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The tumor suppressor phosphatase PTEN regulates
cell migration, growth, and survival by dephosphorylat-
ing phosphatidylinositol second messengers and signal-
ing phosphoproteins. PTEN possesses a C-terminal non-
catalytic regulatory domain that contains multiple
putative phosphorylation sites, which could play an im-
portant role in the control of its biological activity. The
protein kinase CK2 phosphorylated, in a constitutive
manner, a cluster of Ser/Thr residues located at the
PTEN C terminus. PTEN-phosphorylated defective mu-
tants showed decreased stability in comparison with
wild type PTEN and were more rapidly degraded by the
proteasome. Inhibition of PTEN phosphorylation by the
CK2 inhibitor 5,6-dichloro-1-B-p-ribofuranosyl-benzim-
idazole also diminished the PTEN protein content. Our
results support the notion that proper phosphorylation
of PTEN by CK2 is important for PTEN protein stability
to proteasome-mediated degradation.

The tumor suppressor gene PTEN (also named as MMAC1 or
TEP-1) (1-3) encodes a phosphatase with enzymatic activity
toward both protein substrates and the lipid second messenger,
phosphatidylinositol-3,4,5-triphosphate (4—6). PTEN regulates
distinct signal transduction pathways, including the phos-
phatidylinositol 3-kinase/ protein kinase B cell survival- and
integrin-triggered signaling pathways (for recent reviews, see
Ref. 7-10). Structurally, PTEN protein is composed of an N-
terminal dual specificity phosphatase-like enzyme domain and
a C-terminal regulatory domain, which binds to phospholipid
membranes (11). Mutations in the PTEN gene are present in a
great number of tumors, as well as in the germ line cells of
patients with several inherited cancer syndromes (reviewed in
Refs. 12 and 13). The importance of PTEN catalytic activity in
its tumor suppressor function is underscored by the fact that
the majority of PTEN missense mutations detected in tumor
specimens target the phosphatase domain and cause a loss in
PTEN phosphatase activity. In addition, a large number of
PTEN nonsense or frame-shift mutations found in tumors are
targeted to the C-terminal domain of the protein, suggesting an
important role for this domain in the regulation of the PTEN
tumor suppressor activity. In this regard, the C-terminal re-
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gion of PTEN has been shown to be important in the regulation
of the stability and half-life of the molecule (14, 15). Also, the
C-terminal PTEN amino acid sequence possesses a putative
PDZ binding motif, which has been proposed to modulate
PTEN functions by association to PDZ domain-containing pro-
teins (16-19). Finally, the C-terminal PTEN domain is rich in
putative phosphorylation sites, and phosphorylation of the
PTEN C terminus has been recently reported to affect PTEN
protein stability and function (20); however, the kinase respon-
sible for such phosphorylation remains unidentified.

Protein kinase CK2! (formerly casein kinase II) is a highly
conserved, ubiquitously expressed, messenger-independent
serine/threonine-kinase that phosphorylates a wide variety of
substrates involved in essential cell processes, including cell
cycle and cell growth (21-23). In mammals, CK2 is a heterotet-
ramer in vivo, composed of two catalytic (e and/or ') and two
regulatory (B) subunits. Alterations in CK2 expression have
been found in distinct types of tumors (24-26), and overexpres-
sion of the catalytic or regulatory CK2 subunits differentially
affects cell growth and transformation (27-31). Also, antibody-
mediated CK2 depletion inhibited cell cycle progression and
growth of fibroblasts (32), and CK2 antisense oligonucleotide
treatment blocked neurite outgrowth in neuroblastoma cells
(33).

In this report, we demonstrate that the C terminus of the
tumor suppressor PTEN is constitutively phosphorylated by
CK2 at several residues in intact cells. An insight is provided
on the putative role of phosphorylation as a regulatory mech-
anism of PTEN biological activity by modulating its stability to
proteasome-mediated degradation.

MATERIALS AND METHODS

Plasmids, Antibodies, and Reagents—The cDNA encoding full-length
human PTEN was obtained by reverse transcriptase-polymerase chain
reaction amplification of poly(A)+ mRNA from MCF-7 cells using prim-
ers flanking the human PTEN coding region (1-3), and the PTEN
nucleotide sequence was confirmed by DNA sequencing. pRK5 mam-
malian expression vectors were made by polymerase chain reaction
amplification of PTEN or GST ¢cDNAs and subcloning. For the construc-
tion of bacteria expression plasmids encoding GST-PTEN fusion pro-
teins, PTEN ¢DNAs were cloned into the pGEX-4T1 or pGEX-5X1
expression vectors. PTEN C terminus truncation mutants and amino
acid substitution mutants were made by polymerase chain reaction
oligonucleotide site-directed mutagenesis, and mutations were con-
firmed by DNA sequencing. The 12CA5 anti-HA and the 4G10 anti-
phosphotyrosine mAb have been described previously (34). The rabbit
polyclonal anti-PTEN CS486 and BT166 antibodies were from R. Par-
sons and C. Eng, respectively (35, 36). The anti-GST mAb (clone 22.A)

! The abbreviations used are: CK2, protein kinase CK2 or casein
kinase II; DRB, 5,6-dichloro-1-B-p-ribofuranosyl-benzimidazole; GST,
glutathione S-transferase; HA, hemagglutinin; mAb, monoclonal anti-
body; EGF, epidermal growth factor; FCS, fetal calf serum; PAGE,
polyacrylamide gel electrophoresis.

This paper is available on line at http://www.jbc.org 993

ST0Z ‘TT Ao N UO WVIDNITVA “AINN e /610°0g [ mmmy/:dny wo.y papeoumog


http://www.jbc.org/

994 CK2 Phosphorylates the C Terminus of PTEN

was obtained in our laboratory and is directed against Schistosoma
Japonicum GST. Horseradish peroxidase-conjugated goat anti-mouse
secondary antibody was from Promega (Madison, WI). The following
activating agents were used: phorbol 12-myristate 13-acetate (Sigma
Chemical), 10 ng/ml, 30 min; EGF (Life Technologies, Inc.), 50 ng/ml, 10
min; insulin (Sigma), 1 pg/ml, 10 min; okadaic acid (Roche Molecular
Biochemicals), 1 uM, 30 min; sodium pervanadate (Sigma), 10 uMm, 30
min; A23187 calcium ionophore (Roche Molecular Biochemicals), 10 uM,
30 min. All incubations were made at 37 °C. Human recombinant CK2
holoenzime was from Roche Molecular Biochemicals. The following CK2
modulators were used: spermine (Sigma), 1 mm; heparine (Sigma), 1
ug/ul; 5,6-dichloro-1-B-pD-ribofuranosyl-benzimidazole (DRB) (BIOMOL
Research Laboratories Inc., Plymouth Meeting, PA), 100 um. The
MEK1/2 inhibitor PD98059 (New England Biolabs Inc., Beverly, MA)
was used at 10 uM, and dibutyryl cAMP (Roche Molecular Biochemicals)
was used at 50 uM. The proteasome inhibitor MG132 (Peptide Institute
Inc., Osaka, Japan) was used at 50 uM, leupeptin (Peptide Institute
Inc.) was used at 0.1 mM, and NH,CI was used at 20 mM. For the
experiments of inhibition of degradation, chases were performed in the
continuous presence of the inhibitors.

Cell Culture, Transfections, and Isotope Cell Labeling—Human
breast carcinoma MCF-7 cells were grown in RPMI medium supple-
mented with 10% heat-inactivated FCS (Life Technologies, Inc.). COS-7
cells were grown in Dulbecco’s minimal essential medium containing
high glucose (4.5 g/l) supplemented with 5% heat-inactivated FCS.
COS-7 cells were transfected with the DEAE-dextran method and pro-
cessed 48—72 h after transfection. For [**S]methionine labeling, cells
were incubated for 1 h in methionine/cysteine-free Dulbecco’s minimal
essential medium containing 2% dialyzed FCS and then labeled with
[**S]methionine/cysteine (50 wCi/ml) for 2 h (pulse). Chases were per-
formed by substituting the [**S]methionine/cysteine-containing me-
dium for Dulbecco’s minimal essential medium, 2% FCS containing an
excess of cold methionine (1 mm). For *2P labeling, cells were incubated
in phosphate-free medium with 2% FCS for 1 h and then labeled with
[*?P]orthophosphate (50 uCi/ml) for 4 h. Cell lysis, immunoprecipita-
tion, and immunoblot were performed as described (34). For protein
turnover measurements, HA-PTEN radiolabeled bands, resolved by
SDS-PAGE after immunoprecipitation with the anti-HA 12CA5 mAb,
were quantitatively analyzed using a phosphorImager. Results were
plotted, and linear fits were performed (r > 0.97).

GST Fusion Proteins and in Vitro Kinase Assays—GST-PTEN fusion
proteins overexpressed in bacteria were purified with glutathione-
Sepharose using standard procedures. For in vitro CK2 kinase assays,
GST-PTEN fusion proteins (0.5-1 ug) were incubated with 0.2 milli-
units/ul CK2 for 30 min at 30 °C in buffer A (20 mMm Tris-HCI, pH 7.5,
0.3 um ATP, 5 mm MgCl,, 0.5 mMm dithiothreitol, 150 mm KCI; 30 ul final
volume) containing 2 uCi of y-[**P]ATP/sample. For kinase assays
using COS-7 cell extracts, cells were lysed in lysis buffer (50 mm
Tris-HCI, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 1 mm phenylmeth-
ylsulfonyl fluoride, 1 ug/ml aprotinin, 100 mm NaF, 2 mm Na,;VO,, and
20 mM Na,P,0,). Lysates were centrifuged for 10 min at 14,000 r.p.m.,
and supernatant aliquots (5 pg) were left untreated or incubated with
the distinct agents for 5 min at 30 °C in buffer B (20 mm HEPES, pH
7.5, 50 um ATP, 10 mm MgCl,, 1 mMm dithiothreitol, 2 mm Na;VO,; 20
wl/sample). Then, 20 ul of buffer B containing the GST fusion proteins
used as substrates (1 pg/sample) and [y-*?P]JATP (0.25 uCi/ul) were
added, and samples were incubated further for 30 min at 30 °C. The
reactions were stopped by adding SDS-PAGE sample buffer and boiling
followed by SDS-PAGE and autoradiography, and radiolabeled bands
were quantified in a PhosphorImager. For quantitative analysis of
phosphate incorporation into GST-PTEN 202-403, 1 ug of the fusion
protein was phosphorylated by CK2 (0.2 milliunits/ul) for 16 h at 30 °C
in buffer B containing 0.5 mm [y-*2P]ATP (70 cpm/pmol) and 1 mMm
spermine (40 ul final volume). Gel segments containing the labeled
bands were dissolved in 0.2 ml of 30% H,0, for 3 h at 95 °C, diluted in
scintillation liquid, and counted.

RESULTS

PTEN Is a Phosphoprotein under Standard Cell Growth
Conditions—To study the putative role of post-translational
modifications in the regulation of PTEN biological functions,
the possibility that PTEN could be phosphorylated in intact
cells was investigated. MCF-7 cells, known to carry a wild type
PTEN gene (1), were labeled with 32P, and cell lysates were
subjected to immunoprecipitation using two distinct anti-
PTEN antibodies (Fig. 1A). As shown, both anti-PTEN antibod-
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Fic. 1. PTEN is a phosphoprotein under normal cell growth
conditions. A, MCF-7 cells were labeled with *2P, and cell lysates were
immunoprecipitated with a control antibody (lane 1) or anti-PTEN
BT166 or CS486 sera (lanes 2 and 3, respectively). The arrowhead
indicates the migration of phosphorylated PTEN. B, COS-7 cells were
mock-transfected (pRK5 vector alone) (lane 1) or transfected with pRK5
HA-PTEN—(1-403) (lane 2), pRK5 HA-PTEN-(1-343) (lane 3), pRK5
HA-PTEN-(1-369) (lane 4), or pRK5 HA-PTEN-(1-386) (lane 5). In the
upper panel, cells were labeled with *2P, and cell lysates were immu-
noprecipitated with the anti-HA 12CA5 mAb. In the lower panel, 10 pg
of total cell lysates were loaded and subjected to immunoblot with the
anti-HA 12CA5 mAb. All samples were resolved by 10% SDS-PAGE
under reducing conditions followed by autoradiography (A and B, upper
panel) or immunoblot (B, lower panel).

ies immunoprecipitated a radiolabeled protein that migrated at
about 55 kDa (Fig. 14, lanes 2 and 3), as expected for PTEN
(36), whereas no signal was detected using a control serum
(Fig. 1A, lane 1). Next, the region of PTEN that is phoshory-
lated in intact cells was analyzed using recombinant forms of
this molecule. 3?P labeling was carried out in COS-7 cells
transfected with HA-tagged PTEN wild type (residues 1-403)
or C-terminal truncated forms (residues 1-343, 1-369, or
1-386), followed by immunoprecipitation with the anti-HA
12CA5 mAb. As observed for the endogenous PTEN in MCF-7
cells, the recombinant HA-PTEN-(1-403) was also phosphoryl-
ated in COS-7 cells (Fig. 1B, upper panel, lane 2). A similar
extent of phosphorylation was detected on the truncated HA-
PTEN-(1-386) molecule (Fig. 1B, upper panel, lane 5), whereas
the truncated HA-PTEN-(1-343) and —(1-369) forms were not
phosphorylated under these conditions (Fig. 1B, upper panel,
lanes 3 and 4). The lower panel in Fig. 1B shows the expression
of the distinct HA-PTEN molecules. The difference in the in-
tensity of the endogenous and the recombinant PTEN-phospho-
rylated bands is explained by the difference in the amount of
PTEN protein immunoprecipitated in our assays from MCF-7
or transfected COS-7 cells, as indicated by [33S]methionine
labeling experiments (data not shown). These results indicate
that PTEN is a phosphoprotein under normal conditions of cell
growth, suggesting that PTEN phosphorylation takes place
between residues 369 and 386.

To ascertain the identity of the kinase(s) involved in the
phosphorylation of PTEN, 32P-labeled COS-7 cells were trans-
fected with HA-PTEN and incubated in the presence of stimu-
lators of several signal transduction pathways, including oka-
daic acid, sodium pervanadate, A23187 calcium ionophore,
insulin, phorbol 12-myristate 13-acetate, and EGF. As shown,
none of these stimuli significantly modified the phosphoryla-
tion level of HA-PTEN (Fig. 24, lanes 1-7). We also tested the
possibility that PTEN could be phosphorylated on tyrosine
residues. For these experiments, a GST-PTEN fusion protein
was overexpressed in COS-7 cells, precipitated in one step
using glutathione-Sepharose, and subjected to immunoblot
with the anti-phosphotyrosine 4G10 mAb (Fig. 2B). No reactiv-
ity of the 4G10 mAb toward GST-PTEN was detected (Fig. 2B,
upper panel, lanes 1 and 2), whereas a strong signal was ob-
served toward GST-ERK2 (included as a positive control of
tyrosine phosphorylation) upon EGF cell stimulation (Fig. 2B,
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Fic. 2. Constitutive phosphorylation of PTEN in intact cells. A,
COS-7 cells were transfected with pRK5 HA-PTEN-(1-403) and labeled
with 32P. Cells were left untreated (lane I) or were treated for 30 min
(okadaic acid, sodium pervanadate, calcium ionophore A23187, and
phorbol 12-myristate 13-acetate) or 10 min (insulin and EGF) with the
distinct stimuli, as indicated (lanes 2-7), and cell lysates were immu-
noprecipitated with the anti-HA 12CA5 mAb. B, COS-7 cells were
transfected with pRK5 GST-PTEN-(1-403) (lanes I and 2) or pRK5
GST-ERK2 (lanes 3 and 4). Cells were left untreated (lanes I and 3) or
were treated with EGF (50 ng/ml, 10 min) (lanes 2 and 4), and cell
lysates were precipitated with glutathione-Sepharose followed by im-
munoblot analysis with the anti-phosphotyrosine 4G10 (upper panel) or
an anti-GST mAb (lower panel). C.,COS-7 cells were transfected with
pRK5 GST (lanes 1 and 3) or pRK5 GST-PTEN-(1-403) (lanes 2 and 4).
In the left panel, cells were labeled with *2P, and cell lysates were
precipitated with glutathione-Sepharose. In the right panel, 10 pg of
total cell lysates were loaded and subjected to immunoblot with an
anti-GST mAb. All samples were resolved by 10% SDS-PAGE under
reducing conditions followed by autoradiography (A and C, left panel) or
immunoblot (B and C, right panel).

upper panel, lane 4). The lower panel in Fig. 2B shows the
expression of the GST fusion proteins. The phosphorylation of
GST-PTEN, precipitated from transfected COS-7 cells labeled
with 22P, is also shown as a control (Fig. 2C, lane 2). Together,
these results indicate that the C-terminal region of PTEN is
constitutively phosphorylated on serine and/or threonine
residues.

PTEN Is Phosphorylated by CK2 Both in Vitro and in Vivo—
The results described above suggest that a messenger-indepen-
dent serine/threonine kinase may phosphorylate PTEN in in-
tact cells. Residues 369—-386 of the PTEN amino acid sequence
include several consensus phosphorylation sites for protein
kinase CK2 (S/TXXD/E/S(P)/T(P)) (residues Ser-370, Ser-380,
Thr-382, Thr-383, and Ser-385; see Fig. 3B), which is known to
phosphorylate in vivo, in a constitutive manner, a wide array of
substrates (23). Thus, the possibility was tested that PTEN
could be phosphorylated by CK2. First, in vitro CK2 kinase
assays were performed, using bacteria-purified GST-PTEN
molecules (wild type or truncated forms) as substrates and
purified CK2 as the kinase. Both, GST-PTEN-(1-403) and
GST-PTEN-(202—-403) (full-length and C-terminal domain of

A B
GST-PTEN
e (369) VSDNEPDHYRYSD T TD SDPE (388)
€ 8 % g 8 2 _—
E § 8 g g 2 2 5
wi & 2 @& g F
- B
v ) i 08
& —_— E os
2
¥ U
45 = 'E. 02
=
E 4 & O
- *s2d3¢
1 2 3 4 5 6 7 ARACCR
GST-PTEN
-
¢ E E £ 5
] 3
E & § a
E e a £ il
] ] ] 1 kDa 4 3
K.
-65 E‘ 1
Kinase - - )
assay B -45 i{l_;
=
) 1 1 1 1 E 0
Dok ining - — T £ B &
1 2 3 4 s g ]
s A E
g B g
- B

Fic. 3. CK2 phosphorylates the C terminus of PTEN. A, recom-
binant CK2 holoenzime was mixed with purified GST (lane 1), GST-
PTEN-(1-403) (lanes 2 and 5), or truncated GST-PTEN-(1-202) (lane
3), -(202—-403) (lane 4), -(1-386) (lane 6), or —(1-369) (lane 7) fusion
proteins (1 pg), and in vitro kinase assays were carried out in the
presence of [y-*?P]JATP. Samples were resolved by 10% SDS-PAGE
followed by autoradiography. B, recombinant CK2 holoenzyme was
mixed with purified GST-PTEN wild type or mutant fusion proteins (0.5
ug), as indicated, and kinase assays were performed as described in A.
Data are presented as the incorporated radioactivity with respect to
GST-PTEN wild type. Values represent the mean = S.D. of two sepa-
rate experiments. The top of the figure shows the PTEN amino acid
sequence (residues 369-388) containing the CK2 phosphorylation sites
(shown in uppercase letters). The distinct CK2 phosphorylation consen-
sus motifs are underlined. Amino acids are indicated using the single-
letter code. C, left panel, crude extracts from COS-7 cell lysates (5 ug)
were left untreated (lane I) or were preincubated separately with 1 mm
spermine (lane 2), 100 um DRB (lane 3), or 1 ug/ul heparin (lane 4) in
buffer B and were then mixed with purified GST-PTEN-(202—-403) (1
ug) in the presence of [y-*2P]ATP and subjected to in vitro kinase assay
(upper panel). The lower panel shows the identical amount of GST-
PTEN-(202-403) substrate after all incubations, as detected by Coo-
massie blue staining. The right panel shows the quantification of GST-
PTEN-(202-403) phospholabeling obtained after phosphorylation in
the presence of the distinct CK2 modulators. Data are presented as the
incorporated radioactivity with respect to control conditions. Values
represent the mean * S.D. of two separate experiments. For quantifi-
cation, radiolabeled substrate bands were excised from the gel and
counted in a scintillation counter or were analyzed using a
PhosphorImager.

PTEN, respectively) were strongly phosphorylated by CK2
(Fig. 3A, lanes 2 and 4, respectively), whereas this kinase did
not phosphorylate GST alone or GST-PTEN-(1-202) (N-termi-
nal domain of PTEN) (Fig. 3A, lanes 1 and 3, respectively).
Furthermore, the C-terminal truncated GST-PTEN-(1-386),
but not GST-PTEN-(1-369), was also phosphorylated by CK2
(Fig. 3A, lanes 6 and 7, respectively). Next, amino acid substi-
tution mutants were generated that replaced to Ala the CK2
putative phosphorylation sites within the 369-386 PTEN re-
gion, and the mutant GST-PTEN-(1-403) fusion proteins were
also tested for in vitro phosphorylation by CK2. As shown in
Fig. 3B, CK2 phosphorylation of S370A and S385A mutants
was greatly reduced, suggesting that Ser-370 and Ser-385 are
major determinants for in vitro phosphorylation of PTEN by
CK2. A partial contribution of the Ser-380, Thr-382, and Thr-
383 PTEN residues to the in vitro phosphorylation by CK2 was
also observed (Fig. 3B). In addition, stoichiometric analysis
revealed that GST-PTEN-(202—-403) incorporated about 4 mol
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Fic. 4. Identification of the PTEN-phosphorylated residues in
intact cells. COS-7 cells were mock-transfected (lane 9) or transfected
with pRK5 HA-PTEN wild type (lanes 1 and 10) or mutants (lanes 2-8
and 11-13), as indicated. DMA, double mutant S370A/S385A; DME,
double mutant S370E/S385E; TMA, triple mutant S380A/T382A/
T383A. In the upper panel, cells were labeled with 3P, and cell lysates
were immunoprecipitated with the anti-HA 12CA5 mAb. In the lower
panel, 10 ug of total cell lysates were loaded and subjected to immuno-
blot with the anti-HA 12CA5 mAb. Samples were resolved by 10%
SDS-PAGE under reducing conditions followed by autoradiography (up-
per panel) or immunoblot with the anti-HA 12CA5 mAb (lower panel).

of phosphate/mol of protein after extensive in vitro phosphoryl-
ation by CK2.

To test the involvement of CK2 in the phosphorylation of
PTEN observed in intact cells, crude extracts of COS-7 cells
were incubated, in the presence of inhibitors or activators of
CK2, with the GST-PTEN fusion proteins purified from bacte-
ria, and in vitro kinase assays were performed. In keeping with
the results obtained after in vitro phosphorylation by CK2,
GST-PTEN-(1-403) and GST-PTEN-(202-403) were specifi-
cally phosphorylated by the kinase activity present in the cell
extracts, whereas GST-PTEN-(1-202) or GST alone were not
(Fig. 3C, lane 1, and data not shown). Remarkably, this phos-
phorylation was substantially increased in the presence of
spermine, an activator of CK2 (Fig. 3C). On the other hand, in
the presence of any of two CK2 inhibitors, DRB or heparin, the
phosphorylation of GST-PTEN was inhibited (Fig. 3C). No ef-
fect was observed in the presence of other protein kinase effec-
tors, such as the MEK1/2 inhibitor PD98059 or the protein
kinase A activator dibutyryl cAMP (data not shown). These
results sustain the notion that the kinase activity that phos-
phorylates PTEN in vivo is attributable to CK2. Interestingly,
treatment of cells with DRB resulted in a decrease in both the
in vivo phospholabeling and the protein amount of PTEN,
suggesting that DRB cell treatment could diminish PTEN
phosphorylation and/or PTEN protein content (data not shown;
and see Fig. 50).

PTEN phosphorylation was also analyzed on 2?P-labeled
COS-7 cells overexpressing the distinct HA-PTEN CK2 phos-
phorylation mutants (Fig. 4). A significant reduction in the in
vivo PTEN phosphorylation was observed on the S370A and
S385A mutants (Fig. 4, upper panel, lanes 2 and 6, respective-
ly). Also, a consistently reduced labeling was observed on the
S380A mutant (Fig. 4, upper panel, lane 3), whereas the effect
on the phosphorylation of the individual T382A and T383A
mutants was less manifest (Fig. 4, upper panel, lanes 4 and 5,
respectively). Because these results suggested the involvement
of multiple residues on PTEN phosphorylation in intact cells,
combined mutations were generated and tested for in vivo
phosphorylation. The phosphorylation of the double mutant
S370A/S385A (DMA) was nearly absent (Fig. 4, upper panel,
lanes 8 and 12), and the phosphorylation of the triple mutant
S380A/T382A/T383A (TMA) was markedly decreased (Fig. 4,
upper panel, lane 11), indicating an additive contribution of all
these residues to PTEN phosphorylation in intact cells. The
phosphorylation of a double phosphomimetic S370E/S385E
(DME) mutant was also analyzed. As shown, the S370E/S385E
mutant was hyperphosphorylated in comparison with the
S370A/S385A mutant (Fig. 4, upper panel, lane 13), suggesting

that phosphorylation of these two PTEN residues might prime
for additional phosphorylation of nearby residues. Finally, the
putative in vivo phosphorylation of the Thr-401 residue, lo-
cated within the PDZ binding consensus motif of PTEN, was
also tested. As shown, the phosphorylation level of the T401A
mutant was almost indistinguishable from the wild type PTEN
(Fig. 4, upper panel, lane 7). Together, these results support the
notion that CK2 constitutively phosphorylates in COS-7 cells a
cluster of Ser/Thr residues at the C terminus of PTEN.

Phosphorylation of PTEN C Terminus Is Important for
PTEN Protein Stability to Proteasome-mediated Degrada-
tion—To analyze the effect of PTEN phosphorylation on the
stability of the molecule, pulse-chase experiments were per-
formed on [?°S]methionine-labeled COS-7 cells transfected
with HA-PTEN wild type or phosphorylation mutants. The
kinetics of degradation of HA-PTEN wild type was two to three
times slower than that showed by the distinct Ser/Thr to Ala
phosphorylation mutants (Fig. 5A). Comparative plots of deg-
radation of wild type PTEN with the S370A, T380A, T382A,
T383A, S385A, and S370A/S385A (DMA) mutants are shown
(Fig. 5A). These results suggested that the presence of the
phosphorylated residues could be important for PTEN stabil-
ity. To test this possibility, the degradation of the phosphomi-
metic S370E/S385E (DME) mutant was analyzed. Interest-
ingly, the stability of the S370E/S385E mutant was almost
identical to that obtained with the wild type PTEN (Fig. 54,
right panel), reinforcing the hypothesis of a role of phosphoryl-
ation of PTEN in protein stabilization.

To ascertain the degradative pathway of PTEN under these
conditions, transfected COS-7 cells were pulsed with [3°S]me-
thionine, and chases were performed in the presence of the
proteasome inhibitor MG132 or the lysosome inhibitors leupep-
tin + NH,CI. As shown, the proteasome inhibitor MG132 in-
hibited the degradation of both PTEN wild type and S370A/
S385A mutant (Fig. 5B, lanes 3 and 7), whereas no inhibition
was observed in the presence of leupeptin + NH,CI (Fig. 5B,
lanes 4 and 8). The effect of MG132 on the degradation of the
S370A/S385A mutant was consistently less pronounced than
that observed for the wild type PTEN. Finally, experiments
were carried out to elucidate whether the effect of DRB cell
treatment in the decrease of 32P-radiolabeled PTEN detected in
our studies was, in fact, because of the inhibition of CK2. Cells
were left untreated or were preincubated with the proteasome
inhibitor MG132 to prevent PTEN degradation, were then la-
beled with 32P or [®**S]methionine in the presence of DRB, and
the amount of radiolabeled PTEN was detected as above. Upon
DRB cell treatment, both the 32P phospholabeling and the
amount of [3*S]methionine-labeled PTEN were decreased (Fig.
5C, lane 2). Remarkably, in the presence of DRB plus MG132
the phosphorylation of PTEN was decreased without affecting
the amount of PTEN protein detected by [>°SImethionine la-
beling (Fig. 5C, lane 3). Together, these results indicate that
defective PTEN phosphorylation by CK2 accelerates the pro-
teasome-mediated degradation of PTEN.

DISCUSSION

On the basis that many CK2 substrates are oncogene prod-
ucts or tumor suppressor proteins as well as key signal trans-
duction proteins, a role for CK2 in the regulation of cell growth-
and cell cycle-related processes has been proposed (22, 23). In
this report, we provide evidence that the tumor suppressor
phosphatase PTEN is phosphorylated by CK2 both in vitro and
in intact cells. CK2 phosphorylation sites in PTEN were located
within a C-terminal cluster of Ser/Thr residues, which were
found to be important for PTEN stability to proteasome-medi-
ated degradation. The CK2 phosphorylation sites were identi-
fied as the PTEN residues Ser-370, Ser-380, Thr-382, Thr-383,
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mutants, as indicated. Cells were pulsed for 2 h in the presence of [**S]methionine and then chased at different times, as indicated. Cell lysates
were immunoprecipitated with the anti-HA 12CA5 mAb, and radiolabeled bands were resolved by 10% SDS-PAGE under reducing conditions and
analyzed using a PhosphorImager. Kinetics degradation plots of PTEN wild type, single Ser/Thr to Ala mutants, and double S370A/S385A (DMA)
and S370E/S385E (DME) mutants are shown. To facilitate comparison, results were grouped in sets of mutants; representative experiments are
shown. Experiments were performed at least twice, and the difference between independent experiments was always less than 10%. B, COS-7 cells
were transfected with pRK5 HA-PTEN wild type (lanes 1-4) or S370A/S385A (DMA) mutant (lanes 5-8). Cells were pulsed for 2 h in the presence
of [**S]methionine; then, cells were lysed (lanes 1 and 5) or were chased for 4 h in the absence (lanes 2 and 6) or presence (lanes 3, 4, 7, 8) of
inhibitors, as indicated, followed by cell lysis. Cell lysates were immunoprecipitated with the anti-HA 12CA5 mAb, and samples were analyzed by
10% SDS-PAGE under reducing conditions. C, COS-7 cells were transfected with pRK5 HA-PTEN wild type and labeled with 2P (upper panel) or
[**S]lmethionine (lower panel) for 4 h in the absence (lane 1) or in the continuous presence of DRB (lane 2) or DRB plus MG132 (lane 3). Cells were
lysed and processed as described in B.

and Ser-385. Because some of these sites can be generated after PTEN from Drosophila melanogaster, Caenorhabditis elegans,
previous phosphorylation of nearby residues, and because the and Saccharomyces cerevisiae.

phosphomimetic S370E/S385E mutant is phosphorylated more We found that PTEN suffers a rapid degradation in COS-7
efficiently than the S370A/S385A mutant, hierarchic CK2 mul-  cells, which was inhibited by the proteasome inhibitor MG132
tisite phosphorylation of this region of PTEN is likely to exist but not by lysosome inhibitors, indicating that the turnover of
(37). Several findings support the notion that CK2 is the major ~PTEN in cultured COS-7 cells depends mainly on proteasome-
kinase involved in the phosphorylation of PTEN in intact cells. mediated degradation. The involvement of the proteasome in
First, cell treatment with a panel of different stimuli did not the degradation and regulation of the functions of short-lived
substantially affect the phosphorylation of PTEN, suggesting proteins, including oncoproteins, tumor suppressors, and cell
that such phosphorylation is constitutive and messenger-inde- cycle proteins has been described extensively (for reviews, see
pendent, as is known for most CK2-mediated phosphorylations. Refs. 38—40). Thus, regulated degradation of PTEN via the
Second, tyrosine phosphorylation was not detected on PTEN, proteasome could be envisaged as a major physiological mech-
suggesting that tyrosine kinases do not directly phosphorylate anism that controls the amount of PTEN in specific cell types
PTEN. Third, phosphorylation of PTEN by the kinase activity and tissues. In this context, it has been reported recently that
present in COS-7 cell extracts was activated or inhibited by C-terminal truncation mutants of PTEN have shorter half-lives
CK2 activators or inhibitors, respectively. Fourth, phosphoryl- than the wild type molecule (14, 15). In addition, we show that
ation of PTEN in intact COS-7 cells was inhibited by cell Ser/Thr to Ala amino acid mutations at the PTEN C terminus,
treatment with the CK2 inhibitor DRB. Fifth, mutation to Ala leading to defective phosphorylation by CK2, accelerate the
of the PTEN CK2-phosphorylation sites, as well as deletion of proteasome-mediated degradation of PTEN. However, a double
the C-terminal portion of PTEN including these sites, resulted  Ser to Glu mutation (the S370E/S385E mutant), that mimicked
in an almost complete lack of PTEN phosphorylation in intact constitutive CK2 phosphorylation of PTEN at these sites
cells. However, the possibility cannot be ruled out that other showed a degradation rate comparable with the wild type mol-
kinase(s) not monitored in our assays, using overexpressed ecule. Furthermore, cell treatment with the CK2 inhibitor
HA-PTEN in COS-7 cells, may contribute to the phosphoryla- DRB, which inhibited PTEN constitutive phosphorylation, re-
tion of endogenous PTEN in vivo. Remarkably, the CK2 phos-  sulted in a diminution in PTEN protein content but only in the
phorylation sites in PTEN are conserved in species from mam- absence of the proteasome inhibitor MG132. While this manu-
mals to Xenopus laevis, and clusters of putative CK2 script was in preparation, Vazquez et al. (20) also showed that
phosphorylation sites are also present at the C terminus of phosphorylation of some of the PTEN C-terminal residues an-
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alyzed in our study regulate protein stability as well as PTEN-
mediated G1 cell cycle arrest. Thus, constitutive phosphoryla-
tion of PTEN by CK2 may play a key role in the regulation of
PTEN biological functions upon normal cell growth conditions.

Our findings suggest that phosphorylation of the PTEN C
terminus itself does not provide enough PTEN protein stability
(see below) but rather could be important to acquire the proper,
stable conformation of the PTEN C-terminal tail. For instance,
it is well documented that phosphorylation of the C terminus of
IkBa by CK2 affects the stability and constitutive turnover of
this NF-«B regulator (41-44). In addition, the possibility exists
that phosphorylation of the C terminus of PTEN could modu-
late its subcellular location and function by affecting its asso-
ciation with regulatory and/or stabilizing molecules. In this
regard, deletion of the C-terminal PDZ binding motif of PTEN
results in the impairment of some PTEN cellular functions
(16). Also, PTEN has been found to associate, through its PDZ
binding motif, with PDZ domain-containing proteins, including
hMAST205 and MAGUK scaffolding proteins (17—19). Interest-
ingly, MAGUKSs might regulate the functions of PTEN through
the assembly and stabilization of multiprotein signaling com-
plexes at specific subcellular compartments, as known for other
related PDZ-containing proteins (45). It has been suggested
that phosphorylation of the Thr-401 residue within the PDZ
binding motif of PTEN could regulate its binding to PDZ-
containing proteins (17). However, our results suggest that the
PTEN Thr-401 residue is not phosphorylated in vivo. Muta-
tions that did not abrogate PTEN phosphorylation, but are
predicted to disrupt the association with PDZ-containing pro-
teins (PTEN-(1-386) and T401A mutant), also diminished the
stability of PTEN (data not shown), favoring the hypothesis of
a putative role for phosphorylation by CK2 in PTEN stabiliza-
tion through protein association. Frame-shift mutations at the
end of the PTEN coding region have been found in tumors,
indicating that such mutations could produce C-terminal trun-
cated PTEN molecules with altered tumor suppressor function
(13). Furthermore, by using anti-PTEN antibodies, variable
expression levels of PTEN protein are detected in tumor spec-
imens as compared with normal tissues (46—49), suggesting
that mechanisms other than loss of the PTEN gene may ac-
count for alterations on PTEN protein expression in some tu-
mors. The results presented here provide evidence that the
CK2 phosphorylation sites contained within the C terminus of
PTEN play an important role in its stabilization and turnover,
in a process mediated by the proteasome. Our findings support
a model in which changes in the phosphorylation status of the
C terminus of PTEN might alter the basal expression levels of
this tumor suppressor. In this regard, we have not detected
dephosphorylation of PTEN after incubation with crude cell
extracts, and PTEN phosphorylation status did not change
upon cell incubation with the PP2A inhibitor, okadaic acid (Fig.
2).2 The possibility exists that dephosphorylation of PTEN
takes place only under particular conditions of activation of an
unidentified phosphatase and/or under specific subcellular lo-
cation of PTEN. Further work will be necessary to ascertain
whether regulated dephosphorylation events could affect
PTEN phosphorylation and function in vivo.
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