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Human Cdc14A regulates Wee1 stability by 
counteracting CDK-mediated phosphorylation
Sara Ovejero, Patricia Ayala, Avelino Bueno, and María P. Sacristán
Instituto de Biología Molecular y Celular del Cáncer and Departamento de Microbiología y Genética, Universidad de 
Salamanca/Consejo Superior de Investigaciones Científicas, 37007 Salamanca, Spain

ABSTRACT  The activity of Cdk1–cyclin B1 mitotic complexes is regulated by the balance 
between the counteracting activities of Wee1/Myt1 kinases and Cdc25 phosphatases. These 
kinases and phosphatases must be strictly regulated to ensure proper mitotic timing. One 
masterpiece of this regulatory network is Cdk1, which promotes Cdc25 activity and sup-
presses inhibitory Wee1/Myt1 kinases through direct phosphorylation. The Cdk1-dependent 
phosphorylation of Wee1 primes phosphorylation by additional kinases such as Plk1, trigger-
ing Wee1 degradation at the onset of mitosis. Here we report that Cdc14A plays an impor-
tant role in the regulation of Wee1 stability. Depletion of Cdc14A results in a significant re-
duction in Wee1 protein levels. Cdc14A binds to Wee1 at its amino-terminal domain and 
reverses CDK-mediated Wee1 phosphorylation. In particular, we found that Cdc14A inhibits 
Wee1 degradation through the dephosphorylation of Ser-123 and Ser-139 residues. Thus the 
lack of phosphorylation of these two residues prevents the interaction with Plk1 and the con-
sequent efficient Wee1 degradation at the onset of mitosis. These data support the hypoth-
esis that Cdc14A counteracts Cdk1–cyclin B1 activity through Wee1 dephosphorylation.

INTRODUCTION
The regulation of mitotic entry is critical in cell cycle control. In 
higher eukaryotes, the activation of Cdk1–cyclin B1 complexes, 
which is subject to strict control, drives the major events of mito-
sis. During the S and G2 phases, B-type cyclins accumulate, bind 
to Cdk1, and promote phosphorylation on three regulatory sites 
of Cdk1: Thr-14, Tyr-15 and Thr-161. The phosphorylation of Cdk1 
on Thr-161 is required for maximal kinase activity, whereas phos-
phorylation on Thr-14 and Tyr-15 inhibits the enzymatic activity of 
Cdk1. In vertebrate cells, the Wee1 and Myt1 kinases are respon-
sible for these inhibitory modifications, in which Wee1 appears to 
be dominant (McGowan and Russell, 1995; Mueller et al., 1995a,b; 
Perry and Kornbluth, 2007). The activation of Cdk1 is achieved by 

dephosphorylation of these two residues by Cdc25 phosphatases 
(Nilsson and Hoffmann, 2000). An important mechanism that tips 
the balance toward Cdc25 phosphatase activity to allow entry into 
mitosis is the down-regulation of Wee1/Myt1 kinases. Wee1 activ-
ity rises during the S and G2 phases of the cell cycle and declines 
at the G2/M transition, when high Cdk1 activity is required. In hu-
man cells, Wee1 is down-regulated primarily through proteasome-
dependent degradation after phosphorylation by multiple kinases, 
among which Cdk1 is present (Mueller et al., 1995a,b; Watanabe 
et al., 2004, 2005). Cdk1 phosphorylates Wee1 on Ser-123, which 
primes additional phosphorylation by other kinases, leading to 
the formation of phosphodegrons responsible for SCF (Skp1/
cullin/F-box) ubiquitin-mediated degradation of Wee1 (Watanabe 
et  al., 2005). Two different F-box proteins, β-TrCP and Tome-1 
ubiquitin ligases, contribute directly to Wee1 destruction (Ayad 
et al., 2003; Watanabe et al., 2005; Smith et al., 2007). Other re-
gions of Wee1 are also involved in its degradation. Thus the Wee1 
activation domain, through phosphorylation at the Ser-472 resi-
due, has been implicated in an efficient turnover of Wee1 (Owens 
et al., 2010). Cdk2, bound to cyclin A, could well be the kinase 
responsible for this phosphorylation (Owens et al., 2010). In other 
organisms, such as fission yeast and Xenopus, phosphorylation 
events inhibit the catalytic activity of Wee1 (Mueller et al., 1995a; 
Parker et al., 1993; Wu and Russell, 1993). In particular, Xenopus 
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RESULTS
Down-regulation of Cdc14A results in decreased Wee1 
protein levels
The cooperative phosphorylation of Wee1 by Cdk1 and other ki-
nases stimulates its degradation at the onset of mitosis to allow the 
G2/M transition (Watanabe et al., 2004, 2005). On the basis of the 
finding that depletion of Cdc14A accelerates entry into mitosis 
(Vázquez-Novelle et al., 2010) and that Cdc14 phosphatases reverse 
CDK phosphorylation, we wondered whether Cdc14A might regu-
late Wee1 kinase directly. To check this possibility, we first analyzed 
the levels of Wee1 in cells depleted for Cdc14A. U-2-OS cells were 
transfected with already validated Cdc14A small interfering RNAs 
(siRNAs; Vázquez-Novelle et al., 2010), and Wee1 was examined at 
different time points after transfection. As shown in Figure 1A, after 
48 h of siRNA Cdc14A treatment the cells showed a reduction in 
Wee1 protein levels. Consistent with this result, the phosphorylation 
of Cdk1 at Tyr15 was also reduced at this time point (Figure 1A). 
Treatment of cells with the proteasome inhibitor MG132 abolished 
the reduction in Wee1 protein levels (Figure 1B), suggesting that 
Cdc14A regulates Wee1 degradation. To evaluate siRNA duplex 
specificity, we performed rescue experiments with a siRNA-resistant 
Cdc14A construct. In U-2-OS cells infected with empty vector or 
with retrovirus expressing wild-type (wt) Cdc14A, transfection with 
siRNA Cdc14A induced the already observed reduction in Wee1 
protein level as compared with siRNA control cells (Figure 1C, lanes 
5 and 6 and lanes 11 and 12, respectively). However, this effect was 
significantly reversed by expression of siRNA-resistant Cdc14A 
(Figure 1C, lanes 17 and 18). Reduction in the levels of Wee1 kinase 
was also observed in nontransformed human BJ-TERT fibroblasts 
after transfection with Cdc14A siRNAs (Supplemental Figure S1). 
We also analyzed the effect of Cdc14A down-regulation on Wee1 
protein levels at the G2/M transition. As shown in Figure 1D, the 
degradation of Wee1 started earlier and was increased in cells de-
pleted for Cdc14A as compared with control cells, suggesting that 
Cdc14A regulates Wee1 at the G2/M transition.

Ectopic expression of Cdc14 phosphatases results 
in the dephosphorylation of Wee1
To investigate Wee1 regulation by Cdc14A, we next analyzed Wee1 
in cells with high levels of Cdc14A phosphatase. We used U-2-OS 
clones conditionally expressing Myc-tagged Cdc14A or its phos-
phatase-dead (PD) mutant form (Mailand et  al., 2002). After the 
ectopic expression of active Cdc14A, but not of Cdc14A(PD), a 
striking change in the gel mobility of Wee1, detected as a faster-
migrating form, was observed (Figure 2A). The treatment of Wee1, 
immunoprecipitated from both Cdc14A-overproducing and control 
cells, with λ phosphatase indicated that the observed change in the 
Wee1 electrophoretic mobility corresponded to the dephosphory-
lated forms of the protein (Figure 2B). However, overexpression of 
Cdc14A did not affect other Cdk1 substrates, such as the cen-
trosomal Nek9 mitotic kinase (Bertran et al., 2011), nor did it cause 
an indiscriminate effect on all Cdk phosphoepitopes (Supplemental 
Figure S2), suggesting that the effect on Wee1 is specific. The de-
phosphorylation and accumulation of Wee1 were also observed 
when Cdc14A was overexpressed at the G2/M transition (Figure 
2C). This effect was correlated, as already reported, with cells ac-
cumulating in G2 as consequence of high levels of Cdc14A (Figure 
2C; Vázquez-Novelle et al., 2010). The dephosphorylation of Wee1 
was also observed in HCT116 or HEK293T cells transiently trans-
fected with active Cdc14A phosphatase (Supplemental Figure 
S3A). Moreover, the ectopic expression of Cdc14B, but not of PTEN 
or Cdc25 dual-specificity phosphatases, also resulted in Wee1 

Wee1 can be phosphorylated and inhibited by Cdk1 in vitro 
(Mueller et al., 1995a). However, the phosphorylation of human 
Wee1 by Cdk1 does not inhibit its kinase activity in vitro (Watanabe 
et al., 1995). More recently, studies carried out in Xenopus sug-
gested a probably conserved mechanism for Wee1 inactivation in 
which specific phosphorylation by Cdk1 at the well-conserved 
N-terminal region, called the Wee-box, induces Wee1 inactivation 
through binding with the cis/trans prolyl isomerase Pin1 (Okamoto 
and Sagata, 2007). In addition, other phosphorylation events 
carried out by different kinases are also involved in human Wee1 
inactivation. Thus it was suggested that Akt promotes the G2/M 
transition by phosphorylation-dependent 14-3-3 binding and the 
cytoplasmic localization of Wee1 (Katayama et al., 2005). More-
over, Cdk2–cyclin A also contributes to Wee1 nuclear export 
through binding to a conserved RXL motif and probably phospho-
rylation on the Thr-239 residue (Li et al., 2010). Although export of 
Wee1 to the cytoplasm does not seem to be essential for entry 
into mitosis, it might be needed to prevent early activation of 
Cdk1–cyclin B1 complexes on centrosomes (Jackman et al., 2003). 
Therefore multiple mechanisms seem to be involved in the inhibi-
tion of human Wee1 at entry into mitosis.

The highly conserved Cdc14 family of dual-specificity phos-
phatases reverses CDK-dependent phosphorylation events. In 
Saccharomyces cerevisiae, Cdc14 is essential for the inactivation of 
mitotic Cdk and mitotic exit by reversing phosphorylation of many 
Cdk substrates (Stegmeier and Amon, 2004; Queralt and Uhlmann, 
2008). In Schizosaccharomyces pombe, the Cdc14 homologue 
Flp1/Clp1 inhibits mitotic Cdk activity by promoting, at least in part, 
the down-regulation of Cdc25 protein through its direct dephos-
phorylation (Esteban et al., 2004, 2008; Wolfe and Gould, 2004). It 
was also suggested that Flp1 is required for efficient DNA-damage 
response (Díaz-Cuervo and Bueno, 2008).

Cdc14 homologues also exist in metazoans. In mammals, there 
are two Cdc14 homologues, Cdc14A and Cdc14B, whose func-
tions and substrates are poorly known. The two homologues are 
able to rescue Cdc14-deficient yeast cells, suggesting that some 
functions are conserved (Li et  al., 1997; Vázquez-Novelle et  al., 
2005). However, their participation in the dephosphorylation of mi-
totic Cdk substrates at the exit of mitosis is not clear. Cdc14A, lo-
cated at the centrosome during interphase, was implicated in the 
regulation of the centrosome cycle (Kaiser et  al., 2002; Mailand 
et al., 2002). Moreover, Cdc14A phosphatase prevents premature 
entry into mitosis by inhibiting Cdc25 activity (Vázquez-Novelle 
et al., 2010; Sacristán et al., 2011). Cdc14B seems to be involved 
in many functions during the cell cycle (Mocciaro and Schiebel, 
2010) and is able to promote malignant transformation in vitro 
(Chiesa et al., 2011). It has also been suggested that both Cdc14A 
and Cdc14B phosphatases play a role in DNA repair (Berdougo 
et al., 2008; Mocciaro et al., 2010). Recent studies show that Cdc14 
phosphatases regulate transcription during the cell cycle through 
the dephosphorylation of RNA polymerase II. This function is con-
served in yeast and mammals (Clemente-Blanco et  al., 2011; 
Guillamot et al., 2011). Here we identify a new Cdc14 substrate: 
the Wee1 kinase. Depletion of Cdc14A results in the degradation 
of Wee1 in human cells. This effect correlates with the ability of 
Cdc14A to reverse Cdk-mediated phosphorylation of Wee1 at 
Ser-123, a site known to be involved in Wee1 regulation, and 
Ser-139, a newly identified site phosphorylated by Cdks and also 
involved in the control of Wee1 stability. Given that Wee1 kinase is 
a crucial part of the regulatory network controlling Cdk1 activity, 
our data suggest that Cdc14A interferes with Cdk1 activity through 
Wee1 regulation.
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modification (Supplemental Figure S3B). 
Because the depletion of Cdc14B did not 
have any effect on Wee1 protein levels in 
normally cycling cells (Supplemental Figure 
S3C), we conclude that Cdc14A and 
Cdc14B phosphatases might regulate 
Wee1 in a different manner. Our work 
henceforth focuses on the role of the hu-
man Cdc14A isoform in Wee1 regulation.

Cdc14A interacts with and 
dephosphorylates Wee1
To check whether Wee1 kinase is a Cdc14A 
substrate, we first analyzed the molecular 
interactions between Cdc14A and Wee1 in 
the cell. Because the antibodies available do 
not detect endogenous Cdc14A, we used 
the Myc-Cdc14A fusion proteins expressed 
in HEK293T cells. As shown in Figure 3A, the 
overexpressed Myc-Cdc14A coimmunopre-
cipitated with the endogenous Wee1. No 
interaction was observed, however, between 
Wee1 and the dual Cdc25A phosphatase 
under the same overexpression conditions 
(Figure 3B), suggesting a specific interaction 
between Cdc14A and Wee1 proteins. Wee1 
kinase contains 16 potential phosphoryla-
tion sites for CDKs, which, except for one of 
them (Ser-472), lie within the amino-terminal 
regulatory domain (Figure 3C). To test 
whether Cdc14A interacted with Wee1 
through this domain, we coexpressed he-
magglutinin (HA)-tagged, full-length Wee1, 
N-terminal (amino acids [aa] 1–257) or 
C-terminal (aa 258–646) halves of Wee1 and 
Myc-Cdc14A proteins in HEK293T cells. 
As shown in Figure 3, D and E, only the 
full-length or amino-terminal domain of 
Wee1 bound to Myc-Cdc14A, suggesting 
that the CDK-dependent phosphorylation 
state of Wee1 could mediate binding with 
the Cdc14A phosphatase.

Next, to see whether Wee1 was a sub-
strate of Cdc14A phosphatase, we first per-
formed in vitro phosphatase assays using 
Wee1 immunoprecipitates obtained from 
Cdc14A U-2-OS noninduced cells (control 
conditions) and recombinant GST-Cdc14A 
or GST-Cdc14A(PD) proteins purified from 
Escherichia coli. As shown in Figure 4A, in-
cubation of Wee1 with wild-type Cdc14A, 
but not with the inactive Cdc14A(PD) form, 
resulted in some degree of Wee1 dephos-
phorylation, indicating that Cdc14A was 
able to dephosphorylate Wee1. As men-
tioned, Wee1 is phosphorylated by several 
kinases, among which mitotic Cdk1 is pres-
ent. Because Cdc14A preferentially reverses 
CDK-dependent phosphorylations, we then 
tested whether Cdc14A was able to remove 
Cdk1-cyclin B1–dependent Wee1 phospho-
residues. To prevent the autophosphoryla-
tion of Wee1, we generated a kinase-dead 

FIGURE 1:  Depletion of Cdc14A causes a reduction of Wee1 protein levels. (A) Asynchronously 
growing U-2-OS cells were transfected with Cdc14A or control siRNAs and grown for 24, 36, or 
48 h. Cellular extracts were obtained and analyzed by immunoblot against the indicated proteins. 
Cdc14A mRNA levels were analyzed at each time point using real-time PCR in triplicate 
measurements (±SD). The value given for Cdc14A mRNA in control cells was set as 1. The 
percentage of mitotic cells was measured by fluorescence-activated cell sorting analysis using 
anti–phospho-histone H3 antibody. (B) U-2-OS cells were treated with Cdc14A (A) or control (C) 
siRNAs for 48 h. Where indicated, MG132 (20 μM) was added to the culture and maintained 
during the last 6 h. The levels of Wee1 protein were analyzed by immunoblot in the corresponding 
cell lysates. (C) U-2-OS cells infected with retroviruses expressing empty vector (control), Cdc14A 
wild type (wt), or siRNA-resistant Cdc14A (R) (a Cdc14A cDNA with four silent mutations in the 
sequence corresponding to siRNA sequence) were transfected with control or Cdc14A siRNAs. 
Cellular extracts were obtained at the indicated times and probed for Wee1 and Cdc14A. Relative 
Wee1 degradation was quantified by densitometry. Wee1 signal intensity was normalized to the 
loading control (actin) and expressed as the amount relative to the corresponding 36-h sample, 
which was set as 1. Note that the anti-Cdc14A antibody is able to recognize ectopically expressed 
Cdc14A but not the endogenous protein levels. (D) U-2-OS cells were synchronized in G1/S by 
double thymidine treatment and transfected with control or Cdc14A siRNAs after the first 
thymidine arrest. Cells were then released into fresh medium containing nocodazole to trap 
mitotic cells, and samples were taken at different time points as they progressed to mitosis for the 
immunoblotting and phospho–histone H3 positivity analyses. Asterisk, unspecific cross-reacting 
band. These blots are representative from at least three different experiments.
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HA-tagged Wee1 and Myc-tagged Cdc14A or Cdc14A(PD) with 
anti-HA and immunoblotted them with specific anti–phospho-Ser 
(CDK substrates) antibody. As shown in Figure 4C, the ectopic ex-
pression of Cdc14A efficiently reversed the Cdk-mediated serine 
phosphorylations of Wee1. Taken together, all these results suggest 
that Cdc14A interacts with and dephosphorylates Cdk-dependent 
phosphorylation sites of Wee1.

Cdc14A dephosphorylates Wee1 at Ser-123 
and Ser-139 residues
To understand the mechanism by which Cdc14A regulates Wee1 
turnover, we first investigated the phosphorylation sites reversed by 
Cdc14A phosphatase. It was shown that Cdk1 phosphorylation at 
Ser-123 is involved in Wee1 degradation at the G2/M transition 
(Watanabe et al., 2004, 2005). In light of this, we postulated that this 
residue might be the ideal candidate as target for Cdc14A. More-
over, an as-yet-uncharacterized residue close to Ser-123 and con-
served in mammals, Ser-139, also corresponds to the full canonical 
site for CDK phosphorylation, Ser/Thr-Pro-X-Arg/Lys. These obser-
vations prompted us to focus on these two residues as putative 
Cdc14A targets. In vitro phosphatase assays performed with the 
corresponding nonphosphorylatable mutant (double S123/139A, 
2A mutant) afforded the first evidence concerning the possibility 
that these two residues might be Cdc14A dephosphorylation sites. 
Thus Cdc14A removed some Cdk1 phosphorylation in the wild-
type amino-terminal domain of Wee1 (Figure 5A, lane 2). However, 
when both Ser-123 and Ser-139 were modified (2A), although Wee1 
was still phosphorylated by Cdk1, treatment with active Cdc14A did 
not decrease the phosphorylation signal to any significant extent 
(Figure 5A, lane 5), indicating that Cdc14A dephosphorylates Wee1 
at Ser-123 and Ser-139 residues. These data suggested that phos-
phorylation of Ser-139 could also be involved in the control of Wee1 
turnover and that Cdc14A could regulate Wee1 through these two 
residues.

To confirm in vivo phosphorylation of Wee1 at Ser-139, we gen-
erated an affinity-purified phosphospecific antibody directed against 
sequences surrounding Wee1-phosphorylated Ser-139 (pSer-139-
Wee1). To facilitate the immunopurification of Wee1, we used 
HEK293T cells expressing HA-tagged Wee1. Wee1 was immuno-
precipitated from these cells and subjected to immunoanalysis with 
pSer-139-Wee1 antibody. As shown in Figure 5B, HA-tagged Wee1 
immunopurified from enriched mitotic HEK293T cells was phospho-
rylated at Ser-139 and dephosphorylated by active Cdc14A. More-
over, Cdc14A also dephosphorylated pSer-123-Wee1 in vitro, as 
detected by commercially available antibodies (Figure 5C). Then, to 
confirm in vivo Cdc14A dephosphorylation of Wee1, we examined 
whether depletion of Cdc14A would cause hyperphosphorylation of 
Wee1 at Ser-123 and Ser-139. Because hyperphosphorylation of 
Wee1 drives it to its degradation, making technically difficult the 
detection of these phosphoserines before degradation, we tested 
phosphorylation of Wee1 in U-2-OS cells depleted for Cdc14A and 
treated with the proteasome inhibitor MG132. As shown in Figure 
5D, Wee1 kinase from cells treated with Cdc14A siRNAs and MG132 
had increased levels of both Ser-123 and Ser-139 phosphorylation 
as compared with control cells.

Wee1 Ser-139 is a newly identified Cdk phosphoresidue 
with a role in the regulation of its turnover
The phosphorylation of Wee1 at Ser-139 was also checked by 
studying how the change of this residue to the nonphosphorylat-
able amino acid alanine (S139A mutant) affected the total Wee1 
phosphorylation state in the cell. In parallel, we also tested Wee1 

(KD) derivative by replacing lysine by arginine-328 of the kinase do-
main. In vitro autophosphorylation assays confirmed that the 
Wee1(KD) mutant was inactive (Figure 4B, lane 1). Recombinant glu-
tathione S-transferase GST-Wee1(KD) was first phosphorylated by 
Cdk1–cyclin B1 complexes and then incubated with GST-Cdc14A or 
the inactive form GST-Cdc14A(PD). As shown in Figure 4B, Cdc14A 
was able to decrease the phosphorylation signal of Wee1. Finally, to 
further test the ability of Cdc14A to reverse CDK-mediated serine 
phosphorylations (Bremmer et  al., 2011), we immunoprecipitated 
protein extracts obtained from HEK293T cells coexpressing 

FIGURE 2:  Wee1 is dephosphorylated in cells overexpressing 
Cdc14A. (A) U-2-OS cell lines conditionally expressing active Cdc14A 
or its catalytically inactive form, Cdc14A(PD), were left untreated (T+) 
or induced (T–) to express the transgenes by removal of tetracycline, 
and cell lysates were processed for immunoblotting with the indicated 
antibodies. (B) The U-2-OS Cdc14A cell line was left untreated or 
induced to express wild-type Cdc14A for 24 h, and cell extracts were 
obtained. Wee1 protein was then immunoprecipitated with anti-Wee1 
antibodies and incubated with λ phosphatase (λPP). The 
dephosphorylation of Wee1 was monitored by immunoblotting. 
(C) U-2-OS–Myc-Cdc14A cells, synchronized at the G1/S transition by 
double thymidine treatment, were released and induced to express 
the transgene (top) or kept noninduced (control conditions). Samples 
were taken for flow cytometry (bottom) and immunoblot analyses at 
the indicated times after release. The data shown are representative 
of three different experiments.
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specific CDK inhibitor purvalanol abolished 
this phosphorylation, indicating that Ser-
139 is a CDK phosphorylation site (Figure 
6B). We next analyzed the phosphorylation 
of Ser-139 at different phases during the 
cell cycle. Cells were synchronized at mito-
sis, G1, or G1/S phases and processed for 
the immunoprecipitation of HA-Wee1 and 
the detection of Ser-139 phosphorylation. 
We found that although some level of Ser-
139 phosphorylation was already detected 
at G1/S, it was higher in mitosis (Figure 6C). 
As expected, at the G1 phase, when Wee1 
was still low in abundance and appeared 
hypophosphorylated, no phosphorylation 
of Ser-139 was detected (Figure 6C). These 
results indicate that Wee1 is phosphory-
lated on Ser-139 as of early S phase, prob-
ably mediated by Cdk2, and that Cdk1 
might be responsible for this modification 
at the G2/M transition.

To understand the biological significance 
of Ser-139 phosphorylation, we first tested 
whether the change of Ser-139 to the non-
phosphorylatable residue alanine affected 
the function of Wee1. To achieve this, we 
assayed its effect on Cdk1 Tyr15 phosphory-
lation in transfected cells. As shown in Sup-
plemental Figure S4, wild-type Wee1 in-
creased Cdk1 Tyr15 phosphorylation as 
compared with empty vector or the kinase-
dead Wee1 form. Moreover, the S139A mu-
tant was as potent as wild-type Wee1, and 
the mutants S123A and 2A also showed 
similar kinase activities. Although we cannot 
exclude that the endogenous Wee1 protein 
cooperates with the ectopically expressed 
Wee1 versions, these results suggest that 
S139A does not affect the overall structure 
or function of Wee1 and that phosphoryla-
tion of this residue does not regulate Wee1 
kinase activity.

Because human Wee1 is negatively 
regulated at the G2/M transition by 
phosphorylation-dependent degradation 
(Watanabe et  al., 2004, 2005), we ana-
lyzed the possible involvement of Ser-139 
in Wee1 stability. First, we checked the 

turnover of Ser-139 Wee1 mutants in parallel with wild-type and 
S123A versions, the latter as an already described stabilizing mu-
tation (Watanabe et al., 2005), by using the inhibitor of protein 
synthesis cycloheximide. As shown in Figure 7A, both the S123A 
and S139A mutants were more stable than wild-type Wee1. 
Moreover, the turnover of 2A mutant was significantly slower 
than that of wild type, although this double mutation did not fully 
block Wee1 degradation. Furthermore, the change of Ser-139 to 
Asp (S139D), an amino acid that mimics constitutive phosphory-
lation, resulted in a more labile protein as compared with wild-
type Wee1 (Figure 7A). These data suggest that the phosphoryla-
tion of Ser-139 is required for proper Wee1 turnover and that 
additional phosphorylation sites (other than Ser-123 and Ser-139) 
are involved.

phosphorylation when preventing phosphorylation of the already 
characterized Ser-123 residue (S123A mutant). We engineered 
U-2-OS cells that stably expressed retrovirally transduced, HA-
tagged Wee1 wild type or the different alanine mutants at a mod-
erate level. As shown in Figure 6A, both the S123A and S139A 
mutants already displayed a faster electrophoretic mobility shift 
than wild-type Wee1 during interphase. Moreover, we observed 
that the S139A mutant failed to undergo mitotic hyperphosphory-
lation to an even greater extent than the S123A mutant (Figure 
6A). Accordingly, when the two residues were mutated, the gel 
mobility of Wee1 was even faster (Figure 6A). These results show 
that the phosphorylation of Ser-139 has a clear effect on the total 
Wee1 phosphorylation state, indicating that Ser-139 is phosphory-
lated in vivo. Moreover, and as expected, the treatment with the 

FIGURE 3:  Wee1 interacts with Cdc14A through its amino regulatory region. 
(A, B) HEK293T cells were transfected with Myc-Cdc14A, Myc-Cdc14A(PD), or HA-Cdc25A. 
After 24 h of transfection, endogenous Wee1 was immunoprecipitated with anti-Wee1 
antibody and analyzed by immunoblotting to detect the presence of tagged Cdc14A (A) or 
Cdc25A (B), respectively, and Wee1. Cellular extracts were also probed for the indicated 
antigens. Asterisk, unspecific cross-reacting band. (C) Distribution of CDK phosphorylation 
consensus sites (bars) on Wee1. Ser-123 and -139 correspond to the full consensus sequence 
Ser/Thr-Pro-X-Arg/Lys, where X represents any amino acid. (D) HEK293T cells were 
cotransfected with Myc-Cdc14A and full-length (FL) HA-Wee1. After 40 h of transfection, 
cellular extracts were obtained, and the presence of Cdc14A and Wee1 was analyzed by 
immunoblotting in anti-Myc-Cdc14A immunoprecipitates. (E) HEK293T cells were 
cotransfected with Myc-Cdc14A and HA-Wee1 N-terminal (ND; aa 1–257) or C-terminal (CD; 
aa 258–646) domains of Wee1. After 40 h of transfection, cellular extracts were 
immunoprecipitated with anti-Myc antibodies and analyzed by immunoblotting to detect 
the presence of the two proteins. The data shown are representative of at least two 
independent experiments.
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analyzed by immunoblot at 48 and 72 h posttransfection. As ob-
served in Figure 7B, the levels of the Wee1 2A mutant were not 
significantly reduced after treatment with Cdc14A siRNAs. Taken 
together, these data suggest that Cdc14A phosphatase regulates 
Wee1 stability through Ser-123 and Ser-139 dephosphorylation.

Because it was shown that at the G2/M transition Wee1 degrada-
tion is mediated by Cdk1-primed Plk1 phosphorylation (Watanabe 
et al., 2005), we then investigated whether the phosphorylation of 
Ser-139 might be involved in the Wee1–Plk1 interaction. As ex-
pected, Plk1 was efficiently coimmunoprecipitated with wild-type 
Wee1 (Figure 7C). However, this molecular interaction was strongly 
reduced with both S123A (as already reported by Watanabe et al., 
2004) and S139A mutants and was not detected with the 2A mutant 
(Figure 7C). These results suggested that both Ser-123 and Ser-139 
residues must be phosphorylated to allow efficient interaction be-
tween Wee1 and Plk1 kinases.

DISCUSSION
In vertebrate cells, a role for Cdc14 phosphatases in the control of 
Cdk1 activity has been reported. This function is carried out, at least 
in part, through the regulation of Cdc25 phosphatase activity 
(Krasinska et al., 2007; Vázquez-Novelle et al., 2010; Sacristán et al., 
2011; Tumurbaatar et al., 2011). The activation of Cdk1–cyclin B1 
complexes is controlled by the opposing activities of Wee1/Myt1 
kinases and Cdc25 phosphatases, which regulate the Cdk1 Thr-14 
and Tyr-15 phosphorylation state. When active, these kinases and 
phosphatases are in turn inhibited or positively regulated, respec-
tively, by direct Cdk1 phosphorylation, thereby further amplifying 
Cdk1 activation. Human Cdc14A interferes with the positive Cdc25-
mediated feedback loop that controls the activation of Cdk1–cyclin 
B1 to promote entry into mitosis (Vázquez-Novelle et al., 2010).

In mammalian cells, the phosphorylation of Wee1 by Cdk1 pro-
motes its degradation at the G2/M transition (Watanabe et  al., 
2004). By using siRNA-mediated treatment, here we show that 
Cdc14A plays a role in the regulation of Wee1 protein levels. 
Cdc14A-depleted cells displayed reduced levels of Wee1 when 
growing asynchronously and also when the cells were synchro-
nized at late G2 phase. The decrease in the level of Wee1 protein 
was a result not of altering Wee1 transcription, but instead of sta-
bilizing the protein. We also observed that the ectopic expression 
of Cdc14A during G2 resulted in the accumulation of dephospho-
rylated Wee1. These results suggest that Cdc14A modulates entry 
into mitosis by counteracting phosphorylation-dependent Wee1 
degradation.

The Cdk-dependent phosphorylation of Wee1 at Ser-123 allows 
binding with β-TrCP E3 ubiquitin ligase (Watanabe et  al., 2004, 
2005). Moreover, phospho–Ser-123 promotes additional Wee1 
phosphorylation at Ser-121 and Ser-53 by CK2 and Plk1 kinases, 
respectively, which creates another β-TrCP binding site responsible 
for the ubiquitination and proteasome-mediated degradation of 
Wee1 at the G2/M transition (Watanabe et  al., 2004, 2005). We 
show here that Cdc14A dephosphorylates Wee1 at Ser-123, sug-
gesting that Cdc14A deficiency may enhance phosphorylation-de-
pendent Wee1 degradation. We further show that the instability of 
Wee1 in Cdc14A-depleted cells also reflects an additional site-spe-
cific dephosphorylation, at Ser-139, which fulfills the strict require-
ment for a CDK consensus site (Nigg, 1995). The phosphorylation of 
Wee1 at Ser-139 was already detectable at the G1/S transition and 
was higher in mitosis, when Cdk1–cyclin B1 complexes become ac-
tive. Our results clearly suggest that Cdc14A regulates Wee1 stabil-
ity through the dephosphorylation of both the Ser-123 and Ser-139 
residues.

Cdc14A regulates Wee1 stability through 
dephosphorylation on Ser-123 and Ser-139
To finally corroborate that the mechanism by which Cdc14A regu-
lates Wee1 stability was indeed the dephosphorylation of Ser-123 
and Ser-139 residues, we tested the effect of Cdc14A deficiency in 
cells expressing the Wee1 2A mutant, whose turnover cannot be 
regulated by these two residues. U-2-OS cells stably expressing ret-
rovirally transduced, HA-tagged Wee1 wild-type or 2A mutant at a 
moderate level were transfected with control or Cdc14A siRNAs and 

FIGURE 4:  Cdc14A dephosphorylates Wee1. (A) Wee1 protein was 
obtained by immunoprecipitation with anti-Wee1 antibodies from the 
noninduced U-2-OS–Myc-Cdc14A cellular extracts (500 μg) and 
incubated with 100 ng of GST-Cdc14A or its inactive form, GST-
Cdc14A(PD). Dephosphorylation of Wee1, detected by its different 
SDS–PAGE gel mobility, and the presence of the indicated Cdc14A 
forms detected by immunoblotting. (B) GST-Wee1(KD), GST-Cdc14A, 
and GST-Cdc14A(PD) fusion proteins were expressed and purified 
from E. coli. Inactive Wee1 kinase was first incubated with 
recombinant Cdk1–cyclin B1 in the presence of [γ-32P]ATP. Then it was 
washed extensively and treated with active or inactive GST-Cdc14A 
phosphatases. Reactions were resolved by SDS–PAGE and analyzed 
by Coomassie staining (bottom) and autoradiography (top). 
(C) HEK293T cells were cotransfected with HA-tagged Wee1 and 
Myc-tagged Cdc14A or Myc-tagged Cdc14A(PD). After 40 h, protein 
extracts were obtained, and Wee1 was immunoprecipitated with 
anti-HA antibodies and subjected to immunoblotting with phospho-
serine (Cdk substrates) and anti–total Wee1 antibodies. Cell lysates 
were also analyzed by immunoblotting with the indicated antibodies. 
The data shown are representative of three different experiments.
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site. It could be that phosphorylation of 
those two proximal residues (Ser-123, Ser-
139) favors a particular protein conforma-
tion, which, in turn, facilitates pSer-123–me-
diated Plk1 interaction and the consequent 
recognition by the ubiquitin ligase SCF 
(Skp1/cullin/F-box)-β-TrCP. As mentioned, 
although the phosphorylation of Ser-139 
was higher in mitosis, it was also observed 
during S and G2 phases. Thus Cdk2 might 
also be the kinase responsible for this phos-
phorylation, which together with phospho-
rylation of Ser-123 (Watanabe et al., 2005) 
may contribute to the basal rate of Wee1 
turnover during interphase.

We also show that the double 2A Wee1 
mutant, although more stable than wild-
type Wee1, is still degraded in mitosis, sug-
gesting that additional mechanisms are in-
volved in the regulation of human Wee1 
stability at the G2/M transition. Different re-
gions of Wee1, among which the activation 
domain is included, are also involved in the 
control of its degradation (Owens et  al., 
2010). Moreover, the phosphorylation of 
Ser-472, a potential CDK site in this domain, 
also seems to affect the rate of Wee1 turn-
over (Owens et  al., 2010). Taken together, 
these data indicate that Wee1 degradation 
is mediated by a precise and complex pat-
tern of phosphorylations in which different 
kinases are involved. The Wee1 hyperphos-
phorylated state is reached at the onset of 
mitosis, making the protein labile at this 
point of the cell cycle. In addition, it was 
suggested that a hypophosphorylated form 
of Wee1 could also render the protein more 
unstable (Watanabe et al., 1995). Wee1 ki-
nase is also regulated by changes in its sub-
cellular localization in human cells. Thus the 
phosphorylation of Wee1 at Ser642 by Akt 
accelerates the cytoplasmic localization of 
Wee1 at the G2/M transition (Katayama 
et al., 2005). The nuclear export of Wee1 is 
also mediated by Cdk2–cyclin A phosphory-
lation at Thr-239 (Li et al., 2010). The Wee1 

nuclear export does not seem to be essential, however, for entry 
into mitosis (Li et al., 2010). Moreover, it is possible that different 
posttranslational modifications, other than reversible phosphoryla-
tion events, also regulate Wee1 stability in human cells.

Our results suggest that human Cdc14A constitutes a key ele-
ment in the complex network for Wee1 regulation at the entry into 
mitosis. By promoting Wee1 stability, Cdc14A participates in main-
taining the interphase state when cells are not ready for nuclear divi-
sion (see model in Figure 8). Thus siRNA-mediated down-regulation 
of Cdc14A accelerates entry into mitosis (Vázquez-Novelle et  al., 
2010). However, this phenotype has not been observed in Cdc14-
knockout cell lines, which do not show any obvious defect in cell 
cycle progression (Mocciaro et  al., 2010). Among previously dis-
cussed possibilities trying to explain discrepancies between knock-
out and siRNA depletion data (Mocciaro and Schiebel, 2010), 
we favor the idea that the permanent lack of Cdc14A could be 

The newly identified Cdk-mediated Wee1 phosphorylation site, 
Ser-139, appears to be involved in its degradation at entry into mi-
tosis. Thus mutation of this residue to alanine confers marked sta-
bility to the protein, and the protein turnover of the corresponding 
mutant mimicking a constitutive phosphorylation is slightly acceler-
ated when compared with the wild-type protein. Moreover, although 
the single mutation of the previously characterized Ser-123 inter-
feres with the interaction of Wee1 with Plk1 kinase (Watanabe et al., 
2005, and the present work), this interaction was also altered in a 
S139A mutant, with the concomitant mutation of Ser-123 and Ser-
139 completely disrupting the Wee1–Plk1 interaction. This key ob-
servation suggests that Cdk1–cyclin B1 might phosphorylate these 
two nearby residues to prime Plk1 phosphorylation and the conse-
quent protein degradation and that the lack of modification in any 
of them reduces binding efficiency with Plk1 kinase. The Ser-139 is 
not, however, within a known consensus motif for a Plk1-docking 

FIGURE 5:  Cdc14A dephosphorylates Wee1 at Ser-123 and Ser-139. (A) The Ser-123 and 
Ser-139 residues were mutated to the nonphosphorylatable Ala by site-directed mutagenesis 
(2A mutant) in the recombinant GST–N-terminal domain of Wee1 (GST-Wee1(ND)). Wild-type 
and Wee1 2A mutant were expressed and purified from E. coli. GST-Wee1 fusion proteins were 
first phosphorylated with Cdk1–cyclin B1 complexes in the presence of [γ-32P]ATP and then 
incubated with GST-Cdc14A phosphatase or its inactive form, GST-Cdc14A(PD). Proteins were 
resolved by SDS–PAGE gels, and phosphorylation was detected by autoradiography. The same 
membrane was then reprobed with anti-Wee1 and anti-Cdc14A antibodies to check the amount 
of Wee1 and Cdc14A proteins loaded. (B, C) HEK293T cells were transfected with HA-tagged 
Wee1, and after 12 h of transfection, cells were treated with nocodazole (12 h) to accumulate 
cells in mitosis. Cell lysates were prepared, and Wee1 was immunopurified with anti-HA 
antibodies and treated with active Cdc14A, the inactive phosphatase form Cdc14A(PD), or λPP, 
where indicated. Reactions were resolved by SDS–PAGE gels, and phosphorylation at Ser-123 or 
Ser-139 was analyzed with anti–pSer-123(Wee1) or anti–pSer-139(Wee1) antibodies, respectively. 
The amount of total Wee1 was analyzed on the same filter by sequentially immunoprobing with 
anti-Wee1 antibodies. Immunoblotting with anti-Wee1 antibody also demonstrated a shift in 
mobility after treatment with active Cdc14A or λPP. The presence of Cdc14A was determined 
with anti-Cdc14A antibodies. Two mutants of Wee1 in which the Ser-123 or -139 was changed to 
alanine, S123A and S139A, respectively, were immunoprecipitated, as indicated for wild-type 
HA-Wee1 protein, and used as anti–pSer-123 or anti–pSer-139 Wee1 negative controls. NT, 
nontreated immunoprecipitates. (D) U-2-OS cells were treated with Cdc14A (A) or control (C) 
siRNAs for 48 h. Where indicated, MG132 (20 μM) was added to the culture and maintained 
during the last 6 h. Cellular extracts were prepared and analyzed by immunoblotting with the 
indicated antibodies. The data shown are representative of at least three independent 
experiments.
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Wee1 is predominantly nuclear, but it 
has also been found to associate with cen-
trosomes. Cdc14A localizes to centrosomes 
during interphase, and it spreads through-
out the cell during mitosis (Kaiser et  al., 
2002; Mailand et al., 2002). Thus Cdc14A-
mediated Wee1 regulation could take place 
at the centrosomes during interphase. 
Alternatively, Cdc14A could act when re-
leased from the centrosome at the onset of 
mitosis. Cdc14B is able to dephosphorylate 
Wee1; however, in clear contrast with the 
observed function for Cdc14A, Wee1 pro-
tein levels remain unaffected in asynchro-
nous Cdc14B-depleted cells. Given that 
Cdc14B is maintained in the nucleolus dur-
ing G2, one possibility is that regulation of 
Wee1 is specific for the centrosomal 
Cdc14A isoform and that it is at the cen-
trosome where Cdc14A regulates the Wee1 
kinase in a normal cell cycle. It has been 
shown that after G2 DNA damage, no 
change in subcellular localization is ob-
served for Cdc14A; however, Cdc14B iso-
form moves from the nucleolus to the nu-
cleoplasm (Bassermann et  al., 2008). In 
fission yeast, replication stress also induces 
changes in the subcellular localization of 
Flp1/Cdc14 from the nucleolus to the nu-
cleus (Díaz-Cuervo and Bueno, 2008). These 
findings support the possibility that Cdc14B 
isoform could be involved in the regulation 
of Wee1 upon genotoxic stress. This hy-
pothesis deserves further investigation.

The regulation of Wee1 has been ad-
dressed in numerous studies, from which it 
has become evident that multiple phospho-
rylation events, carried out by different ki-
nases, play an important role. Our results 
indicate that Wee1 is a substrate of Cdc14 
phosphatases in human cells and that by re-
versing specific Cdk1 phosphorylation, the 
Cdc14A isoform induces Wee1 stability, 
which in turn directly inhibits Cdk1 activity. 
Given that Cdc14A also acts on Cdc25 
phosphatases (Krasinska et  al., 2007; 
Vázquez-Novelle et  al., 2010), taken to-
gether, our data suggest that Cdc14A mod-
ulates Cdk1 activity by directly controlling 
the two major CDK regulators, Wee1 and 
Cdc25, responsible for the negative and 
positive feedback loops, respectively, estab-
lished with Cdk1. It also has been suggested 
that PP2A phosphatase regulates Cdc25 
and Wee1 phosphorylation, thus controlling 
Cdk1 activity during interphase (Mochida 

et al., 2009; Wicky et al., 2011). Therefore Wee1 could be regulated 
by different phosphatases, as it is targeted by different kinases re-
sponsible for its inhibitory hyperphosphorylation state in mitosis. An 
attractive hypothesis is that these phosphatases could act on differ-
ent or the same Wee1 phosphoresidues to integrate diverse signal-
ing inputs; they could act at different subcellular locations or under 

compensated in the long term by other phosphatases in knockout 
cells. This is based on the fact that knockout cell lines are generated 
by selection. However, the nature of siRNA-mediated protein deple-
tion likely avoids compensation because of the short window of 
time for compensatory phosphatases to act, thus revealing some 
phenotypes undetectable in knockout cell lines.

FIGURE 6:  Human Wee1 is phosphorylated by Cdk1–cyclin B1 at Ser-139. (A) U-2-OS cells 
stably expressing retrovirally transduced, HA-tagged Wee1 wild type (wt) or the different 
phosphorylation Wee1 mutants at a moderate level were treated with nocodazole for 12 h to 
obtain mitotic cells. Rounded mitotic cells were collected, and the cells that remained attached 
were also harvested and considered as interphase cells. Cellular extracts were obtained and 
analyzed by immunoblotting with the indicated antibodies. (B) HEK293T cells transiently 
expressing HA-tagged Wee1 were treated with the vehicle dimethyl sulfoxide or the CDK 
inhibitor purvalanol A for 6 h. Wee1 was immunoprecipitated with anti-HA antibody and 
analyzed with both specific p-Ser-139(Wee1) and anti-Wee1 antibodies. Cell lysates were also 
analyzed by immunoblotting with the indicated antibodies. (C) U-2-OS cells stably expressing 
retrovirally transduced, HA-tagged Wee1 were synchronized at the indicated phases of the cell 
cycle. Cells were arrested in mitosis by nocodazole treatment (12 h). Mitotic cells were collected 
(mitosis) or released from the arrest and harvested after 4 h of growth (G1). Cells that remained 
attached to the plates after nocodazole treatment were harvested and considered as interphase 
cells. For G1/S-synchronized cells, the cultures were subjected to a double thymidine treatment. 
Synchronization was checked by fluorescence-activated cell sorting (right) and immunoblot 
analyses. HA-Wee1 was immunoprecipitated with anti-HA antibodies and subjected to 
immunoblot with anti–pSer-139(Wee1) and anti-Wee1 antibodies. These results are 
representative of three independent experiments.
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with phosphate-buffered saline (PBS). Where indicated, nocodazole 
(50 ng/ml) was added to avoid exit from mitosis. Mitotic cells were 
obtained by shaking off the rounded cells after 12 h of treatment 
with nocodazole (50 ng/ml). The proteasome inhibitor MG132 
(20 μM; Calbiochem, La Jolla, CA) was added to the culture medium 
for 6 h. For estimation of the protein half-life, the cultures were 
treated with cycloheximide (25 μg/ml) for the indicated times.

Plasmids, mutagenesis, and virus production
Human Wee1 cDNA was cloned into the pCEFL-HA mammalian 
expression vector using BamHI and EcoRI restriction enzyme sites. 
Two truncated constructions corresponding to the amino domain 
(aa 1–257) and carboxyl domain (aa 258–646) were generated 
by PCR using the primers 5′-CGCGGATCCATGAGCTTCCTGA
GCCGACAG-3′, 5′-CCGGAATTCTCAGTATATAGTAAGGCTG-3′, 
5′-CCGGAATTCGGATCCTATTGGAATGATTCCTGTGGTG-3′, and 
5′-CCGGAATTCTCACGTTCTCTTTCTACGACGACAC-3′. Kinase-
dead (K328R), Ser-123A, Ser-139A, or Ser-123/139A (2A) mutants 
were generated using site-directed mutagenesis. For bacterial ex-
pression in E. coli and the subsequent purification of recombinant 

different cellular conditions. All of these regulatory steps would 
finally contribute to refine the control of entry into mitosis.

MATERIALS AND METHODS
Cell culture, synchronization, and drug treatments
Derivatives of the U-2-OS cell line conditionally expressing Cdc14A 
alleles were from the laboratory of J. Lukas (Mailand et al., 2002). 
Cells were maintained and induced to express the transgenes as 
described previously (Vázquez-Novelle et  al., 2010). HCT116-
Cdc14Bflox/flox cells were from P. Jallepalli (Berdougo et al., 2008). 
U-2-OS and HEK293T cells were cultured in DMEM supplemented 
with 2 mM glutamine, 100 U/ml penicillin G, 0.1 mg/ml streptomy-
cin, and 10% fetal bovine serum at 37ºC/5% CO2 and used for infec-
tion and transient transfection experiments, respectively. HEK293T 
cells were transfected with the calcium phosphate/HEBS (HEPES-
buffered saline solution) method. U-2-OS cells were synchronized in 
G1/S phase by double thymidine treatment. Briefly, thymidine, 
2.5 mM, was added for 24 h, followed by a release period of 12 h 
and a second treatment with thymidine for a further 24 h. Then the 
cells were released to fresh culture medium after extensive washing 

FIGURE 7:  (A) Phosphorylation of Wee1 at Ser-139 is required for normal Wee1 turnover. HEK293T cells were 
transfected with HA-tagged, wild-type Wee1 (wt) or the different HA-tagged Wee1 mutants (S123A, S139A, S139D, and 
S123/139A or 2A). At 24 h posttransfection, cells were treated with cycloheximide to inhibit protein synthesis and then 
harvested at the indicated time points to check HA-Wee1 protein levels by immunoblotting. HA-Wee1 bands were 
quantified and normalized with respect to actin. HA-Wee1 protein levels from 0 h were considered as 1. The data are 
representative of three independent experiments. (B) Cdc14A dephosphorylates Wee1 at Ser-123 and Ser-139 to 
regulate Wee1 stability. U-2-OS cells stably expressing retrovirally transduced, HA-tagged Wee1 wt or the double 2A 
mutant were treated with control or Cdc14A siRNAs for 48 or 72 h. Cellular extracts were obtained and analyzed by 
immunoblotting against the indicated proteins. These blots are representative of three independent experiments. 
(C) Recombinant HA-Wee1 proteins (wt, S123A, S139A, or 2A mutants) were expressed in HEK293T cells, 
immunoprecipitated with anti-HA antibodies, and analyzed by immunoblotting with the indicated antibodies. This 
experiment was performed twice.
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(Carlsbad, CA). The final concentration of the corresponding siRNA 
duplex in the culture medium was 60–100 nM. Transfection of U-
2-OS cells was performed using Lipofectamine RNAiMAX Reagent 
(Invitrogen) according to the manufacturer’s instructions. Four extra 
silent mutations were introduced into Cdc14A cDNA in the area cor-
responding to siRNA duplex by PCR mutagenesis. The PCR oligos 
used are 5′-AGAACAGGGACCCTGATCGCCTGCTATGTAATG-3′ 
and 5′-CATTACATAGCAGGCGATCAGGGTCCCTGTTCT-3′. The 
resulting Cdc14A mutant (Cdc14A [R]) was subcloned into pBabe-
puro retroviral expression vector. Retrovirus were produced in 
HEK293T cells and used to infect U-2-OS cells. After 24 h of infec-
tion cells were grown in medium containing 0.5 mg/ml of puromycin 
for 72 h and then transfected with the corresponding siRNAs.

mRNA analyses
RNA was extracted from U-2-OS cells using the RNeasy Kit (Qiagen, 
Valencia, CA) according to the manufacturer’s instructions. cDNA syn-
thesis was performed from 1 μg of RNA using SuperScript First–Strand 
Kit (Invitrogen). Cdc14A primers were 5′-GTTCCTGAACATCT-
GTGA-3′ and 5′-GCATGTGTAAACCTGTAG-3′. The 18S rRNA prim-
ers, used as internal control, were 5′-CGCCGCTAGAGGTGAAATTC-3′ 
and 5′-CTTTCGCTCTGGTCCGTCTT-3′. Quantitative PCR analysis 
was performed according to standard procedures using the iQ5 
Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA).

Immunochemical techniques
For Western blotting, cells were harvested and lysed in buffer con-
taining 0.5% NP40, 20 mM Tris-Cl, pH 8.0, 150 mM NaCl, 1 mM di-
thiothreitol (DTT), 10 mM β-glycerophosphate, 5 mM NaF, and 1 mM 
Na3VO4 and supplemented with complete protease inhibitor mix-
ture (Roche, Indianapolis, IN). The primary antibodies used in this 
study were Myc tag (9E10; Sigma-Aldrich, St. Louis, MO), HA tag 
(12CA5; Boehringer Mannheim, Mannheim, Germany), Wee1 
(sc-9037; Santa Cruz Biotechnology, Santa Cruz, CA), phospho–
Wee1-Ser-123 (PAB0632; Abnova, Taipei City, Taiwan), Cdk1 (sc-54; 
Santa Cruz Biotechnology), phospho–Tyr-15-Cdk1 (9111; Cell Sig-
naling, Beverly, MA), β-actin (AC-15; Sigma-Aldrich), phospho–(Ser) 
CDKs (2324; Cell Signaling), Cdc14A (DCS-291; NeoMarkers, 
Fremont, CA), cyclin B1 (sc-752; Santa Cruz Biotechnology), Plk1 
(33-1700; Zymed, San Francisco, CA), phospho–histone-H3(S10) 
(06-570; Millipore, Billerica, MA), and Nek9 (kindly provided by 
J. Roig, Institute for Research in Biomedicine, Barcelona, Spain). 
Rabbit polyclonal antibody specific for Wee1 phosphorylated at 
Ser-139 was raised against the Wee1 LGSSFS(p)PVRCG synthetic 
phosphopeptide. Serum from immunized rabbit was affinity purified 
on a specific phosphorylated peptide column. For the immunopre-
cipitation studies, cell lysates (0.5–1 mg of protein) were incubated 
with the corresponding antibodies (2 μg/mg extract) and protein G 
Dynabeads (Invitrogen) for 3 h at 4ºC. Immunoprecipitates were col-
lected by centrifugation, washed five times with lysis buffer, and sub-
jected to SDS–PAGE electrophoresis and immunoblot analysis.

Kinase and phosphatase assays
Recombinant GST-Wee1(KD) was phosphorylated by Cdk1–cyclin B1 
(New England BioLabs, Ipswich, MA) in the presence of 0.10 μCi of 
[γ-32P]ATP for 30 min. Samples were then incubated for 30 min at 
30°C with GST-Cdc14A or GST-Cdc14A(PD) (100 ng) in phosphatase 
buffer (20 mM Tris, pH 8.3, 150 mM NaCl, 2 mM EDTA, 0.1% Triton 
X-100, 5 mM DTT) or with λ phosphatase (New England BioLabs) 
according to the manufacturer’s instructions. Reactions were stopped 
by the addition of loading buffer and boiled for 5 min at 95ºC. Proteins 
were resolved by SDS–PAGE and visualized by immunoblotting, 

GST proteins, wild-type and mutant Wee1 constructs were 
subcloned into a pGEX-4T-GST vector. GST-Cdc14A or GST-
Cdc14A(PD) was cloned into pGEX-KG-GST. For viral infection, 
wild-type and mutant Wee1 cDNAs were subcloned into pBabe-
puro retroviral expression vector. Retroviruses were produced in 
HEK293T cells and used to infect U-2-OS cells. Infected cells were 
selected by adding puromycin (0.5 μg/ml) to the culture medium. 
pBabe-puro-EGFP plasmid was used to control infection efficiency.

Flow cytometry
For cell cycle analysis, cells were fixed in ice-cold 70% ethanol and 
stained with PBS containing 8 μg/ml propidium iodide and 20 μg/ml 
RNaseA for 1 h at 37ºC. For phospho–histone H3 positivity, cells 
were harvested and fixed in ice-cold 70% ethanol. Cells were washed 
with PBS–0.15% Triton X-100 and subsequently stained with anti–
phospho–histone H3 and fluorescein isothiocyanate–conjugated 
anti-rabbit antibodies. Then they were incubated with 8 mg/ml pro-
pidium iodide and 20 mg/ml RNase A solution for 1 h at 37ºC. 
Stained cells were analyzed using a FACSCalibur device (BD Biosci-
ences, San Diego, CA).

RNA interference
Cdc14A siRNA (5′-GGGACAUUGAUAGCCUGUUAUGUAA-3′) and 
its corresponding siRNA control (low GC) were from Invitrogen 

FIGURE 8:  Model of Cdc14A function in the regulation of human 
Wee1. At the G2/M transition Cdc14A reverses Cdk1-mediated Wee1 
phosphorylation at serines 123 and 139 to control Wee1 degradation.
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