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The Cdc14 family of dual specificity phosphatases regu-
lates key mitotic events in the eukaryotic cell cycle. Although
extensively characterized in yeast, little is known about the
function of mammalian Cdc14 family members. Here we
report a genetic substrate-trapping system designed to iden-
tify substrates of the humanCdc14A (hCdc14A) phosphatase.
Using this approach, we identify RN-tre, a GTPase-activating
protein for the Rab5 GTPase, as a novel physiological target
of hCdc14A. As a Rab5 GTPase-activating protein, RN-tre
has previously been implicated in control of intracellular
membrane trafficking. We find that RN-tre forms a stable
complex with the catalytically inactive hCdc14A C278S
mutant but not with the wild type protein in human cells,
indicative of a substrate/enzyme interaction. In support, we
show that RN-tre is regulated by cell cycle-dependent phos-
phorylation peaking at mitosis, which can be antagonized by
hCdc14A activity in vitro as well as in vivo. Furthermore, we
show that RN-tre phosphorylation is critical for efficient
hCdc14A association and that RN-tre binding can be dis-
placed by tungstate, a competitive inhibitor that binds to the
active site of hCdc14A. Consistent with the preference of
hCdc14A for phosphorylations mediated by proline-directed
kinases, we find that RN-tre is a direct substrate of cyclin-de-
pendent kinase. Finally, phosphorylation of RN-tre appears
to finely modulate its catalytic activity. Our findings reveal a
novel connection between the cell cycle machinery and the
endocytic pathway.

In eukaryotes, accurate cell cycle progression and survival
rely on the evolutionarily conserved dual specificity phospha-
taseCdc14, amember of the protein-tyrosine phosphatase fam-
ily (1, 2). The founding member in budding yeast belongs to a

group of proteins called the mitotic exit network (MEN),4
which inactivates mitotic cyclin-dependent kinase (Cdk) activ-
ity and is required for mitotic exit and cytokinesis (3). A central
upstream component of the MEN is the GTPase Tem1, which
belongs to theRab subfamily of smallGTPases (4). Activation of
Tem1 triggers a signaling cascade at the spindle pole bodies, the
equivalent of themammalian centrosome, implicatingmultiple
protein kinases, which ultimately lead to Cdc14 activation
(5–7).
The activity of yeast Cdc14 is mainly regulated at the level of

its subcellular localization. Through much of the cell cycle,
Cdc14 is sequestered in the nucleolus and kept inactive through
association with Net1 as part of the RENT complex (8, 9). Early
in anaphase, a pool of Cdc14 is released from the nucleolus
through Cdk-dependent phosphorylation of Net1 mediated by
the FEAR (fourteen early anaphase release) regulatory network
(10, 11). This initial wave of Cdc14 release activates in a positive
feedback loop the MEN, which is necessary for the complete
and sustained nucleolar release of Cdc14 (12). Once released,
Cdc14 promotes mitotic Cdk inactivation by dephosphorylat-
ing the anaphase-promoting complex specificity factor Cdh1,
thereby stimulating destruction of mitotic cyclins (13). In addi-
tion, Cdc14 dephosphorylates the Cdk inhibitor Sic1 and its
transcription factor Swi5, which leads to accumulation of stable
Sic1, whereby mitotic Cdk is further inactivated (14).
Unrelated to its function in Cdk inactivation, Cdc14 plays an

important role in microtubule dynamics during anaphase (15).
Dephosphorylation of the kinetochore component Ask1
appears to be critical for anaphase microtubule stability (15).
Also, Cdc14 has been shown to dephosphorylate the Sli15/
INCENP subunit of the aurora B kinase complex, thereby tar-
geting the complex to the anaphase spindle (16), suggesting that
Cdc14 may have multiple targets and functions at the mitotic
spindle in budding yeast.
Despite their structural similarities, the function of Cdc14

phosphatases appears to differ across species. In Schizosaccha-
romyces pombe, the Cdc14 homolog, Clp1/Flp1, is not required
for mitotic exit but rather is essential for regulating septum
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formation and cytokinesis as a member of the septation initia-
tion network (17), a signaling pathway homologous to the
MEN. Clp1/Flp1 also regulates entry intomitosis by antagoniz-
ing mitotic Cdk activity during G2 (18, 19). Unlike budding
yeast Cdc14, Clp1/Flp1 does not dephosphorylate the Rum1
and Ste9 proteins, homologues of Sic1 and Cdh1, respectively,
but instead inhibits mitotic Cdk activity by promoting the
inhibitory phosphorylation of Cdk on Tyr15 through activation
ofWee1 and inhibition of Cdc25 (19, 20). Similar to its budding
yeast ortholog, Clp1/Flp1 localizes predominantly to the nucle-
olus during G1 and S phases but is released from this confine-
ment during prophase to translocate to the mitotic spindle, the
spindle pole bodies, and the medial ring (18, 20).
In Caenorhabditis elegans, the Cdc14 homolog localizes to

the central spindle and the midbody, and depletion of
Ce-CDC-14 has been reported to cause defects in cytokinesis
(21). However, interestingly, Ce-CDC-14 was shown to be
required for the quiescent state of specific precursor cells. In
this study, it was proposed that Ce-CDC-14 contributes to a G1
cell cycle arrest by promoting accumulation of the Cdk inhibi-
tor, CKI-1 (22), reminiscent of the scenario in budding yeast,
where Cdc14 regulates the abundance of Sic1.
In humans, there are two Cdc14 homologues, hCdc14A and

hCdc14B, whose functions in cell cycle progression are poorly
understood. The two isoforms share 50% sequence identity but
have different C-terminal domains. Human Cdc14A localizes
dynamically to interphase but not mitotic centrosomes and
appears to regulate the function of this organelle in vivo (23, 24).
Depletion of hCdc14A by siRNA leads to a delay in centrosome
separation and cytokinetic defects (23). During mitosis,
hCdc14A concentrates at the spindle midzone and the mid-
body (24, 25), suggesting a direct involvement in cytokinesis.
Much less is known about the function of hCdc14B, which
localizes to interphase nucleoli and to the spindle apparatus
during mitosis (23, 24, 26). Human Cdc14B displays microtu-
bule bundling and stabilizing activities and may play a role in
modulating spindle dynamics during mitosis (27). The dra-
matic differences in their localization profiles suggest that
hCdc14A and hCdc14B perform different tasks in the cell.
Cdc14 from diverse species share a conserved core of �350

amino acids located toward the N terminus, which harbors the
conserved protein-tyrosine phosphatase signature motif
HCX5R(S/T). The protein-tyrosine phosphatases are a diverse
family of enzymes that comprises tyrosine-specific, dual speci-
ficity Cdc25 and low molecular weight phosphatases (28). In
vitro studies have shown that hCdc14A has the preference for
substrates of proline-directed kinases, such as Cdks and mito-
gen-activated protein kinases (MAPKs), modified at pS/pT-P
motifs, similar to its yeast counterpart (14, 24). This specificity
is further corroborated by the crystal structure of the core
domain of human Cdc14B (29). In particular, hCdc14A was
shown to dephosphorylate hCdh1 and reconstitute active
hCdh1/anaphase-promoting complex in vitro (30), suggesting
that Cdc14A has the potential also to trigger mitotic Cdk inac-
tivation in human cells. In addition, hCdc14 is capable of
dephosphorylating the INCENP protein in vitro (25), implying
that it may regulate the translocation of chromosomal passen-
ger proteins also in mammals.

Our understanding of the biological function of the Cdc14
family of dual specificity phosphatases in human cells is limited,
in particular due to the difficulty in identifying specific sub-
strate molecules of the individual Cdc14 family members. Here
we describe a genetic approach based on a modified yeast two-
hybrid system to identify novel substrates of hCdc14A. We
report the identification and characterization of RN-tre, a
GTPase-activating protein (GAP) for the Rab5 GTPase. We
show that RN-tre preferentially forms a stable complex with a
catalytically inactive C278S form of hCdc14A in human cells.
We also show that RN-tre is regulated by cell cycle-dependent
phosphorylation probably mediated by Cdk, and mutational
analysis reveals that RN-tre phosphorylation is important for
efficient binding to the catalytic site of hCdc14A. We further-
more show that hCdc14A phosphatase activity triggers the
dephosphorylation of RN-tre in vitro as well as in human cells.
Collectively, our experiments demonstrate that RN-tre is a
novel physiological substrate of hCdc14A. Finally, we present in
vitro evidence that points to a role of RN-tre phosphorylation in
regulation of its GAP activity.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Human U2-OS osteosar-
coma cells, HeLa cells, and 293T cells were grown inDulbecco’s
modified Eagle’s medium with 10% fetal bovine serum supple-
mented with 100 units/ml penicillin and 100 �g/ml streptomy-
cin. Cells were transfected using FuGene 6 (Roche Applied
Science) or Lipofectamine (Invitrogen) according to the man-
ufacturer’s instructions.
For double thymidine block, cells were grown in the presence

of 2.5 mM thymidine (Sigma) for 16 h. Cells were washed in
warm phosphate-buffered saline (PBS) and released in fresh
media for 9 h, before a second thymidine block was initiated for
14 h. Cells were synchronized in S phase by treatment with 0.1
mMhydroxyurea (Sigma) for 23 h. To synchronize cells inmito-
sis, cells were treated with nocodazole (Sigma) at a final con-
centration of 40 ng/ml for 16 h. For the nocodazole washout
experiments, the drug was removed by three washes in warm
PBS, and cells were collected at various time points after
release. To obtainmitotic cells without the use of drugs, U2-OS
cells were partly synchronized by growth inhibition,
trypsinized, and released into the cell cycle by dilution in fresh
media. After 24–30 h, mitotic cells were collected by shake-off.
RNA interference in U2-OS cells was performed using

siGENOME SMART pool siRNA oligonucleotides for Cdc14A
(Dharmacon) or siRNA against Hsp70 as control. Cells were
transfected using Oligofectamine (Invitrogen) according to the
manufacturer’s instructions, and cellswere harvested after 48 h.
Treatment of cells with roscovitine (Calbiochem) was per-
formed using a final concentration of the inhibitor of 25 �M for
3 h at 37 °C. Cell cycle distribution by DNA content was ana-
lyzed by a FACSCalibur flow cytometer in cells fixed in 70%
ethanol after staining with 0.1 mg/ml propidium iodide.
Yeast Two-hybrid Screen—A yeast two-hybrid screen was

carried out using theGAL4-based system (31). The yeast strains
CG1945 (MATa Gal4-542 Gal80-538 ade2-101 His3-200
Leu2-3,-112 Trp1-901 Ura3-52 Lys2-801 URA3::GAL4 17mers
(X3)-CyCITATA-LacZ LYS2::GAL1UAS-GAL1TATA-HIS3
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CYHR) and Y187 (MAT� Gal4� Gal80� ade2-101 His3 Leu2-
3,-112 Trp1-901 Ura3-52 URA3::UASGAL1-LacZ Met�) were
used in all assays. Y187 cells were transformed with a human
liver cDNA library (Clontech). Selection of positive diploids
was made upon activation of theHIS3 and lacZ reporter genes.
Qualitative lacZ assays were performed by the filter lift X-gal
method, and quantitative liquid �-galactosidase assays were
performed as described in the manual from Clontech. Yeast
media and genetic procedures were performed as described
previously (32).
Plasmids—Plasmids HA2 RN-tre pcDNA4/TO and HA2

RN-tre pcDNA3.1 were used for transient expression of N-ter-
minally HA-tagged RN-tre. The RN-tre open reading frame
was amplified by PCR and inserted into pcDNA4/TO and
pcDNA3.1 vectors (Invitrogen), respectively. Next, a PCR frag-
ment encoding two HA tags was inserted just upstream and in
frame with the RN-tre start codon.
To generate the HA2 RN-tre M13 pcDNA4/TO and HA2

RN-tre M13 pcDNA3.1 plasmids for transient expression of a
phosphorylation site mutant form of RN-tre, a series of recom-
binant PCRs was performed to introduce the following muta-
tions: S396A, S415A, T424A, S576A, S585A, S595A, S642A,
S655A, S659A, S680A, S784A, S791A, and S798A. Details are
available upon request. Themutant RN-tre open reading frame
was cloned into pcDNA4/TO or pcDNA3.1 harboring two
N-terminal HA epitopes.
The plasmid pEGFP-RN-tre encoding N-terminally GFP-

fused RN-tre was described previously (33). The plasmid
pEGFP-RN-treM13, encodingN-terminally GFP-fused RN-tre
carrying the phosphorylation site mutations, was generated by
introducing the mutagenic PCR fragment into the pEGFP-C1
(Clontech) vector.
RN-tre-(447–828) pMAL-c2X was used to express the

C-terminal domain of RN-tre fused at the N terminus to a mal-
tose-binding protein. The plasmid was constructed by PCR
amplification of the region corresponding to residues 447–828,
which was inserted into the pMAL-c2X vector (New England
Biolabs).
To produce GST fusion proteins GST RN-tre-(1–446) and

GST RN-tre-(580–828), plasmids pGEX20T RN-tre-(1–446)
and pGEX20T RN-tre-(580–828) were constructed by cloning
the respective PCR-generated RN-tre fragments into the
pGEX20T plasmid.
For two-hybrid analysis, sequences corresponding to

Cdc14A, Cdc14A C278S, Cdc14B, and Cdc14B C314S were
generated by PCR and cloned into the pAS2�� bait vector
(Clontech). A fragment of RN-tre spanning residues 447–828
was cloned into the prey pACTII vector (Clontech). A similar
fragment carrying themutations S576A, S585A, S595A, S642A,
S655A, S659A, S680A, S784A, S791A, and S798A was cloned
into pACTII.
GFP-based expression plasmids of human Cdc14A wild type

(WT) and C278S phosphatase-dead (PD) were engineered by
inserting the respective PCR-derived fragments into the
pEGFP-C1 (Clontech) vector. Plasmids expressing His6Myc-
tagged versions of Cdc14A WT and Cdc14A PD were con-
structed by cloning the respective Cdc14A sequences into the
parental His6Myc pcDNA3.1 vector obtained from Dr. P. Jack-

son. To generate the GFP-tagged Cdc14B, a PCR fragment
spanning the Cdc14B open reading frame was inserted into the
pEGFP-C1 vector (Clontech).
Plasmids pEGFP-C1 Cdc25B, pcDNA3 Myc-Aurora A, pBI-

Cdk2/cyclin A, and pcDNA3 Myc-E2F4 were gifts from Dr. J.
Lukas. Plasmids pcDNA3 Cdk1wt and Cdk1AF were generous
gifts from Dr. M. Brandeis and Dr. S. Lev. All plasmids were
subjected to sequencing to verify their integrity.
Antibodies—Antibodies used in this study include rabbit

polyclonal anti-GAL4DBD (sc-577; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), mouse monoclonal anti-HA-conjugated
agarose beads (sc-7392; Santa Cruz Biotechnology), rabbit
polyclonal anti-HA Y11 (sc-805; Santa Cruz Biotechnology),
mouse monoclonal anti-9E10 (sc-40; Santa Cruz Biotechnol-
ogy), mouse monoclonal anti-Cdk7 (Danish Cancer Society),
mouse monoclonal anti-RN-tre (39), rabbit monoclonal anti-
phospho-MAPK/Cdk (catalog number 2325; Cell Signaling),
mouse monoclonal anti-MCM7 (DCS14; Danish Cancer Soci-
ety), rabbit polyclonal anti-Cdc25C (sc-327; Santa Cruz Bio-
technology), rabbit polyclonal anti-Cdc27 (C-19; Santa Cruz
Biotechnology), mouse monoclonal anti-GFP (sc-9996; Santa
Cruz Biotechnology), mouse monoclonal anti-GST (sc-138;
Santa Cruz Biotechnology), mouse monoclonal anti-cyclin B1
(sc-245; Santa Cruz Biotechnology), anti-goat polyclonal anti-
Cdc14A (sc-25952; Santa Cruz Biotechnology), and mouse
monoclonal anti-�-tubulin (Santa Cruz Biotechnology).
Immunofluorescence and Microscopy—Cells grown on glass

coverslips were fixed in ice-cold 1:1 (v/v) methanol/acetone for
7 min at room temperature. Coverslips were immunostained
with antibodies specified in figure legends followed by DNA
staining with ToPro3. Fluorescence- conjugated secondary
antibodies were from Molecular Probes, Inc. (Carlsbad, CA).
Confocal images were captured using a Zeiss 510 laser-scan-
ning microscope (Carl Zeiss Microimaging Inc.) and processed
using Adobe Photoshop 8.0.
Lysate Preparation and Immunoblotting—Cells were lysed in

Nonidet P-40 buffer (50 mM Tris-HCl, pH 7.5, 125 mM NaCl,
0.5%Nonidet P-40) containing 1mMDTT, 5�g/ml leupeptin, 2
�g/ml aprotinin, 0.1 mM phenylmethylsulfonyl fluoride, 10mM
�-glycerophosphate, 1 mM NaF, and 0.1 mM Na3VO4, and
lysates were cleared by centrifugation at 20,000 rpm for 15min.
Proteins were transferred to nitrocellulose membrane with a
semidry electrophoresis transfer apparatus and probedwith the
indicated antibodies according to the manufacturer’s instruc-
tions. Blots were developed using the ECL system (Amersham
Biosciences).
Immunoprecipitation, Kinase Assays, and Phosphatase

Assays—Co-immunoprecipitation experiments involving HA-
tagged RN-trewere performedwith 1mg of cell extract. Extract
was precleared for 30min at 4 °Cwith 20�l of proteinG-Sepha-
rose beads (50% slurry) and subsequently incubatedwith 6�l (3
�g) of HA-conjugated agarose beads (HA-probe F-7 AC; Santa
Cruz Biotechnology) for 1.5 h at 4 °C. Samples were washed
four times with 1ml of Nonidet P-40 buffer, and the beads were
boiled in 2� Laemmli sample buffer (LSB) for 5 min prior to
SDS-PAGE. Co-immunoprecipitation experiments on endoge-
nous proteins were performed with 1–2 mg of cell extract and
4.5 �g of mouse monoclonal anti-RN-tre antibody coupled to
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protein G-Sepharose beads using a similar method. To cross-
link proteins prior to cell extraction, cells were washed twice in
cold PBS and incubated on ice for 10 min in 1% formaldehyde
(diluted in PBS). The reaction was stopped by incubation with
0.1 M glycine base for 5 min. Cells were rinsed twice with PBS
and lysed with Nonidet P-40 buffer as outlined above.
For in vitro kinase assays, mitotic Cdk1-cyclin B complexes

were immunopurified from 250 �g of extract derived from
nocodazole-arrested cells using 0.2 �g of mouse monoclonal
anti-cyclin B antibody and 40 �l of protein G-Sepharose beads.
After a 1-h incubation at 4 °C, the beads were washed three
times with Nonidet P-40 buffer and two times with kinase
buffer (50 mM Hepes, pH 7.5, 10 mM MgCl2, 2.5 mM EGTA)
containing 1 mM DTT, 10 mM �-glycerophosphate, 1 mM NaF,
and 0.1mMNa3VO4. 5�g of GST orGST-RN-tre substrate was
added in kinase buffer containing 1 �l of [�-32P]ATP (10 �Ci/
�l) and 0.1 M cold ATP. The reaction was incubated at 30 °C for
30 min and stopped by boiling in 4� LSB for 5 min.
To perform the kinase reaction directly in extract, 5 �g of

GST or GST-RN-tre prebound to GSH resin was incubated
with 50 �g of extract from exponentially growing cells or
mitotic cells in a total volume of 25 �l of kinase buffer contain-
ing 1 �l of [�-32P]ATP (10 �Ci/�l) and 0.1 mM cold ATP. After
a 30-min incubation at 30 °C, the resinwaswashed four times in
Nonidet P-40 buffer and boiled in 2� LSB for 5 min prior to
SDS-PAGE on 12% protein gels. Where indicated, extract was
preincubated with 10 or 25 �M roscovitine for 20 min on ice
prior to incubationwithGSH resin. Purified Cdc2 (Cdk1-cyclin
B) kinase was purchased from New England Biolabs and used
according to the manufacturer’s instructions.
For in vitro phosphatase assays, endogenous RN-tre was

immunopurified from 1mg ofmitotic extract andwashed three
times with Nonidet P-40 buffer followed by three washes with
phosphatase buffer (50 mM imidazole, pH 7.5, 50 mM NaCl, 1
mM EDTA) containing 1 mM DTT, 5 �g/ml leupeptin, 2 �g/ml
aprotinin, and 0.1 mM phenylmethylsulfonyl fluoride. The
phosphatase reaction was performed at 30 °C for 30 min in
phosphatase buffer in the presence of 5 �g of bacterially pro-
ducedGSTCdc14AWT,GSTCdc14APDor alkaline phospha-
tase (10 units) or left untreated. Samples were boiled in 4� LSB
for 5 min prior to analysis.
Recombinant Protein Production and in Vitro GSH Resin

Pull-down Assays—Production of recombinant GST-Cdc14A
WT, GST-Cdc14A PD, GST-RN-tre-(1–447), and GST-RN-
tre-(580–828) in Escherichia coli strain BL21was performed as
described (32). GST fusion proteins were purified from bacte-
rial lysates on GSH-Sepharose resin (Amersham Biosciences)
according to the manufacturer’s instructions and dialyzed
before use. Recombinant maltose-binding protein-RN-tre-
(447–828) was similarly produced in BL21 cells and purified
from bacterial lysates on an amylose column (New England
Biolabs) followed by dialysis as specified by the manufacturer.
In vitro translation of RN-tre was performed using the TNT

Quick Coupled Transcription/Translation System from Pro-
mega according to the manufacturer’s instructions. In vitro
translated RN-tre was used as a substrate in a “cold” in vitro
kinase assay reaction using Cdk1-cyclin B immunopurified
from mitotic cells. After the kinase reaction, the in vitro trans-

lated RN-tre substrate was separated from the beads, and phos-
phorylation was verified as a mobility shift after SDS-PAGE.
For the RN-tre and Cdc14A in vitro binding assay, 5 �g of

GST or GST-Cdc14A PD was immobilized on 25 �l of GSH
resin and incubated for 20 min in ELB binding buffer (50 mM
Hepes, pH7.0, 250mMNaCl, 5mMEDTA, 0.1%Nonidet P-40�1
mM DTT, 5 �g/ml leupeptin, 2 �g/ml aprotinin, and 0.1 mM
phenylmethylsulfonyl fluoride) in the presence or absence of
increasing amounts of sodium tungstate (Sigma). 5 �l of phos-
phorylated in vitro translated RN-tre protein was added, and
themixture was incubated for 1 h at 4 °C. Samples were washed
five times with 1 ml of ELB binding buffer, and resin was boiled
in 4� LSB before SDS-PAGE.
Orthophosphate Labeling and Two-dimensional Electro-

phoresis—U2-OS cells transiently expressing HA RN-tre WT
or HA RN-tre M13 were labeled for 3 h in phosphate-free Dul-
becco’s modified Eagle’s medium with 20 mM Hepes, pH 7.2,
10% dialyzed serum, and 1 mCi/ml [32P]orthophosphate
(PBS43; Amersham Biosciences). Cells were lysed in radioim-
mune precipitation buffer (20 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 1%Nonidet P-40, 0.5% deoxycholate, 0.1% SDS) and pro-
cessed for immunoprecipitation. Two-dimensional phos-
phopeptide mapping and phosphoamino acid analysis were
performed as described (34). Tryptic phosphopeptides were
separated on thin layer cellulose plates using aHunter thin layer
electrophoresis system (HTLE-7000; 2000 V for 25 min), fol-
lowed by chromatography in the second dimension (isobuturic
acid buffer).
Biochemical GAPAssays—GAP assays were performed using

the filter binding method described in Ref. 35. Briefly, purified
recombinant Rab5 (20 nmol) was preloaded with 2 �l of
[�-32P]GTP (10 mCi/ml, 5000 Ci/mmol) in 100 �l of buffer (25
mM Tris-HCl, pH 7.6, 50 mM NaCl, 5 mM EDTA, 0.1 mM DTT)
for 20min at 30 °C.MgCl2 was added to a final concentration of
20mM, and theGTPasewas incubated at 30 °C for an additional
5 min and stored on ice.
Total cellular lysates (5 mg) from HeLa cells growing or syn-

chronized at prometaphase with 50 ng/ml nocodazole (Sigma)
for 14 h were immunoprecipitated with the mouse monoclonal
anti-RN-tre antibody. Total cellular lysates (3 mg) from 293T
cells transiently transfected for 24 h with HA-RN-treWT, HA-
RN-tre M13, or empty vector were immunoprecipitated with
the anti-HA antibody. In both cases, total cellular lysates were
obtained with lysis buffer (25 mM Tris-HCl, pH 7.6, 100 mM
NaCl, 1% glycerol, 1 mM MgCl2, 1 mM EDTA, 1 mM DTT �
protease inhibitor mixture (Calbiochem)). Immunoprecipi-
tates were washed three times with lysis buffer and three times
with GAP buffer and incubated with [�-32P]GTP-loaded Rab5
(2 �M) diluted in GAP buffer (25 mM Tris-HCl, pH 7.6, 0.1 M
NaCl, 11 mM MgCl2, 1 mM DTT). Aliquots corresponding to
time point 0 were taken. Reactions were then incubated at
30 °C, and aliquots were taken at time points indicated in the
figure legend, diluted in 2.5 ml of ice-cold washing buffer (50
mM Tris-HCl, pH 7.6, 50 mMNaCl, 20 mMMgCl2), and filtered
through prewetted nitrocellulose filters. Filters were washed
with 5 ml of cold washing buffer, dried, and counted in 5 ml of
scintillation counting medium (Filter-count; Packard) with
Liquid Scintillation Analyzer Tri-carb 2100TR (Packard).
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RESULTS

A Genetic Substrate-trapping Screen for the Human Dual
Specificity Phosphatase Cdc14A—To shed light on the biologi-
cal function(s) of hCdc14A, we designed a genetic substrate-
trapping method, which would allow us to identify physiologi-
cal substrates of the phosphatase (Fig. 1A). This system is based
on the conventional yeast two-hybrid screen with the single
modification that an hCdc14Amutant harboring a substitution
of the active site cysteine to serine (C278S) was employed as
bait instead of the wild type protein. This mutation causes a
complete loss of in vitro phosphatase activity (24). Although
replacement of the active cysteine may induce local changes in
the conformation of the catalytic site, which could affect the
affinity for substrates (36), we reasoned that a catalytically inac-
tive C278S mutation would allow a substrate complex forma-
tion sufficiently stable to withstand screening. Such a genetic
strategy has previously been used successfully for identifying
protein-tyrosine phosphatase substrates (37).
Screening of candidate clones was performed in two steps.

Initially, we isolated 205 positive yeast clones from a human
liver cDNA library (110 � 106 independent clones) by their
ability to grow on selective media lacking histidine. These can-

didate clones were further examined for expression of the lacZ
reporter gene, and positive clones after the second step screen-
ing (63) were sent for sequence analysis.
An interesting cDNA isolated with high frequency and with

overlapping fragments encoded the C-terminal region of the
RN-tre protein (Fig. 1B). RN-tre contains a TBC (for Tre2/
Bub2/Cdc16) homology domain in the N terminus, which
encodes a GAP for the Rab5 GTPase (33). Rab5 has a well
defined role in regulating membrane trafficking in the early
endocytic pathway (38) and is involved in control of actin
cytoskeleton remodeling (39). Importantly, we observed that the
C-terminal region of RN-tre was significantly impaired in
the interaction with WT hCdc14A and failed to interact with
the hCdc14B isoform even in a PD configuration, suggesting
that RN-tre is a promising candidate for a specific hCdc14A target
(Fig. 1,C andD, and Table 1).
Interaction of Cdc14A and RN-tre in Human Cells—To

address whether hCdc14A forms a complex with RN-tre in
human cells, we transiently expressed HA RN-tre in combina-
tion withMyc Cdc14AWT orMyc Cdc14A PD in U2-OS cells.
Next, co-immunoprecipitation experiments were performed
using either anti-HA-conjugated beads or IgG as control. As
shown in Fig. 2A, immunoprecipitation of HA RN-tre resulted
in retention of Myc Cdc14A PD but not Myc Cdc14A WT,
although both Cdc14A forms were expressed at a similar level.
As expected, comparable amounts of IgG failed to precipitate
HA RN-tre or Myc Cdc14A. Reciprocal immunoprecipitation
experiments produced similar results (data not shown).
Consistent with its function in intracellular trafficking, RN-

tre localizes predominantly at the plasmamembrane but is also
detectable on intracellular membranes and in the cytosol (33,
39). Following ectopic expression ofMyc Cdc14A PD, a pool of
GFP-fused RN-tre is also found at the centrosome co-localizing
with Myc Cdc14A PD and �-tubulin (Fig. 2, B and C). Approx-
imately 90% of the cells expressing theMycCdc14A PDprotein
showed accumulation of GFP RN-tre at the centrosome com-
paredwith less than 5% in cells expressing theMycCdc14AWT
enzyme (Fig. 2C). Thus, the preferential trapping of RN-tre by a
catalytically inactive Cdc14Amutant in human cells is strongly
indicative of an enzyme/substrate association.
If RN-tre interacts with wild type Cdc14A in a transient and

highly dynamic fashion, we reasoned that we might detect RN-
tre and Cdc14A together if protein complexes were immobi-

FIGURE 1. RN-tre interacts with the hCdc14A C278S phosphatase-dead
mutant in a two-hybrid screen. A, a schematic representation of the yeast
substrate trapping system. Stable complex formation between phosphoryla-
ted prey proteins fused to the GAL4 activation domain (ACT)- and the GAL4
DNA-binding domain (DBD)-fused hCdc14A bait carrying a catalytically inac-
tive C278S mutation will lead to activation of transcription of the reporter
genes HIS3 and lacZ. B, RN-tre contains a TBC domain encoding a GAP for the
Rab5 GTPase in the N-terminal region. The regions in the C terminus involved
in Cdc14A binding are indicated below. C, specificity of RN-tre interaction.
Y187 yeast cells, expressing the prey RN-tre-(447– 828), were mated with
CG1945 cells expressing the indicated Cdc14 baits, and diploid cells were
tested for growth on media lacking histidine. D, the strains from C were grown
on selective media and examined by the qualitative filter lift X-gal assay,
where blue color development is indicative of strong interaction (left). Expres-
sion of the GAL4-DBD fusion proteins was analyzed by immunoblotting of
yeast extracts using the anti-GAL4 DBD antibody (right). Nonspecific protein
recognized by the antibody is indicated with an asterisk.

TABLE 1
Interaction between RN-tre-(447– 828) and various GAL4 fusions
assayed as lacZ reporter gene activity
CG1945/Y187 diploid yeast cells expressing the indicated fusion proteins were
grown in synthetic medium lacking tryptophan and leucine. �-Galactosidase activ-
ity was thenmeasured using o-nitrophenyl-�-D-galactoside as a substrate. �-Galac-
tosidase activities (in Miller units) are presented in mean values � S.D. obtained
with three independent transformants.

GAL4 fusion Activation domain fusion �-Galactosidase activity
units

Cdc14AWT RN-tre-(447–828) 0.13 � 0.06
Cdc14A C278S RN-tre-(447–828) 55.67 � 2.31
Cdc14BWT RN-tre-(447–828) 0.13 � 0.06
Cdc14B C314S RN-tre-(447–828) 0.18 � 0.11
Cdc14A C278S Vector 0.26 � 0.05
Vector RN-tre-(447–828) 0.23 � 0.06
Vector Vector 0.28 � 0.07
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lized by mild formaldehyde cross-linking prior to lysate prepa-
ration and immunoprecipitation. As shown in Fig. 2D, this
approach allowed HA-RN-tre to retain Myc Cdc14A WT, in

addition to Cdc14A PD, on the HA-
conjugated beads. Under similar
conditions, HA RN-tre failed to co-
precipitate the unrelated Myc E2F4
protein, which served as a control,
verifying that the cross-linking
solely acts on proteins in close
proximity.
Finally, we examined if endoge-

nous RN-tre and Cdc14A form a
complex in human cells. As shown in
Fig. 2E, co-immunoprecipitation ex-
periments on cross-linked extracts
derived from exponentially growing
U2-OScells revealed thatCdc14Aco-
purifies with RN-tre, arguing that the
two proteins indeed interact in vivo.
In agreement, gel filtration experi-
ments using U2-OS cell lysates
showed that RN-tre co-eluted with
hCdc14A containing fractions (data
not shown).
RN-tre Is Regulated by Cell Cycle-

dependent Phosphorylation, Which
Can Be Antagonized by hCdc14A—
Consistent with the notion that
RN-tre is a potential substrate of
hCdc14A, biochemical analysis
showed that it is modified by phos-
phorylation during the cell cycle.
RN-tre protein displays a promi-
nent mobility shift when immuno-
purified from cells synchronized in
mitosis by nocodazole treatment
compared with RN-tre purified
from either exponentially growing
cells or cells synchronized in G1/S
by double thymidine block or S
phase by hydroxyurea treatment
(Fig. 3A). Immunostaining with an
antibody that specifically recognizes
serine residues phosphorylated by
MAPK/Cdk kinases confirmed that
the mobility shift of RN-tre is
caused by phosphorylation, in par-
ticular during mitosis (Fig. 3A).
We next examined the kinetics

of RN-tre dephosphorylation after
U2-OS cells synchronized in pro-
metaphase by nocodazole treat-
ment were released into the cell
cycle following drug removal (Fig.
3B). RN-tre phosphorylation rap-
idly disappears as cells exit mitosis
coincident with mitotic Cdk inacti-

vation visualized by the dephosphorylation of Cdc25C and
Cdc27 (Fig. 3B). Importantly, the mitotic phosphorylation is
not a consequence of nocodazole exposure, since analysis of

FIGURE 2. RN-tre forms a complex with Cdc14A in human cells. A, U2-OS cells were co-transfected with HA RN-tre
and the indicated Myc Cdc14A expression plasmids. Cells were harvested after 21 h, lysates were subjected to
immunoprecipitation using mouse monoclonal anti-HA antibody or nonspecific mouse IgG, and precipitated pro-
teins were detected with rabbit polyclonal anti-HA and mouse monoclonal anti-Myc (9E10) antibodies. Whole cell
extract (WCE) samples are shown to the right. Myc Cdc14A-derived degradation product is indicated with an asterisk.
Cdk7 serves as a loading control. B, confocal analysis of U2-OS cells expressing GFP-RN-tre and the indicated Myc
Cdc14A proteins, stained with the mouse monoclonal anti-Myc (9E10) antibody (red). Merged images are also shown
(blue, ToPro nuclear stain). Co-localization of GFP and Myc signal is shown in yellow in the merged image. The
centrosomal region is magnified in the inset. Scale bar, 10 �m unless otherwise stated. C, cells from B were stained for
�-tubulin (red). A representative cell showing co-localization of GFP RN-tre and �-tubulin is shown at the top. Shown
is quantification of cells with GFP RN-tre signal at the centrosome. Co-transfection efficiency of plasmids in each case
was�95% (data not shown). Mean values�S.D. (n�3,�200 cells scored for each sample) are shown. D, U2-OS cells
were co-transfected with HA RN-tre and Myc expression plasmids for 21 h. Where indicated, proteins were cross-
linked prior to cell extraction. Lysates were immunoprecipitated as indicated, and the precipitated proteins were
detected with mouse anti-HA and mouse anti-Myc (9E10) antibodies. Whole cell extract (WCE) samples are shown to
the right. Myc Cdc14A-derived degradation product is indicated with an asterisk. Cdk7 serves as a loading control.
E, endogenous RN-tre was immunoprecipitated from exponentially growing U2-OS cells after cross-linking using
the mouse monoclonal anti-RN-tre antibody or mouse IgG. Immunostaining was performed with mouse mono-
clonal anti-RN-tre antibody and goat polyclonal anti-Cdc14A antibody.
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mitotic cells collected in the absence of drugs shows a com-
parable shift in RN-tre protein mobility (Fig. 3C).
To determine if hCdc14A is a functional phosphatase for

RN-tre, we initially tested if Cdc14A can dephosphorylate RN-
tre in vitro. Treatment of RN-tre immunoprecipitates prepared

from mitotically arrested cells with
purified GST-Cdc14A resulted in a
collapse of the low mobility forms
of RN-tre into a single band and,
importantly, resulted in loss of
recognition by the anti-phospho-
MAPK/Cdk antibody. In contrast,
RN-tre phosphorylation was not
greatly affected by either the catalyt-
ically inactive version of Cdc14A
(GST-Cdc14PD) or alkaline phos-
phatase (AP) (Fig. 3D). Thus,
hCdc14A is capable of dephospho-
rylating RN-tre on serine residues
in vitro.
We next examined if hCdc14A

dephosphorylates RN-tre in vivo.
U2-OS cells were transiently
transfected with HA-RN-tre in
combination with different GFP-
fused phosphatases belonging to the
protein-tyrosine phosphatase fam-
ily (Fig. 3E). Indeed, expression of
GFPCdc14AWTbut not its catalyt-
ically inactive counterpart reduced
the mobility of HA RN-tre by SDS-
PAGE, indicative of its dephospho-
rylation, even detectable in expo-
nentially growing cells. Although
phosphatases often are considered
to be promiscuous (40), expression
of GFP-Cdc14B or GFP-Cdc25B
did not affect RN-tre mobility,
suggesting that Cdc14A may be
the critical phosphatase dephos-
phorylating RN-tre in human cells
(Fig. 3E). In support, we found that
depletion of Cdc14A by siRNA in
U2-OS cells, which did not increase
the mitotic index (data not shown),
resulted in accumulation of phos-
phorylated RN-tre as judged by a
decrease in RN-tre protein mobility
(Fig. 3F).
To corroborate that Cdc14A is a

regulator of RN-tre, we analyzed the
ability of Cdc14A to bind directly to
RN-tre and the involvement of the
active site region. Purified GST-
Cdc14A PD or GST alone as control
was immobilized on GSH resin and
subsequently incubated with phos-
phorylated in vitro translated

RN-tre (see “Experimental Procedures” for details). Indeed, we
found that GST-Cdc14A PD binds directly to phosphorylated
RN-tre (Fig. 3G). We next used sodium tungstate, a known
competitive inhibitor of protein-tyrosine phosphatases,
including Cdc14 (41), which binds the active site in a manner

FIGURE 3. RN-tre is regulated by cell cycle-dependent phosphorylation. A, endogenous RN-tre protein was
immunoprecipitated from U2-OS cells growing (GC) or synchronized at G1/S by double thymidine block (G1/S),
at S by hydroxyurea treatment (S), or at mitosis by nocodazole block (M), using the mouse monoclonal anti-
RN-tre antibody or IgG. The precipitates were analyzed using the anti-phospho-MAPK/Cdk antibody and the
anti-RN-tre antibody. MCM7 serves as a loading control. B, U2-OS cells were synchronized at mitosis by nocoda-
zole treatment for 16 h. Cells were released by drug removal, and samples were collected at different time
points after release for Western blot analysis with the indicated antibodies and fluorescence-activated cell
sorting analysis (data not shown). C, U2-OS cells were partly synchronized in G1 by growth to confluence,
digested with trypsin, and released by diluting in fresh media. After 24 h, mitotic cells were collected by
shake-off, and samples were examined at the indicated time points for Western blot analysis and fluorescence-
activated cell sorting (not shown). D, endogenous RN-tre protein was immunopurified from U2-OS cells syn-
chronized at mitosis by nocodazole using the mouse monoclonal anti-RN-tre antibody. The precipitate was
equally divided into four samples and used in a phosphatase reaction with purified GST Cdc14A WT (14A WT),
GST Cdc14A PD (14A PD), or alkaline phosphatase (AP) or left untreated (C). Samples were subsequently exam-
ined by 8% SDS-PAGE and immunostaining with the indicated antibodies. E, U2-OS cells expressing HA-RN-tre
in combination with the indicated GFP-fused phosphatases were harvested 21 h after transfection, and
extracts were analyzed by immunoblotting with the indicated antibodies. Co-transfection efficiency in all cases
was �95% (data not shown). F, U2-OS cells were silenced with control oligonucleotides (Con) or with Cdc14A
siRNA oligonucleotides (14A) for 48 h. Cell lysates were analyzed by immunoblotting as indicated. G, GST-
Cdc14APD or GST alone was bound to GSH resin and incubated in the presence or absence of increasing
concentrations of sodium tungstate for 20 min. In vitro translated RN-tre phosphorylated in vitro by Cdk1-cyclin
B (Mitotic IVT RN-tre) was added to the reaction and incubated for 1.5 h at 4 °C. After extensive washing, the GSH
beads were boiled in 2� LSB, and bound proteins were analyzed by immunostaining with the mouse mono-
clonal anti-GST antibody and with the mouse monoclonal anti-RN-tre antibody. Input shows the amount of in
vitro translation RN-tre used in the reaction. An asterisk indicates a nonspecific band in the GST sample. Noc,
nocodazole; Exp, exponential.
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similar to the phosphate of substrates to assess if the active
site is required for RN-tre binding. Pretreatment of immo-
bilized GST-Cdc14A PD with sodium tungstate reduced the
binding to RN-tre in a concentration-dependent manner
(Fig. 3G), suggesting that RN-tre binds Cdc14A via its active
site. Collectively, our data strongly suggest that RN-tre is a
novel physiological substrate of Cdc14A in human cells.
RN-tre Phosphorylation Status Is Modulated by Cdk Activity—

Since mitotic RN-tre is phosphorylated at sites recognized by
an anti-phospho-MAPK/Cdk antibody (Fig. 3A) and Cdk1 is
the most prominent kinase in mitosis, we wanted to examine
the possibility thatCdk1 phosphorylates RN-tre duringmitosis.
Initially, we tested if Cdk1 could mediate RN-tre phosphoryla-
tion in vitro. A panel of RN-tre fragments fused to GST or
maltose-binding protein was incubated with Cdk1-cyclin B
complexes purified from mitotic cells in the presence of
[�-32P]ATP (Fig. 4, A and B). C-terminal fragments of RN-tre
corresponding to residues 447–828 and 580–828 were
strongly phosphorylated by Cdk1 in vitro, whereas the N-ter-

minal fragment spanning residues
1–446 and GST alone were poor
substrates.
Kinase reactions using GST-RN-

tre-(580–828) as substrate were
also performed under more physio-
logical conditions directly in extract
derived from mitotic or exponen-
tially growing cells. We observed
that phosphorylation of GST-RN-
tre-(580–828) was enhanced in the
mitotic extract, consistent with
mitotic activation of Cdk1 (Fig. 4C).
Incorporation of radiolabel was sig-
nificantly reduced after preincubat-
ing the extracts with roscovitine, a
potent Cdk inhibitor, suggesting
that Cdk is the major kinase con-
tributing to RN-tre phosphoryla-
tion in vitro (Fig. 4C).
Next, we examined the effects of

modulating Cdk activity on RN-tre
phosphorylation in vivo. Overex-
pression of wild type Cdk1 or
Cdk1AF (a constitutive active form
of Cdk1) both resulted in a mobility
shift of HA RN-tre (Fig. 4D). Over-
expression of the related Cdk2
kinase in complex with cyclin A
also induced phosphorylation of
HA RN-tre (Fig. 4D), consistent
with our observations that this
kinase complex also phosphoryla-
ted RN-tre in vitro (data not
shown). Other mitotic kinases, such
as Aurora A (Fig. 4D), Nek2, and
Mps1, did not affect RN-tre phos-
phorylation status in vivo (data not
shown). In contrast, treatment of

HA RN-tre-expressing cells with the Cdk inhibitor roscovitine
led to a reduction in RN-tre protein mobility indicative of loss
of phosphorylation (Fig. 4D). Taken together, our data suggest
that Cdk (and presumably Cdk1) is responsible for RN-tre
phosphorylation at mitosis. In support, we observed that phos-
phorylation by purified Cdc2 kinase (Cdk1-cyclin B) of RN-tre
immunopurified from exponentially growing cells is alone suf-
ficient to induce a substantial RN-tre mobility shift (Fig. 4E).
Mutation Analysis of Putative RN-tre Phosphorylation Sites—

To determine the biological significance of RN-tre phosphoryl-
ation, we initiated a mutation analysis of putative Cdk consensus
phosphorylation sites in RN-tre. Sequence analysis identified
16 putative phosphorylation sites corresponding to minimum
Cdk phosphorylation sites (Ser/Thr-Pro), themajority of which
were located in the C-terminal region. Since RN-tre is phos-
phorylated on serine residues in mitosis, we systematically
mutated serine residues in these putative sites to nonphospho-
rylatable alanine residues. A collection of purified GST fusion
proteins carrying a variety of mutant combinations were sub-

FIGURE 4. RN-tre is a substrate of cyclin-dependent kinases in vitro and in vivo. A, schematic representation
of RN-tre substrates fused to GST or maltose-binding protein used in kinase reactions in vitro with Cdk1-cyclin
B kinase. B, Cdk1-cyclin B kinase was immunopurified from mitotic extract using the mouse monoclonal anti-
cyclin B antibody and incubated with the GST-RN-tre substrates in the presence of [�-32P]ATP. Samples were
analyzed by 12% SDS-PAGE followed by Coomassie staining and autoradiography (C). GST-RN-tre-(580 – 828)
(GST RN-tre) or GST alone was used in a kinase reaction with mitotic extract or extract from exponentially
growing cells. The indicated samples were pretreated with increasing amount of roscovitine prior to kinase
reaction. Samples were analyzed as in B. D, U2-OS cells expressing HA-RN-tre in combination with indicated
kinases were harvested after 21 h, and extract was analyzed by immunoblotting with the indicated antibodies.
Co-transfection efficiency was comparable in all cases (data not shown). E, endogenous RN-tre protein was
immunoprecipitated from growing U2-OS cells, and the precipitate was divided into equal aliquots, which
were phosphorylated in vitro using increasing amounts of purified Cdc2 kinase (20 units/ml). The samples were
analyzed by 8% SDS-PAGE and immunostained with the mouse monoclonal anti-RN-tre antibody.
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jected to in vitro Cdk1-cyclin B kinase assays. To completely
eliminate in vitro phosphorylation by this mitotic kinase com-
plex, a total of 13 sites in RN-tre had to be substituted (data not
shown).
We next analyzed the behavior of the RN-tre phosphoryla-

tion mutant (hereafter referred to as M13) after transient
expression in U2-OS cells. Whereas the HA RN-tre wild type
protein shows an increased phosphorylation inmitosis, evident
as a substantial decrease in mobility after SDS-PAGE, the HA
RN-tre M13 protein migrated as a single focused band even in
mitotic extract (Fig. 5A). In addition, the RN-tre M13 mutant
was no longer sensitive to increased Cdk levels (data not
shown). To validate that phosphorylation is in fact impaired in
the RN-tre M13 mutant, [32P]orthophosphate labeling experi-
ments were conducted with U2-OS cells expressing either HA
RN-tre wild type or HA RN-tre M13 protein. RN-tre was
immunopurified on HA-conjugated beads and subjected to
phosphopeptide analysis. Although similar amounts of RN-tre
were immunoprecipitated (not shown), phosphoamino acid
analysis revealed that phosphorylation on serine residues was
dramatically reduced in the M13 mutant (Fig. 5B). However,

significant phosphorylation remained on threonine residues in
both M13 and wild type protein, suggesting a complex phos-
phorylation regulation of RN-tre in vivo. In agreement, two-
dimensional phosphopeptidemapping analysis confirmed that,
although phosphorylationwas reduced in theM13mutant, sev-
eral phosphopeptides were still present (Fig. 5C).
If Cdc14A recognizes and specifically binds phosphorylated

RN-tre, one might predict that loss of RN-tre phosphorylation
would impair complex formation. Indeed, we found that the
RN-tremutant carrying serine to alaninemutations had lost the
ability to bind to the Cdc14A PD bait in the two-hybrid system
(Fig. 6A; data not shown). Furthermore, co-immunoprecipita-
tion experiments using transiently transfected U2-OS cells
showed that the RN-tre M13 mutant, in contrast to the wild
type protein, was unable to form a stable complex with Myc
Cdc14A PD (Fig. 6B). The decreased ability of RN-tre M13 to
interact with hCdc14A was also evident by the inability of Myc
Cdc14A PD to retain GFP RN-tre M13 at the centrosome after
their co-expression in U2-OS cells (Fig. 6C). Although serine to
alanine substitutions are not predicted to have a large impact on
the three-dimensional structure of the protein, we cannot
exclude the possibility that the introduced mutations have
altered the conformation of RN-tre and thereby its binding
affinities. However, we favor the idea that phosphorylation of
RN-tre is necessary for efficient recognition/binding to
Cdc14A, which is in line with our biochemical data (Fig. 3F).
The RN-treM13 protein exhibits a subcellular localization sim-
ilar to that of its wild type counterpart (Fig. 6C), which argues
against major conformational changes in themutant and, more
importantly, provides evidence that serine phosphorylation
does not greatly affect RN-tre distribution to the plasma mem-
brane and intracellular membranes.
The GAP Activity of RN-tre Is Regulated by Phosphorylation—

RN-tre displays GAP activity toward the Rab5 GTPase (33).
This prompted us to explore the possibility that phosphoryla-
tionmay influence the catalytic activity of RN-tre by using Rab5
as a “model” substrate. For this purpose, comparable amounts
of immunopurified endogenous RN-tre from HeLa cell lysates
derived from exponentially growing cells or nocodazole-ar-
rested mitotic cells were examined in biochemical filter-bind-
ing GAP assays containing purified Rab5 preloaded with
[�-32P]GTP. Samples were taken at indicated time points, and
the amount of nonhydrolyzed [�-32P]GTP, which remained fil-
ter-bound, was counted. We reproducibly detected a higher
[�-32P]GTP hydrolysis in RN-tre precipitates frommitotic cells
compared with growing cells, suggesting that RN-tre has an
increased GAP activity in mitosis (Fig. 7A).
To examine if the RN-tre mutant harboring serine to alanine

substitutions has an alteredGAP activity in vitro, we transiently
expressed HA RN-tre wild type, HA RN-tre M13, or empty
vector in 293T cells and immunoprecipitatedRN-tre usingHA-
antibody prior to incubation with [�-32P]GTP-loaded Rab5.
Analysis of comparable amounts of immunopurified HA RN-
tre, showed a reproducible decrease in [�-32P]GTP hydrolyzed
in the RN-treM13 samples comparedwith the RN-trewild type
samples, suggesting that loss of serine phosphorylation
decreases RN-tre GAP activity in vitro (Fig. 7B). Thus, collec-

FIGURE 5. Analysis of putative phosphorylation sites in RN-tre. A, U2-OS
cells were transiently transfected with HA-RN-tre WT or HA-RN-tre M13
expression plasmids and left untreated (Exp) or treated with nocodazole for
16 h to collect mitotic cells by shake-off (Mitotic) Cells were harvested, and
extract was analyzed by immunoblotting as indicated. B, phosphoamino acid
analysis performed on immunopurified HA-RN-tre WT or HA-RN-tre M13 from
U2-OS cells subjected to ortho-phosphate labeling. Migration of phosphoryl-
ated serine (pSer), threonine (pThr), and tyrosine (pTyr) is indicated on the
right. C, two-dimensional phosphopeptide mapping performed on HA-RN-
tre WT and HA-RN-tre M13 proteins. Asterisks mark the site of origin.
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tively these experiments imply that RN-tre phosphorylation
may contribute to the regulation of its GAP activity in vivo.

DISCUSSION

To date, our understanding of the mitotic processes con-
trolled by the Cdc14 phosphatase family in mammalian cells
has been hampered by the lack of identified physiological sub-
strates. In this report, we have described a yeast genetic system
aimed at identifying targets of hCdc14A but equally applicable
to the hCdc14B isoform. Using this approach, we identified
RN-tre, a Rab5-GAP, as a novel binding partner of hCdc14A.
Several lines of evidence suggest that RN-tre is a physiological
substrate of Cdc14A. First, the Cdc14A/RN-tre interaction is

highly dynamic, and a stable com-
plex is only formed with a catalyti-
cally inactive Cdc14A (C278S)
mutant (Figs. 1 and 2). Second, RN-
tre is modified by phosphorylation,
which can be reversed by Cdc14A
activity in vitro aswell as in vivo (Fig.
3, D and E). Finally, phosphoryla-
tion of RN-tre appears to be neces-
sary for efficient binding to Cdc14A
(Fig. 6), and the complex can be dis-
rupted in vitro by sodium tungstate,
an inhibitor of Cdc14A that binds in
the catalytic pocket (Fig. 3G).
Previously identified Cdc14A

substrates include Cdh1 (30) and
Cdc25A (42), both implicated in
Cdk regulation, in addition to the
chromosomal passenger protein
INCENP (25) involved in spindle
dynamics. RN-tre expands the cur-
rent repertoire of known hCdc14A
substrates to include a regulator of
the early endocytic pathway.
RN-tre has a well documented

function in membrane trafficking,
acting through Rab5, a key GTPase
that controls early endosome dynam-
ics (38) and actin cytoskeleton
remodeling (39). Due to its GAP
activity, RN-tre is able to inhibit
Rab5-dependent functions in vivo,
including internalization of both
constitutive and ligand-dependent
growth factor receptors (33). In the
latter process, RN-tre interacts with
Eps8, a substrate of the epidermal
growth factor receptor to inhibit
Rab5 and thereby epidermal growth
factor receptor internalization (33).
In receptor tyrosine kinase-induced
actin remodeling, RN-tre also par-
ticipates by forming a complex with
F-actin and the F-actin bundling
protein, actinin-4 (39). So far, the

characterization of RN-tre has been limited to its behavior in
cell signaling andmembrane trafficking. In this study,we report
a cell cycle-dependent phosphorylation of RN-tre, raising the
possibility that this Rab-GAP has an unexpected function dur-
ing the unperturbed cell cycle. Although RN-tre appears to be
weakly phosphorylated in cells arrested at G1/S and in S phase,
the protein is present in a hyperphosphorylated state during
mitosis (Fig. 3A). Notably, RN-tre phosphorylation seems to be
limited to a narrow window around mitosis, since it is easily
observed in isolatedmitotic cells but barely detectable in aG1/S
double thymidine synchronization experiment, presumably
masked by the limitations in synchrony obtained with this
method (data not shown). This temporal restriction of RN-tre

FIGURE 6. The RN-tre phospho-deficient mutant M13 is defective in Cdc14A association but not in mem-
brane localization. A, CG1945 yeast cells expressing the Cdc14A PD bait were mated with Y187 yeast cells
expressing either RN-tre-(447– 828) (RN-tre wt), RN-tre-(447– 828) carrying S576A, S585A, S595A, S642A, S655A,
S659A, S680A, S784A, S791A, and S798A (RN-tre mut), or vector alone. Diploid cells were tested for transcription
of the HIS3 reporter gene (left), and extracts were analyzed for expression of bait and prey proteins. Note that
the RN-tre fragment is also phosphorylated in yeast cells and that the mobility shift is abolished by the S/A
mutations (bottom). B, U2-OS cells were co-transfected with HA RN-tre WT or HA RN-tre M13 in combination
with the indicated Myc Cdc14A expression plasmids. Cells were harvested after 21 h, lysates were used for
immunoprecipitation as indicated, and the precipitated proteins were detected with rabbit polyclonal anti-HA
and mouse monoclonal anti-Myc (9E10) antibodies. C, confocal analysis of U2-OS cells expressing GFP-RN-tre
WT or GFP-RN-tre M13 together with Myc-tagged Cdc14A PD protein, stained with mouse monoclonal anti-�-
tubulin antibody (red). Merged images are also shown. Co-localization of GFP epifluorescent signal and �-tu-
bulin is shown in yellow. Co-transfection efficiencies of GFP RN-tre fusion proteins and Myc Cdc14A PD were
identical (not shown). The centrosomal region is magnified in the inset.
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phosphorylation suggests that it may act as a switch to regulate
RN-tre function. As cells exit mitosis, RN-tre phosphorylation
rapidly disappears concomitant with mitotic Cdk inactivation.
The kinetics of RN-tre dephosphorylation is consistentwith the
timing of human Cdc14A activation previously reported (24).
In agreement with the preference of hCdc14A for removing

phosphorylations induced by proline-directed kinases, we
found that RN-tre is an excellent substrate for Cdks in vitro,
which was further supported by the observation that RN-tre
phosphorylation status is sensitive to Cdk levels in vivo. For
instance, overexpression of either Cdk1 or Cdk2, but not other
mitotic kinases tested, resulted in increased phosphorylation of
RN-tre in human cells. Also, in vitro kinase assays failed to show
significant phosphorylation of RN-tre by the mitotic kinases
Plk1 and Nek2 (data not shown). Conversely, short treatment
with the Cdk inhibitor roscovitine impaired RN-tre phospho-
rylation (Fig. 4). This latter observation further implies that
RN-tre phosphorylation is highly dynamic and balanced by
opposing forces of kinase- and phosphatase activities. We
believe that Cdk (and presumably Cdk1) is the prime kinase
responsible for RN-tre phosphorylation during mitosis. It is
clear, however, that additional kinase(s) are likely to regulate
RN-tre given the complexity in the RN-tre phosphorylation
pattern observed in ourmetabolic labeling experiments (Fig. 5).

In a previous phosphoproteomic profiling study of tyrosine
phosphorylation sites, it was indeed reported that RN-tre is
modified on tyrosine residues Tyr582, Tyr710, and Tyr729, con-
sistent with its role in cell signaling (43). Curiously, we found
little RN-tre phosphorylation on tyrosine residues in exponen-
tially growing cells (Fig. 5B) but a significant posttranslational
modification of threonine residues. The identity of the respon-
sible kinase(s) is presently unclear.
So what aspect of RN-tre function is regulated by phospho-

rylation? Analysis of RN-tre subcellular distribution both at the
endogenous level and after transient expression of GFP-fused
RN-tre showed no detectable difference in RN-tre localization
at the plasma membrane in interphase cells, compared with
mitotic cells (data not shown). Furthermore, overexpression of
activated Cdk kinases or hCdc14A phosphatase did not affect
RN-tre localization, and the RN-tre M13 mutant defective in
serine phosphorylation was still associated with membrane
structures (data not shown; Fig. 6C). Thus, it is unlikely that
phosphorylation plays a major role in RN-tre localization in
human cells.
Instead, our biochemical analysis provides initial evidence

that phosphorylation may modulate the catalytic activity of
RN-tre (Fig. 7). Specifically, we recovered increased levels of
Rab5-GAP activity in RN-tre immunoprecipitates isolated
from mitotic cells compared with RN-tre derived from inter-
phase cells. In contrast, abolishing serine phosphorylation led
to a decreased GAP activity, as observed in the HARN-treM13
mutant. These observations, which favor the possibility that
RN-tre phosphorylation positively regulates its GAP activity,
should be interpreted in light of a few cautionary notes. First,
the use of Rab5 in the GAP assays should be considered as a
biochemical tool and not as a direct indication that phospho-
rylation influences the Rab5-GAP activity of RN-tre in vivo.
Given the fact thatmanyRab-GAPs display promiscuity both in
vivo and in vitro (44, 45), the exact physiological correlates of
our biochemical findings remain to be elucidated. Second, it
remains to be established whether the effects that we detected
in the M13 mutant are due to lack of phosphorylation or other
alterations induced by the introduced mutations. Third, and
most important, our results on theM13mutant possibly reflect
an “average” computation of abrogatingmany phosphorylation
signals in RN-tre, which are not necessarily all stimulatory. For
instance, it was shown that RN-tre activity is negatively regu-
lated by epidermal growth factor receptor (33) and that RN-tre
is phosphorylated after EGF stimulationwith kinetics similar to
that of its GAP down-regulation. In this case, phosphorylation
(which may also include Tyr modification) is apparently acting
as a negative signal. Thus, the exact contribution of individual
phosphorylation sites to the activity of RN-tre will require fur-
ther study. Regardless, our results directly link for the first time
phosphorylation of RN-tre to the modulation of its catalytic
activity.
Mitosis inmammalian cells is accompanied by a general inhi-

bition of membrane traffic, including receptor-mediated endo-
cytosis and recycling (46), which resumes during late mitosis
before completion of cytokinesis (47). The mechanisms under-
lying the cessation of endocytosis at theG2/M transition are not
fully elucidated but appear to involve phosphorylation events

FIGURE 7. Analysis of RN-tre activity by in vitro GAP assays. A, endogenous
RN-tre protein was immunoprecipitated from HeLa cells growing (GC) or syn-
chronized at mitosis by nocodazole block (M) using the mouse monoclonal
anti-RN-tre antibody or an irrelevant antibody as control (CTR). The immuno-
precipitates were incubated for 5 min with [�-32P]GTP-loaded Rab5, and the
decrease of radioactivity was measured with the filter-binding assay. B, 293T
cells were transfected with HA-RN-tre WT or with HA-RN-tre M13 or with the
empty vector (CTR). Total cellular lysates were immunoprecipitated using an
anti-HA antibody. The immunoprecipitates were incubated for 3 min with
[�-32P]GTP-loaded Rab5, and the decrease of radioactivity was measured with
the filter-binding assay. GAP activity is expressed as the percentage of hydro-
lyzed [�-32P]GTP increment over background (obtained in the CTR condi-
tions). The average background was as follows: in HeLa 31.3%, in 293T cells
17.2%. The bar graph is the result of three independent experiments � S.D.
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mediated by Cdk1. For instance, phosphorylation of Rab4, a
GTPase implicated in early endosome sorting, on Ser196 by
Cdk1 during mitosis leads to its dissociation from endosomes
(48). Furthermore, recombinantCdk1-cyclinA complexes con-
tain the ability to inhibit endocytic vesicle fusion in vitro (49). It
is thus tempting to speculate that Cdk1-mediated RN-tre phos-
phorylationmay contribute tomitotic cessation of endocytosis.
In such a scenario, the rise in mitotic Cdk activity, as cells pro-
gress towardmitosis, induces RN-tre phosphorylation and, as a
consequence, stimulates its GAP activity to lower Rab5 activity,
thereby reducing endocytosis. Later, as cells exit mitosis coin-
cident with mitotic Cdk inactivation, Cdc14A activation will
trigger dephosphorylation of RN-tre and reduce its GAP activ-
ity, allowing restoration of Rab5 function. Although appealing,
this hypothesis remains to be formally tested also in light of the
fact that the mentioned promiscuity of Rab-GAPs poses the
question of possible involvement of other Rabs. It should also
be noted that the effect of mitotic phosphorylation on the GAP
activity of RN-tre is not dramatic but most likely acts to fine
tune the catalytic activity. In support, we found that the RN-tre
M13 mutant, when overproduced, still retains the ability to
severely impair endocytosis of the transferrin receptor (data
not shown).
Interestingly, RN-tre contains a TBC homology domain

present in the yeast proteins Bub2 and Cdc16. These proteins
act as GAP proteins for the GTPases Tem1 and Spg1, which are
the upstream components in the MEN and the septation initi-
ation network signaling pathways, respectively. Intriguingly, in
budding yeast, Cdc14 interacts with the Bub2/Bfa1 two-com-
ponent GAP, and Cdc14-induced dephosphorylation of the
complex in late anaphase is thought to modulate its GAP activ-
ity toward Tem1 (50). Our data suggest that a similar scenario
involving Cdc14A and RN-tre may exist in human cells.
To date, only homologues of the downstream MEN compo-

nents Cdc14 and the Dbf2-Mob1 kinase complex have been
identified in humans (10). Whether RN-tre and Rab5 (or other
putative Rab substrates of RN-tre) act as the functional equiv-
alent of Bub2/Bfa1 andTem1 inmitotic regulation is an intrigu-
ing possibility that warrants further investigation.
An important question that remains is where Cdc14A and

RN-tre encounter each other in the cell. Cdc14A is predomi-
nantly located at centrosomes in interphase but is evicted from
this organelle inmitosis, where it disperses into the cytosol, and
a pool translocates to the mitotic spindle (24). At this point,
Cdc14A could easily associate with RN-tre in the cytosol or in
the vicinity of the plasma membrane to direct its dephospho-
rylation. In addition, ectopic Cdc14A and RN-tre can form a
complex at the centrosome during interphase (Fig. 2, B and C).
In fact, in an independent study, we have recently observed that
a pool of endogenous RN-tre localizes to the centrosome,
where it can interact with Cdc14A,5 suggesting that RN-tre has
a function at the centrosome, which may be regulated by
Cdc14A.
The proline-richC-terminal domain of RN-tre harboring the

majority of phosphorylation sites has previously been shown to

direct the interaction with Eps8 (51) and actinin-4 (39).
Whether the cell cycle-dependent phosphorylation of RN-tre
affects such protein-protein interactions or other aspects of
RN-tre function remains to be determined in future studies.
Further detailed analysis and mapping of individual phospho-
rylation sites in RN-tre is clearly needed to fully elucidate the
role of phosphorylation and the function of this GAP in cell
cycle progression in human cells. Nevertheless, our study has
established a link between the cell cycle machinery and a pro-
tein of the endocytic pathway. Interestingly, several recent
studies have demonstrated mitotic cell cycle functions for clas-
sical endocytic/trafficking proteins (52–54), suggesting the
need for dialog to coordinate membrane dynamics with cell
cycle events.
Finally, characterization of additional putative hCdc14A tar-

gets identified in the genetic substrate trapping system should
broaden the spectrum of Cdc14A substrates and thus prove
informative in elucidating, at themolecular level, the exact pro-
cesses in human cells controlled by this conserved phosphatase.
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