23°C. Then, the cells were washed with PBS and
incubated with an Alexa Fluor 568 goat anti-mouse antibody (1:1,000 dilution;
Molecular Probes, Eugene, OR) and Hoechst 33342 (Hoechst Japan, Tokyo,
Japan). The cells were washed and then visualized using a fluorescence micro-
scope (Olympus IX-70; Olympus, Tokyo, Japan) equipped with a charge-coupled
device camera. We counted approximately 100 green fluorescent protein (GFP)-
positive cells in the samples.

Flow cytometric analysis of transfected cells. 293T cells were cotransfected
with the pFLAG-CMV-2 vector, either empty (mock) or encoding wild-type
WEE1Hu, or the pUSEamp vector, empty (mock) or encoding Myr-Akt, and the
pHMBG6 vector, empty (mock) or encoding 14-3-36, together with the pcDNA3
vector encoding wild-type Aggrus as a cell surface marker. After transfection for
48 h, the cells were harvested and fixed with 70% ice-cold ethanol for 30 min at
4°C. The cells were washed with PBS and then incubated with a rat monoclonal
anti-Aggrus primary antibody (clone 8F11), a fluorescein isothiocyanate-conju-
gated anti-rat secondary antibody, and propidium iodide, as described previously
(23, 24). Analyses were performed using a Cytomics 500 flow cytometer (Beck-
man Coulter, Miami, FL) with a Cytomics RXP and MultiCycler software. To
analyze the transfectants, we set the gate for fluorescein isothiocyanate-positive
cells as described previously (23).

RESULTS

Relationship between Akt inactivation and G,/M arrest.
Some anticancer drugs have been reported to induce S or
G,/M arrest and decrease the kinase activity of Akt in certain
human cancer cell lines (1, 8, 12, 15, 30, 36, 39, 44). The PI3K
inhibitor L'Y294002 was also reported to cause G,/M arrest in
HEK 293 cells (22). These findings indicate the possibility that
PI3K-Akt signaling positively regulates the cell cycle on the
G,/M boundary. However, the detailed mechanisms of the
relationship between the PI3K-Akt signaling pathway and reg-
ulation of the G,/M transition were poorly understood.

In order to clarify these relationships, we first checked an-
ticancer drug-induced S or G,/M arrest and Akt inactivation in
293T and Hela cells. VP-16, cDDP, and 17-AAG increased
the population of the S and G,/M fraction in both cell lines
except when HeLa cells were treated with cDDP (Fig. 1A).
Although ¢cDDP did not induce S or G,/M arrest within 24 h in
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HeLa cells, it did increase the population in the S and G,/M
phases at 36 h (data not shown). Western blot analysis revealed
that all of these drugs increased the phosphorylation of Cdc2
on Tyr'3, an indicator of G,/M arrest (Fig. 1B, top panels).
Simultaneously, a decrease in the phospho-Akt level, which
indicates Akt inactivation, was observed in cells treated with
these drugs (Fig. 1B, fourth panels). Furthermore, we checked
the change of Akt and Cdc2 kinase activities and found that the
drugs suppressed them in 293T and HelLa cells (Fig. 1C and
D). These findings suggest that these drugs induce G,/M arrest
by promoting Cdc2 phosphorylation and that the decrease in
Akt kinase activity correlates with the arrest.

Because WEE1Hu tyrosine kinase phosphorylates Cdc2 on
Tyr' (20, 29, 49), we then examined the role of WEE1Hu in
anticancer drug-induced Cdc2 phosphorylation. As shown in
Fig. 1E (top panel), weelhu knockdown by two independent
WEE1Hu siRNAs completely suppressed this Cdc2 phosphor-
ylation in 293T cells. Similar results were obtained in HeLa
cells (data not shown). We further examined Akt and Cdc2
kinase activities in drug-treated 293T cells which had been
transfected with WEE1Hu siRNA. Although the drugs de-
creased Akt kinase activities in both control siRNA- and
WEE1Hu siRNA-transfected cells, Cdc2 kinase activities were
recovered in weelhu-knocked-down cells compared with con-
trol siRNA-transfected cells (Fig. 1F and G). These results
suggest that anticancer drugs may arrest cells at S or G,/M by
somehow up-regulating WEE1Hu kinase activity.

In order to clarify the direct relationship between Akt activ-
ity and G,/M arrest or WEE1Hu kinase activity, we examined
the phospho-Cdc2 (Tyr'®) level and the population in G,/M
phase in 293T and HeLa cells under specific inhibition of the
PI3K-Akt signaling pathway. Flow cytometric and Western
blot analyses revealed that the PI3K inhibitor LY294002 in-
creased the population in G,/M phase in a time-dependent
manner (Fig. 2A) and the amount of phospho-Cdc2 (Tyr'?) in
both cell types (Fig. 2B, top panels, lanes 2 and 4). The ex-
pression levels of total Cdc2 were not changed under
LY294002 treatment (Fig. 2B, second panels). An increase in
the phospho-Cdc2 level was not observed in WEE1Hu siRNA-
treated cells (Fig. 2C, top panel, lanes 4 and 6). Because Akt is
a main downstream kinase of PI3K, Akt may be associated
with the regulation of WEE1Hu kinase activity.

To confirm the effect of Akt on the phospho-Cdc2 level, we
transfected wild-type PTEN cDNA to suppress Akt kinase
activity. In both 293T and HeLa cells, wild-type PTEN expres-
sion increased phospho-Cdc2 levels compared with mock and
C124S-PTEN transfectants (Fig. 2D, top panels). Consistent
with the PTEN transfection assay, dominant negative (AAA)-
Akt expression but not wild-type Akt expression also increased
the phospho-Cdc2 level (Fig. 2E, top panels). In both experi-
ments, the expression levels of Cdc2 were not affected by
transfection (Fig. 2D and E). These results indicate that
WEEI1Hu kinase activities are negatively regulated by the
PI3K-Akt signaling pathway.

Akt directly binds to and phosphorylates WEE1Hu. A pu-
tative Akt consensus phosphorylation sequence is known as
RXRXX(S/T), where X is any amino acid, and WEE1Hu con-
tains some Akt consensus sequences. To confirm the WEE1Hu
phosphorylation by Akt, we treated 293T and HT1080 cells
with LY294002 and checked the phosphorylated form of



KATAYAMA ET AL.

A g cont. y__VP-16 6 CDDP g 1T-AAG
293T
- 0- 0
2N 4N 2N 4N 2N 4N 2N 4N
108 36 61 55
HeLa
. 0
2N 4N 2N 4N 2N 4N 2N 4N
B 293T Hela E siRNA: cont. WEE1Hu-1 WEE1Hu-2
o <
NS + ,'\b -
S 00 "' @ ?? PR &0»:\'{9&4‘3 &ée ?g S Yx
P-Cdc2 = P-Cdc2
(Tyri5) |-.-|| -----| o e |

Cdc2 h--ql----]
AKL | e e ] |0 00 e |

fractin(eme——— — — —|

Lanes 1 2 3 4 5 6 7 8

Cdc2 [mm e o8 o a8 ee o 55 on o o0 o

WEE1Hu |---- |

Akt |-----I.------|

P-Akt |——---—¢-—-—--—---—--—---|

fractin P—----------I
2 345 67 8 9101112

Lanes 1

MoL. CELL. BIOL.

C

F

o) o)
£_100 S100
g2 %e
[ =4 c
§8 80 %8
£ 40 _5"6
=2 20 =2
C <
e —
o o w 0O o o O N -
omgsggag §§§§ ougs | § § § §g%§
Cellline 293T HelLa siANA cont WEE1Hu-1
Fy F
Z=100 2120
82 o 88100
e [ =
88 e0 g8 %
= Ew= 60
=24 =S
g 20 3= 20
3 3 %
CdcZ plee o= o —— Cdc2 p —--—; —_—— -
o o O . w oo O . o 0o , o o 9
s |§ 83 [ 8E8F [owesfBF |81
Cellline 293T Hela siANA cont. WEE1Hu-1

FIG. 1. Chemotherapeutic drug-induced cell cycle arrest with down-regulation of Akt kinase activity. (A) 293T or HeLa cells were treated with
medium alone (cont.) or 10 uM VP-16, 5 pM cDDP, or 100 nM 17-AAG. After treatment for 24 h, cellular DNA content was determined by a
flow cytometer. (B) After treatment with the indicated chemotherapeutic drugs as for panel A for 4 h, cell lysates were subjected to immunoblot
analysis with the indicated antibodies. (C and D) After treatment with the indicated chemotherapeutic drugs as for panel A for 6 h, endogenous
Akt or Cdc2 was immunoprecipitated from cell lysates and was subjected to the Akt or Cdc2 kinase assay as described in Materials and Methods.
Each vertical bar represents the mean * standard deviation of three independent experiments. (E) 293T cells were transfected with nonsilencing
control siRNA (cont.) or WEE1Hu siRNAs (WEE1Hu-1 and WEE1Hu-2). After transfection for 48 h, cells were treated with the indicated
chemotherapeutic drugs as for panel A for 4 h. The cell lysates were subjected to immunoblot analysis with the indicated antibodies. (F and G)
293T cells were transfected with nonsilencing control siRNA (cont.) or WEE1Hu siRNA (WEE1Hu-1). After transfection for 48 h, cells were
treated with the indicated chemotherapeutic drugs as for panel A for 6 h. Endogenous Akt or Cdc2 was immunoprecipitated from cell lysates and
was subjected to the Akt or Cdc2 kinase assay as described in Materials and Methods. Each vertical bar represents the mean * standard deviation

of three independent experiments.

WEE1Hu. The phosphorylation of WEE1Hu was estimated by
immunoblot analysis using an anti-phospho-Ser/Thr Akt sub-
strate antibody that could preferentially recognize the con-
served Akt phosphorylation motif RXRXX(S/T) only when

Ser or Thr was phosphorylated by Akt (16). As shown in Fig.
3A (top panels), the anti-phospho-Ser/Thr Akt substrate anti-
body recognized the phosphorylated form of WEE1Hu in all
cases, and the phosphorylation was diminished by treating cells
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FIG. 2. Down-regulation of PI3K-Akt signaling pathway promotes Cdc2 phosphorylation and G,/M arrest. (A) 293T or HeLa cells were treated
with 50 uM LY294002. After treatment for 12 h or 24 h, cellular DNA content was determined by a flow cytometer. The indicated percentages
of the population are average of the three independent experiments. cont., no-treatment control. (B) 293T or HeLa cells were treated (+) or not
(—) with 50 .M LY294002 for 4 h. Cell lysates were subjected to immunoblot analysis with the indicated antibodies. (C) 293T cells were transfected
with nonsilencing control siRNA (cont.) or WEE1Hu siRNAs (WEE1Hu-1 and WEE1Hu-2). After transfection for 48 h, cells were treated (+)
or not (—) with 50 uM LY294002 for 4 h. The cell lysates were subjected to immunoblot analysis with the indicated antibodies. (D and E) 293T
or HeLa cells were transfected with the pFLAG-CMV-2 vector encoding no PTEN (mock), wild-type PTEN, or C124S-PTEN (D) or wild-type Akt
or AAA-Akt (E). After transfection for 24 h, cell lysates were subjected to immunoblot analysis with the indicated antibodies.

with L'Y294002. Densitometric analysis revealed that the phos-
phorylation of WEE1Hu was suppressed to approximately
50% by treatment of the cells with LY294002 (data not shown).

We next examined whether WEE1Hu was directly phos-
phorylated by Akt. When immunoprecipitated FLAG-tagged
wild-type WEE1Hu was incubated in vitro with recombinant
inactive Akt, WEE1Hu was weakly phosphorylated by itself
(Fig. 3B, lane 3). When WEE1Hu was incubated with active
Akt, a drastic increase in WEE1Hu phosphorylation was ob-
served (Fig. 3B, lane 4), suggesting that WEE1Hu was phos-
phorylated by both itself and Akt. Further analyses revealed
that WEE1Hu phosphorylated itself at Tyr?*> and/or Tyr*®?
residues (data not shown), allowing its activation. When the
autophosphorylation sites were mutated to alanine (Y295A/
Y362A), WEE1Hu was only phosphorylated by Akt in vitro
(data not shown). These results suggest that WEE1Hu is a
substrate of Akt.

We then checked WEE1Hu binding to Akt. FLAG-tagged

WEE1Hu was coexpressed with HA-tagged Akt and analyzed
by immunoprecipitation with an anti-FLAG agarose. Both
wild-type and AAA-Akt were coimmunoprecipitated with
WEEI1Hu, suggesting that Akt bound to WEE1Hu in cells
(Fig. 3C, top panel, lanes 5 and 6). Furthermore, we found that
Akt bound to amino acid residues 365 to 412 of WEE1Hu in
several WEE1Hu deletion mutants (data not shown). We next
checked the interaction of WEE1Hu with Akt in endogenous
expression levels in the nucleus. In the normal culture condi-
tions with 293T cells, WEE1Hu was coimmunoprecipitated
with Akt (Fig. 3D, lane 2), although coimmunoprecipitation
could not be observed in the LY294002-treated 293T cells (Fig.
3D, lane 4) These results suggest that only the active form of
Akt is permitted to bind to WEE1Hu in nucleus.

To confirm WEE1Hu phosphorylation by Akt in cells, the
FLAG-tagged WEE1Hu plasmid was cotransfected with HA-
tagged wild-type or AAA-akt cDNA into 293T and HT1080
cells. As shown in Fig. 3E (top panels, lanes 5 and 11), the
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FIG. 3. Akt binds to and directly phosphorylates WEET1Hu on Ser®*?. (A) 293T or HT1080 cells were treated (+) or not (—) with 50 M
LY294002 for 4 h. Cell lysates were subjected to immunoblot analysis with the indicated antibodies. (B) 293T cells were transfected with the
pFLAG-CMV-2 vector alone (mock; lanes 1 and 2) or pFLAG-CMV-2 encoding wild-type WEE1Hu (WT; lanes 3 and 4). The cell lysates were
washed extensively and then incubated with an anti-FLAG agarose. Then, the agarose was incubated for 30 min at 30°C with 500 ng of recombinant
inactive (lanes 1 and 3) or active (lanes 2 and 4) Akt protein in the presence of [y->*P]ATP. The reactions were stopped, electrophoresed, and
visualized by autoradiography. (C) 293T cells were transfected with the pPFLAG-CMV-2 vector alone (lanes 1 to 3) or encoding wild-type WEE1Hu
(lanes 4 to 6) together with the pHM6 vector alone (lanes 1 and 4) or encoding wild-type Akt (lanes 2 and 5) or AAA-Akt (lanes 3 and 6). The
FLAG-tagged proteins were immunoprecipitated and subjected to immunoblot analysis with an anti-HA antibody (top panel) or an anti-FLAG
antibody (second panel). The expression level of transfected Akt and WEE1Hu proteins was confirmed upon immunoblot analysis of the cell
lysates with an anti-HA antibody (third panel) or an anti-FLAG antibody (bottom panel). (D) 293T cells were treated (LY) or not (cont.) with
50 M LY294002 for 20 h. The nuclear fractions were extracted and immunoprecipitated with protein G-Sepharose that had been conjugated with
normal goat IgG (IgG) or goat anti-Akt antibody (Akt). The immunoprecipitated proteins were subjected to immunoblot analysis with an
anti-Weel antibody (left, upper panel) or an anti-Akt antibody (left, lower panel). The expression level of WEE1Hu and Akt proteins was
confirmed upon immunoblot analysis of the cell lysates with an anti-Weel antibody (right, upper panel) or an anti-Akt antibody (right, lower
panel). (E) 293T or HT1080 cells were transfected as for panel C. The FLAG-tagged proteins were immunoprecipitated and subjected to
immunoblot analysis with an anti-phospho-Ser/Thr Akt substrate antibody (top panels) or an anti-FLAG antibody (middle panels). The expression
level of transfected Akt proteins was confirmed by immunoblot analysis of the cell lysates with an anti-HA antibody (bottom panels). (F) 293T cells
were transfected with the pFLAG-CMV-2 vector alone (lanes 1 and 2) or encoding AN214-WEE1Hu (lanes 3 and 4), AN214/T257A-WEE1Hu
(lanes 5 and 6), AN214/T620A-WEE1Hu (lanes 7 and 8), or AN214/S642A-WEE1Hu (lanes 9 and 10) together with the pUSEamp vector alone
(—;lanes 1, 3, 5, 7, and 9) or encoding Myr-Akt (+; lanes 2, 4, 6, 8, and 10). The FLAG-tagged proteins were immunoprecipitated and subjected
to immunoblot analysis with an anti-phospho-Ser/Thr Akt substrate antibody (top panel) or an anti-FLAG antibody (middle panel). The expression
level of transfected Akt was confirmed by immunoblot analysis of the cell lysates with an anti-Akt antibody (bottom panel). The asterisk indicates
background bands. Exo- and endo-Akt indicate exogenous and endogenous Akt, respectively.

phosphorylated form of WEE1Hu was increased only when the
cells were cotransfected with wild-type akt cDNA, although
some phospho-WEE1Hu was observed in the cells cotrans-
fected with AAA-akt cDNA (Fig. 3E, lanes 6 and 12). These
results indicate that Akt directly interacts with and phosphor-
ylates WEE1Hu in cells.

We next sought to determine the phosphorylation sites of
WEE1Hu by Akt. To do this, we prepared NH,- and COOH-
terminal deletion mutants and transfected them into 293T cells

with or without Akt. Although wild-type WEE1Hu and NH,-
terminal deletion mutants AN214-, AN364-, and ANS559-
WEEI1Hu were phosphorylated by Akt, none of the COOH-
terminal deletion mutants 412STOP-WEE1Hu and 611STOP-
WEE1Hu were phosphorylated by Akt (data not shown).
These results suggest that the residues around amino acids 612
to 646 of WEE1Hu may contain the phosphorylation sites.
Among these residues, WEE1Hu contains six Akt consensus
sequences. Thus, we prepared several point mutants in which
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FIG. 4. WEE1Hu phosphorylation at Ser®** during late S to G, phase. 293T cells were transfected with the pFLAG-CMV-2 vector encoding
AN214-WEE1Hu. After transfection for 24 h, the cells were treated with 1 pg/ml of aphidicolin for 24 h. Then, the cells were washed with PBS
and changed to complete growth medium. Cells were harvested at the indicated time after the release. One-third of the cells were analyzed using
a flow cytometer (right panel), and the others were analyzed by immunoprecipitation with an anti-FLAG agarose, following immunoblot analysis
with an anti-phospho-Ser/Thr Akt substrate antibody or an anti-FLAG antibody (left, top and second panels, respectively). The expression level
of endogenous WEE1Hu (endo-WEE1Hu), phosphorylated Cdc2 (Tyr'?), Cdc2, cyclin B1, cyclin A, and B-actin was confirmed by immunoblot

analysis with the indicated antibodies (left, from third to bottom panels).

Thr®?, Ser®??, Thr®?*, Ser®?®, Ser®*?, or Thr®** was converted
to Ala (T620A, S622A, T624A, S626A, S642A, and T644A,
respectively). Furthermore, we converted Thr*>” of WEE1Hu
to Ala (T257A) as a control. Cotransfection of these mutants
with Myr-akt cDNA revealed that an anti-phospho-Ser/Thr
Akt substrate antibody could not detect only the S642A mutant
(Fig. 3F, top panel, lanes 9 and 10, and data not shown),
indicating that Ser®** on WEE1Hu was a novel Akt-mediated
phosphorylation site.

Akt phosphorylates WEE1Hu during late S to G, phase. We
next examined when WEE1Hu was phosphorylated by Akt in
the cell cycle. WEE1Hu was reported to be phosphorylated on
Ser® and Ser'?® by the M-phase kinases polo-like kinase
1 (Plk-1) and Cdc2, respectively, and degraded through
phosphorylation-dependent ubiquitination by SCF* " (48).
Thus, we used AN214-WEE1Hu to check the WEE1Hu phos-
phorylation status because the AN214-WEE1Hu expression
level might not be regulated by cell cycle-dependent protein
phosphorylation and degradation.

FLAG-tagged AN214-WEE1Hu was expressed in 293T cells,
and synchronization was performed using aphidicolin. After
release from the blockade at early S phase, the cells were
harvested at 0 h or every 2 h from 4 to 14 h. Although FLAG-
tagged AN214-WEE1Hu expression levels showed no change
at each time point, an anti-phospho-Ser/Thr Akt substrate
antibody revealed that the phosphorylated form of WEE1Hu
was increased during 4 h to 8 h after release from the blockade
(Fig. 4, top and second panels) before degradation of endog-
enous WEE1Hu (Fig. 4, third panel). In parallel with endog-
enous WEE1Hu expression levels, Tyr'>-phosphorylated Cdc2
was observed (Fig. 4, fourth panel). Flow cytometric analysis
(Fig. 4, right panel) and Western blot using anti-cyclin A and
B1 antibodies (Fig. 4, sixth and seventh panels) of these cells
revealed that WEE1Hu was phosphorylated during late S to
G, phase and degraded during late M to G, phase. These
results indicate that the phosphorylation of WEE1Hu by Akt
occurs before its degradation.

Akt promotes the nuclear export of WEE1Hu. To clarify the
role of Ser®*? phosphorylation, we examined the kinase activ-
ities of AN214-WEE1Hu and AN214/S642A-WEE1Hu in
vitro. We found that the kinase activity of AN214/S642A-
WEE1Hu was not changed compared with that of AN214-
WEE1Hu (data not shown). We then checked the localization
of WEE1Hu. 293T cells that had been transfected with the
pFLAG-CMV-2 vector encoding AN214- or AN214/S642A-
WEEI1Hu were separated into cytoplasm and nucleus. Then,
both fractionated samples were immunoblotted with an anti-
FLAG antibody.

As shown in Fig. 5A, AN214-WEE1Hu was observed in both
the cytoplasmic and nuclear fractions (lanes 3 and 4), although
AN214/S642A-WEE1Hu could only be detected in the nuclear
fraction (lanes 5 and 6). This observation suggests that the
phosphorylation of WEE1Hu on Ser®*? plays an important role
in the cytoplasmic localization of WEEI1Hu. To confirm
whether Akt promotes WEE1Hu translocation from nucleus to
cytoplasm, we further examined the localization of WEE1Hu
in 293T cells that had been transfected with HA-tagged wild-
type or AAA-akt. The cytoplasmic localization of WEE1Hu
was increased in wild-type akt but not in AAA-akt transfectants
(Fig. 5B, top panel). These results suggest that Akt-dependent
WEE1Hu phosphorylation on Ser®*? leads to its nuclear export
in a phosphorylation-dependent manner.

14-3-3 binding is known to alter the localization, stability,
phosphorylation state, activity, and/or molecular interactions
of the target proteins (19). The identified phosphorylation site
(RSVpS®*2LT) of WEE1Hu has high homology to 14-3-3 bind-
ing motifs (RSXpSXP and RXXXpSXP, where pS represents
phosphoserine and X is any amino acid) (9). Furthermore,
14-3-3B and -o were reported to bind to phosphorylated Ser®*?
and increase the stability of WEE1Hu (34, 47).

We then examined the AN214- and AN214/S642A-WEE1Hu
binding to an exogenous level of 14-3-38 or -6. Although
AN214/S642A-WEE1Hu could not bind to 14-3-3 proteins
(Fig. 5C, top panel, lanes 9 to 12), AN214-WEE1Hu bound to
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FIG. 5. 14-3-36 binds to the phosphorylated form of WEE1Hu. (A) 293T cells were transfected with the pFLAG-CMV-2 vector alone (mock;
lanes 1 and 2) or encoding AN214-WEE1Hu (lanes 3 and 4) or AN214/S642A-WEE1Hu (lanes 5 and 6). The cytoplasmic (C) and nuclear
(N) fractions were separated, electrophoresed, and immunoblotted with an anti-FLAG antibody (upper panel). To validate the fractionation, the
cell lysates were immunoblotted with an anti-DNA topoisomerase 113 antibody (TopolIB; lower panel). (B) 293T cells were transfected with the
pHMBG6 vector alone (mock; lanes 1 and 2) or encoding wild-type Akt (lanes 3 and 4) or AAA-AKkt (lanes 5 and 6). The cytoplasmic (C) and nuclear
(N) fractions were separated, electrophoresed, and immunoblotted with the indicated antibodies. Exo- and endo P-Akt indicate phosphorylated
exogenous Akt and phosphorylated endogenous Akt, respectively. (C) 293T cells were cotransfected with the pPFLAG-CMV-2 vector alone (mock;
lanes 1 to 4) or encoding AN214-WEE1Hu (AN214; lanes 5 to 8) or AN214/S642A-WEE1Hu (S642A; lanes 9 to 12) and the pHM6 vector encoding
wild-type 14-3-38 (B; lanes 1, 2, 5, 6, 9, and 10) or wild-type 14-3-36 (6; lanes 3, 4, 7, 8, 11, and 12) together with the pUSEamp vector alone (—;
lanes 1, 3, 5,7, 9, and 11) or encoding Myr-Akt (+; lanes 2, 4, 6, 8, 10, and 12). The FLAG-tagged WEE1Hu proteins were immunoprecipitated,
and coimmunoprecipitated proteins were subjected to immunoblot analysis with the indicated antibodies (from top to third panels). The expression
level of transfected Akt or 14-3-3 protein was confirmed by immunoblot analysis (fourth and bottom panels). The asterisk indicates the background
band. Exo- and endo-Akt indicate exogenous Akt and endogenous Akt, respectively. (D) 293T cells were transfected with the pFLAG-CMV-2
vector encoding AN214- or AN214/S642A-WEE1Hu. After transfection for 24 h, the cells were treated with 1 pwg/ml of aphidicolin for 24 h. Then,
the cells were washed with PBS, cultured in complete growth medium, and harvested at the indicated times after the release. The cells were
analyzed by immunoprecipitation with an anti-FLAG agarose, following immunoblot analysis with an anti-14-3-36 antibody, an anti-phospho-Ser/
Thr Akt substrate antibody, or an anti-FLAG antibody (from top to third panels, respectively). The expression level of endogenous 14-3-36, —3,
cyclin A, cyclin B1, and B-actin was confirmed by immunoblot analysis with the indicated antibodies (from fourth to bottom panels). (E) 293T cells
were treated (LY) or not (cont.) with 50 uM LY294002 for 20 h. The nuclear fractions were extracted and immunoprecipitated with protein
G-Sepharose that had been conjugated with normal rabbit IgG (IgG) or rabbit anti-14-3-36 antibody (14-3-36). The immunoprecipitated proteins
were subjected to immunoblot analysis with an anti-Weel antibody (left, upper panel) or an anti-14-3-36 antibody (left, lower panel). The
expression level of WEE1Hu and 14-3-36 proteins was confirmed upon immunoblot analysis of the cell lysates with an anti-Weel antibody (right,
upper panel) or an anti-14-3-36 antibody (right, lower panel). (F) 293T cells were cotransfected with the pFLAG-CMV-2 vector encoding
AN214-WEE1Hu and the pHM®6 vector alone (mock; lanes 1 and 2) or encoding wild-type 14-3-36 (WT; lanes 3 and 4) or the indicated mutant
form of 14-3-36 (lanes 5 to 10) together with the pUSEamp vector alone (—; lanes 1, 3, 5, 7, and 9) or encoding Myr-Akt (+; lanes 2, 4, 6, 8, and
10). The FLAG-tagged WEE1Hu proteins were immunoprecipitated, and coimmunoprecipitated proteins were subjected to immunoblot analysis
with the indicated antibodies (from top to third panels). The expression level of transfected Akt or 14-3-36 protein was confirmed by immunoblot

analysis (fourth and bottom panels). Exo- and endo Akt indicate exogenous Akt and endogenous Akt, respectively.
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both 14-3-3B3 and -6 through Akt-dependent phosphorylation
(Fig. 5C, top panel, lanes 6 and 8). This suggests that exoge-
nous 14-3-3 proteins bind to the phosphorylated form of
WEE1Hu on Ser®*.

We further examined WEE1Hu binding to endogenous lev-
els of 14-3-3 proteins. FLAG-tagged WEE1Hu was immuno-
precipitated from 293T cells that had been transfected with
AN214- or AN214/S642A-weelhu cDNA and synchronized us-
ing aphidicolin. As shown in Fig. 5D (top panel, lanes 2 to 6),
endogenous 14-3-36 was coimmunoprecipitated with AN214-
WEE1Hu but not with AN214/S642A-WEE1Hu, suggesting
that this binding depends on the Ser®** phosphorylation of
WEE1Hu. However, we could not observe WEE1Hu binding
to endogenous 14-3-33 or -o, and the expression levels of
14-3-3B3 and -0 were down-regulated during late S to G, phase
(Fig. 5D, fifth panel, and data not shown). These results sug-
gest that 14-3-36 but not 14-3-33 and -o binds to WEE1Hu in
a Ser®? phosphorylation-dependent manner in the cell cycle
progression.

We then checked the interaction of WEE1Hu with 14-3-36
protein in the nuclear fraction of 293T cells. In endogenous
expression levels of WEE1Hu and 14-3-36, WEE1Hu was co-
immunoprecipitated with 14-3-30 (Fig. SE, lane 2). On the
other hand, coimmunoprecipitation could not be detected in
LY294002-treated cells (Fig. SE, lane 4). These results suggest
that the nonphosphorylated form of WEE1Hu cannot bind to
14-3-36. Although wild-type 14-3-36 could bind to WEE1Hu,
the 14-3-30 mutants (R56A/R60A, R127A, and K49E), which
lose their ligand binding ability (16), failed to bind to WEE1Hu
(Fig. SF, top panel, lanes 5 to 10). Therefore, WEE1Hu bind-
ing to 14-3-36 becomes specific.

To clarify the role of 14-3-30-binding, we checked the local-
ization of endogenous WEE1Hu using immunofluorescence
staining. HeLa cells were cotransfected with the pUSEamp
vector alone or encoding Myr-Akt and the pHM®6 vector alone
or encoding 14-3-36 together with the pPEGFP-C2 vector. After
transfection for 24 h, the cells were fixed and stained with an
anti-Weel monoclonal antibody and Hoechst 33342 to detect
nuclei. As shown in Fig. 6A (top panels), some WEE1Hu
expression was observed in the nucleus when the cells were
transfected with the pHM®6 vector alone. In contrast, we could
partially observe the translocation of WEE1Hu to the cyto-
plasm in the cells transfected with the akt or 14-3-36 cDNA
(Fig. 6A, second and third panels). Moreover, almost all of the
WEE1Hu proteins were localized in the cytoplasm or interme-
diate in cells transfected with akt in addition to /4-3-36 (Fig.
6A, bottom panels).

We then determined the number of cells that expressed
WEE1Hu protein in the cytoplasmic fraction among 70 to 100
GFP-positive cells (Fig. 6B). Cytoplasmic localization of
WEE1Hu was observed in about 30% of the cells transfected
with the vector alone (Fig. 6B). Akt or 14-3-36 alone increased
the populations of cells in which WEE1Hu were localized in
the cytoplasm to approximately 50% (Fig. 6B). Cotransfection
of akt and 14-3-36 further promoted the cytoplasmic localiza-
tion of WEE1Hu to approximately 80% (Fig. 6B).

To examine the localization of endogenous WEE1Hu fur-
ther, we performed Western blot analysis in which the pHM6
vector alone or encoding 14-3-38 or -0 was cotransfected with
or without Myr-akt cDNA into 293T cells. After transfection,
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nuclear and cytoplasmic fractions were separated. Western
blot analysis with an anti-Weel antibody showed that 14-3-36
cotransfected with Myr-akt significantly promoted the cyto-
plasmic localization of endogenous WEE1Hu (Fig. 6C, top
panel, lanes 11 and 12 compared with the other lanes, and Fig.
6D), indicating that Akt-mediated phosphorylation on Ser®*?
promotes its binding to 14-3-36 and participates in the cyto-
plasmic localization of WEE1Hu in cells. While exogenous
14-3-3B also bound to WEE1Hu through Akt-dependent phos-
phorylation (Fig. 5C), it could not affect the translocation of
WEE1Hu (Fig. 6C and Fig. 6D). These results suggest that Akt
promotes the cytoplasmic localization of WEE1Hu through
inducing WEE1Hu binding to 14-3-36.

Akt abolishes the WEE1Hu-induced G,/M arrest in cooper-
ation with 14-3-30. The previous studies have shown that
WEE1Hu-induced G,/M arrest is enhanced by cotransfection
with 74-3-38 or -o in HEK293 or HeLa cells because these
proteins increase the stability of WEE1Hu in the nucleus (34,
47). However, our data showed that Akt promoted the cyto-
plasmic localization of WEE1Hu through binding to endoge-
nous 14-3-36 but not 14-3-3B or -o in the cell cycle progression
(Fig. 5D and Fig. 6), suggesting that WEE1Hu might be inac-
tivated and the WEE1Hu-induced G,/M arrest might be ex-
tinguished by Akt and 14-3-36.

To check these hypotheses, we performed flow cytometric
analysis of 293T cells transfected with weelhu cDNA alone or
in combination with akt or 714-3-36 or both. The cDNA encod-
ing an Aggrus cell surface marker was cotransfected and used
to identify the transfected cells. Flow cytometric analysis
showed that transfection of weelhu caused an increase in the
G,/M population from 19.7% to 42.0% (Fig. 7A, compare a
with b). In comparison, cotransfection with weelhu, akt, and
14-3-36 significantly suppressed it up to 28.1% (Fig. 7A, com-
pare b with e). Although cotransfection with other combina-
tions slightly decreased the G,/M fraction, these changes were
not significant (Fig. 7A, ¢ and d). To check the events further,
we performed a Western blot analysis under the same condi-
tions. An anti-phospho-Cdc2 (Tyr'®) antibody used as a mon-
itor of G,/M arrest revealed that coexpression of Akt and
14-3-36 suppressed the increase in phospho-Cdc2 induced by
WEE1Hu (Fig. 7B, top panel, compare b with e). These results
suggest that Akt suppresses the kinase activity of WEE1Hu
through 14-3-36 binding and translocation to the cytoplasm.

DISCUSSION

The PI3K-Akt signaling pathway controls many cellular
functions, such as cell survival, cell cycle progression, cell pro-
liferation, and glucose metabolism. A large number of cancers
were reported to aberrantly activate this pathway, resulting in
cell proliferation. Although proliferation is strictly regulated by
the cell cycle, the aberrant activation of the PI3K-Akt pathway
breaks this regulation in proliferating cancer cells. For exam-
ple, the PI3K-Akt signaling pathway was reported to promote
G, progression through activation of the cyclin D1/Cdk4 com-
plex (4). Cyclin D1 phosphorylation at Thr*®*® by glycogen
synthase kinase 3 (GSK-3) is associated with the translocation
of cyclin D1 from the nucleus to the cytoplasm (4). Rapid
degradation induced by GSK-3 is inhibited by activation of the
PI3K-Akt pathway because Akt directly phosphorylates and
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FIG. 6. Akt and 14-3-36 promote cytoplasmic localization of endogenous WEE1Hu. (A) HeLa cells were cotransfected with the pEGFP-C2
vector alone and the pHMG6 vector alone (top and second panels) or encoding 14-3-36 (third and bottom panels) together with the pUSEamp vector
alone (top and third panels) or encoding Myr-Akt (second and bottom panels). The localization of endogenous WEE1Hu proteins was detected
by staining with an anti-Weel antibody, following treatment with an Alexa Fluor 568 goat anti-mouse antibody. Nuclei were also detected by
staining with a Hoechst 33342. Cells were visualized using a fluorescence microscope. The transfected cells were observed as green (GFP),
endogenous WEE1Hu proteins were red (WEE1Hu), and the nuclei of the cells were blue (Hoechst). The WEE1Hu staining and the Hoechst
staining were merged (merge). (B) The percentage of GFP-positive cells exhibiting cytoplasmic (black bar) or nuclear (white bar) localization of
WEE1Hu was determined for panel A. Data were obtained from 70 to 100 GFP-positive cells in each experiment. (C) 293T cells were transfected
with the pHMG6 vector alone (mock; lanes 1 to 4) or encoding wild-type 14-3-38 (B; lanes 5 to 8) or wild-type 14-3-36 (6; lanes 9 to 12) together
with the pUSEamp vector alone (—; lanes 1, 2, 5, 6, 9, and 10) or encoding Myr-Akt (+; lanes 3, 4, 7, 8, 11, and 12). The cytoplasmic (C) and nuclear
(N) fractions were separated, electrophoresed, and immunoblotted with the indicated antibodies. Exo- and endo-Akt indicate exogenous Akt and
endogenous Akt, respectively. (D) The expression level of WEETHu was measured as for panel C using a densitometer. Each vertical bar
represents the mean * standard deviation of three independent experiments. NS, not significant.

inactivates GSK-3 (4). By contrast, Akt is known to inactivate
the Cdk inhibitors p21W2H/€iPl and p27%iPt (4, 16, 28, 37, 38,
46, 50). Akt phosphorylates p21W2/<iP! on Thr'4 and p27%iP!
on Thr'3” and Thr'?¥, resulting in cytoplasmic translocation
and suppression of the functions (4, 16, 28, 37, 38, 46, 50).
These results indicate that the PI3K-Akt signaling pathway

promotes cell cycle progression in G, phase by activating pos-
itive regulators and inactivating negative ones. However, only
G, progression by the PI3K-Akt signaling pathway is not
enough to account for cell proliferation because the cell cycle
is strictly regulated at each checkpoint.

Several previous studies suggested that some anticancer
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FIG. 7. Overexpression of Akt together with 14-3-36 overcomes the
WEE1Hu-induced G,/M arrest. (A) 293T cells were cotransfected
with the pFLAG-CMV-2 vector alone (a) or encoding wild-type
WEE1Hu (b to e) and the pHM6 vector alone (a to c) or encoding
14-3-36 (d and e) together with the pUSEamp vector not encoding
Myr-Akt (a, b, and d) or encoding Myr-Akt (¢ and e). To monitor the
transfected cells, all cells were simultaneously transfected with the
pcDNA3 vector encoding Aggrus as a cell surface marker. The cells
were harvested 48 h posttransfection. The Aggrus proteins were de-
tected by staining with a rat monoclonal anti-Aggrus antibody and a
fluorescein isothiocyanate-conjugated anti-rat antibody. Nuclei were
also detected by staining with propidium iodide, and the cells were
analyzed using a flow cytometer. (B) 293T cells were transfected as for
panel A. Cell lysates were subjected to immunoblot analysis with the
indicated antibodies.

drugs inhibit the kinase activity of Akt (15, 30, 33, 36, 44). The
90-kDa heat shock protein Hsp90 is reported to control the
PDKI1-Akt signaling pathway because it binds to PDKI1
through its kinase domain and protects against the protea-
some-dependent degradation of PDKI1 (15, 44). 17-AAG,
which is a derivative of geldanamycin, was reported as an
Hsp90 inhibitor that protects against Hsp90 binding to PDKI1,
resulting in inactivation of the PDK1-Akt signaling pathway (3,
15, 44). UCN-01 (7-hydroxystaurosporine), a drug now in clin-
ical trials and with a unique fingerprint pattern, is also known
to be a direct inhibitor of PDK1 because UCN-01 binds to
PDKI1 in an ATP-binding motif and inhibits its kinase activity,
resulting in turnoff of survival signaling and apoptosis induc-
tion (36, 44). Furthermore, cisplatin, etoposide, adriamycin,
and camptothecin were reported to down-regulate the PI3K-
Akt pathway in some cell lines (30, 33).

Although it is clear that some anticancer drugs induce S or
G,/M arrest (1, 8, 12, 39), the relationship between the arrest
and down-regulation of Akt kinase has not been clarified.
Thus, we first elucidated the relationship between anticancer
drug-induced G,/M arrest and Akt inactivation in 293T and
HeLa cells. We found that VP-16, cDDP, and 17-AAG could
induce S or G,/M arrest accompanying down-regulation of Akt
(Fig. 1). Simultaneously, inhibitory phosphorylation of Cdc2
(Tyr'®) was observed and Cdc2 kinase activities were de-
creased under these conditions, and this phosphorylation de-
pended on WEE1Hu activation (Fig. 1). Moreover, the PI3K
inhibitor LY294002 also increased the population in the G,/M
phase and the WEE1Hu-dependent inhibitory phosphoryla-
tion of Cdc2 (Fig. 2). These findings indicate the possibility
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that Akt negatively regulates WEE1Hu in a phosphorylation-
dependent manner.

Because WEE1Hu has some putative Akt consensus phos-
phorylation sequences, we examined the phosphorylation of
WEE1Hu by Akt. Actually, Akt directly bound to and phos-
phorylated WEE1Hu at the Ser®*? residue in the COOH ter-
minus during the S to G, phase (Fig. 3 and 4). Although Thr'®!
on Cdc2, which is known to be essential for Cdc2 kinase ac-
tivity (7), has homology to a putative Akt consensus sequence,
Akt could not phosphorylate Cdc2 at the site in vitro and in
vivo (data not shown). Moreover, Cdc25C, which also has a
putative Akt consensus sequence, could not be phosphorylated
by Akt in vitro (data not shown). These results indicate that
Akt regulates the cell cycle at the G,/M transition, mainly by
phosphorylating WEE1Hu.

With DNA damage (e.g., radiation or UV irradiation), Chk1
is activated and induces G,/M arrest through phosphorylation
of Cdc25C and WEE1Hu. Cdc25C, which is a phosphatase for
the phosphorylated Tyr'®> of Cdc2 and which activates it, is
phosphorylated on Ser*'® by Chkl and the phosphorylated
form of Cdc25C binds to 14-3-3 and eliminates the functions
through translocation to cytoplasm (25, 32, 35). Moreover,
Chk1 may also phosphorylate WEE1Hu. Although there is no
report of this in humans, Lee et al. found that in frog egg
extract, Chk1 phosphorylated Xenopus Weel on Ser’*, corre-
sponding to WEE1Hu on Ser®? (26). Ser®** of WEE1Hu is
also conserved in mouse and rat Weel homologues. Phosphor-
ylated Ser®? is reported to increase the stability of WEE1Hu
in the nucleus by binding to 14-3-3B or -o (34, 47). As a result,
Cdc2 is continuously phosphorylated at Tyr'® and the cell cycle
arrests at the G,/M transition.

Since Akt also phosphorylated WEE1Hu on Ser®** (Fig. 3E)
and overexpression of wild-type Akt decreased the phosphor-
ylation of Tyr'®> of Cdc2 (Fig. 2E), we questioned how
WEE1Hu kinase activity was regulated through phosphory-
lated Ser®*?. To answer this question, we looked at whether
14-3-3 proteins bound to WEE1Hu through the phosphoryla-
tion of Ser®? by Akt and changed the localization of
WEE1Hu. Although exogenous 14-3-33 and -6 could bind to
WEE1Hu through phosphorylated Ser®? (Fig. 5C), only 14-
3-36 could bind to it at the endogenous expression level of
14-3-3 because the endogenous 14-3-38 and -o expression lev-
els were down-regulated during late S to G, phase (Fig. 5D and
data not shown). 14-3-36 binding promoted the translocation
of WEE1Hu from the nucleus to the cytoplasm (Fig. 6) and
abolished the WEE1Hu-induced G,/M arrest (Fig. 7). Thus,
Akt promotes cell cycle progression at the G,/M transition
through Akt-dependent WEE1Hu phosphorylation on Ser®*?
and its binding to 14-3-36. On the other hand, the Akt-depen-
dent phosphorylation state of the point-mutated form of
Thr*7 (T257A) on WEE1Hu was slightly decreased compared
with wild-type WEE1Hu, suggesting that Thr*>” on WEE1Hu
may also be a site phosphorylated by Akt (Fig. 3). However,
the T257A mutation had no effect on 14-3-3 binding and trans-
location of WEE1Hu (data not shown). Thus, we need to
examine the effects of phosphorylation on Thr**? by Akt in the
future.

Although 14-3-3B and -0 were reported to bind to WEE1Hu
through phosphorylated Ser®? (34, 47), we could not observe
that they bound to WEE1Hu at endogenous expression levels



5736 KATAYAMA ET AL.

(Fig. 5D). These different results could be explained by con-
sidering two points. First, many antibodies to 14-3-3 cross-react
with other 14-3-3 isotypes. Second, overexpression of 14-3-3
proteins, except 14-3-36, was not fully down-regulated through
the cell cycle progression, resulting in cell cycle-independent
binding to WEE1Hu. We also observed exogenous 14-3-33
binding to WEE1Hu (Fig. 5C). At endogenous 14-3-3 levels,
only 14-3-36 formed a complex with WEE1Hu. Moreover, the
expression levels of the 14-3-3 proteins, except 14-3-36, were
changed through the cell cycle progression (Fig. 5D). Actually,
the expression levels of 14-3-38 and -o were down-regulated
during late S to G, phase (Fig. 5D and data not shown). Thus,
under physiological conditions, the localization of Ser®**-phos-
phorylated WEE1Hu may only be regulated by binding to
14-3-36.

In summary, we discovered that Akt-mediated WEE1Hu
phosphorylation on Ser®? induced WEE1Hu binding to 14-
3-36 and cytoplasmic localization upon growth factor stimula-
tion. Thus, Akt eliminates WEE1Hu functions through trans-
location to the cytoplasm by 14-3-36. Okumura et al. reported
that Akt-dependent phosphorylation of Myt1, another member
of the Weel family, led to meiotic G,/M transition in starfish
oocytes (31), and now we identify WEE1Hu as a new target of
Akt and demonstrate that Akt functions as an M-phase initi-
ator in mammalian cells.
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