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The tumor suppressor gene PTEN is a phosphoinositide phosphatase that is inactivated by deletion and/or
mutation in diverse human tumors. Wild-type PTEN is expressed both in the cytoplasm and nucleus in normal
cells, with a preferential nuclear localization in differentiated or resting cells. To elucidate the relationship
between PTEN’s subcellular localization and its biologic activities, we constructed different PTEN mutants
that targeted PTEN protein into different subcellular compartments. Our data show that the subcellular
localization patterns of a PTEN (APDZB) mutant versus a G129R phosphatase mutant were indistinguishable
from those of wild-type PTEN. In contrast, the Myr-PTEN mutant demonstrated an enhanced association with
the cell membrane. We found that nuclear PTEN alone is capable of suppressing anchorage-independent
growth and facilitating G, arrest in U251MG cells without inhibiting Akt activity. Nuclear compartment-
specific PTEN-induced growth suppression is dependent on possessing a functional lipid phosphatase domain.
In addition, the down-regulation of p70S6K could be mediated, at least in part, through activation of AMP-
activated protein kinase in an Akt-independent fashion. Introduction of a constitutively active mutant of Akt,
Akt-DD, only partially rescues nuclear PTEN-mediated growth suppression. Our collective results provide the
first direct evidence that PTEN can contribute to G, growth arrest through an Akt-independent signaling

pathway.

The tumor suppressor gene MMACI/PTEN (henceforth re-
ferred to as PTEN) was identified independently by three
groups (39, 41, 65). Deletions in or mutations of PTEN are
frequent occurrences in high-grade glial, advanced prostate,
breast, endometrial, and kidney tumors, as well as in small-cell
lung carcinoma and melanoma (6, 63, 74). Germ line muta-
tions of the PTEN gene have also been linked to several
hamartomatous syndromes, including Cowden disease, Ban-
nayan-Zonana syndrome (also known as Bannayan-Riley-Ru-
valcaba syndrome), Lhermitte-Duclos disease, Proteus syn-
drome, and Proteus-like syndromes. PTEN encodes a 403-
amino-acid protein that is a member of the protein tyrosine
phosphatase family. In addition to its N-terminal catalytic ty-
rosine phosphatase domain (IHCXXGXXRS/T), other do-
mains/motifs have been discovered, including a tensin/auxillin
homology domain overlapping the phosphatase domain (41,
65), a calcium-independent C2 domain (37), two PEST motifs,
and a PDZ (PSD9Y5, Dlg, and ZO1) binding domain (PDZB) at
the C terminus (2). Although it shares extensive homology with
members of the protein tyrosine phosphatase family, PTEN's
primary physiologic substrates are phosphatidylinositols (Pt-
dIns) phosphorylated at the D3 position (PtdIns-3,4-P, and
PtdIns-3,4,5-P5) (47), which are products of phosphoinositide
3-kinases (PI3K). PTEN can thus antagonize PI3K-dependent
signaling pathways that are specifically involved in cell growth,
apoptosis, transcription/translation, glucose metabolism, and
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cell migration. Ectopic expression of wild-type PTEN in
PTEN-null tumor cell lines results either in G, growth arrest,
anoikis, or apoptosis, depending on the cell type (13, 46, 51,
81), and inhibits important biologic properties such as devel-
opment of metastases (12). In contrast, PTEN mutants with
abrogated phosphatase activity, such as C124S, G129R, and
R130G, lose their tumor suppressing ability. Interestingly, one
mutant, G129E, which is frequently observed in Cowden dis-
ease and in occasional sporadic cancers, lacks lipid phospha-
tase activity but retains PTPase activity against the polypeptide
substrate poly (Glu-Tyr) (18, 51). However, Tamura et al. (69)
showed that the G129E mutant retained the ability to inhibit
integrin-mediated cell migration, spreading, and tumor cell
invasion, and provided evidence that these properties were due
to dephosphorylation of FAK. Moreover, PTEN was also re-
cently shown to inhibit cell migration through its C2 domain,
independent of its lipid phosphatase activity (57). These data
suggest that although lipid phosphatase is critical to many
PTEN functions, PTEN regulates biologic functions that are
independent of this activity.

PTEN is expressed primarily in the cytoplasm of many tu-
mor cells, including thyroid, endocrine, pancreas, and primary
cutaneous melanomas (21, 53, 78). In contrast, PTEN is ex-
pressed both in the cytoplasm and in the nucleus of normal
cells, with a preferential nuclear localization in differentiated
or resting cells (15, 21, 36, 53, 78). Nuclear localization of
PTEN is increased during neuronal differentiation and is re-
quired for the survival of differentiating neuronal cells (35).
Similarly, activated PI3K has been shown to translocate to the
nucleus (49), and functional PIP3 has also been detected inside
the nucleus (70). An increased level of nuclear PTEN is asso-
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FIG. 1. Schematic diagram of PTEN localization mutants. To tar-
get PTEN into different subcellular compartments, specific localization
signals were inserted into PTEN's sequence via PCR or molecular
cloning as described in Materials and Methods. These were: N-termi-
nal Myr (8-amino-acid [aa] myristoylation motif, MKGSLTTH) tar-
geting the plasma membrane, N-terminal NLS (7 aa, M+RRKKRK)
targeting the nucleus, and ER retention motifs (21 N-terminal aa
containing an ER signal peptide and 28 C-terminal aa containing an
ER retention signal) targeting the ER. In addition, TKV/TVD muta-
tions were introduced to abolish PTEN’s PDZ binding ability.

ciated with G,-G, in MCF-7 cells (22), and these authors
postulated that nuclear PTEN could be directly involved in
regulating cell cycle progression. Thus, nuclear PTEN may
have growth-regulatory roles that are distinctive from those of
cytoplasmic PTEN. This study examines the relationship be-
tween the biologic function and subcellular localization of
PTEN, with an emphasis on characterizing nuclear PTEN. Our
data show that nuclear PTEN suppresses tumorigenicity in and
facilitates the G, arrest of U251MG glioma cells without
down-regulating Akt phosphorylation/activation or cell inva-
siveness. Growth suppression induced by nuclear PTEN is me-
diated, at least in part, through down-regulation of p70S6K
phosphorylation/activation via activation of AMP-activated
protein kinase (AMPK) in an Akt-independent fashion. In
addition, the intact lipid phosphatase domain is indispensable
for nuclear PTEN to fully exert its growth-suppressing activi-
ties. Collectively, these results suggest that PTEN is biologi-
cally functional in the nucleus and mediates growth suppres-
sion via signaling mechanisms than differ from those in
cytoplasmic PTEN.

MATERIALS AND METHODS

Cell culture and transfection. Mouse astrocytes, NHA (E6/E7/hTERT) and
the glioblastoma cell lines U251MG, LN18, and LN229 were maintained in
Dulbecco’s modified Eagle’s medium-F-12 (high glucose) medium supple-
mented with 10% fetal bovine serum. Plasmids were transfected into U251MG
cells with FUGENEG6 (Roche) according to the manufacturer’s protocol.

Plasmid construction. The pLNCX-PTEN wild type (WT) and mutants were
constructed by initially using a PCR strategy for cloning into the BamHI/EcoRI
sites of the pBS (SK+) vector and were subsequently subcloned into the Notl/
Sall sites of the pLNCX retroviral vector (Clontech). Briefly, PTEN mutants
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were generated by PCR with DeepVent thermal-stable polymerase (NEB) using
5" primers containing NLS (nuclear localization signals) from the MDV onco-
gene MEQ (RRKKRK) (43) or a myristoylation signal from the Rasheed sar-
coma virus Gag protein (MKGSLTTH) (30). These were used to construct
mutants with enhanced nuclear localization or association with the plasma mem-
brane. A APDZB mutant was created with 3’ primers bearing TKV/TVD mu-
tations to disrupt PTEN's binding to PDZ domain-containing proteins. Mean-
while, the pCMV-PTEN (ER) was generated by digesting pBS (KS+)-PTEN
(APDZB) with Ncol (blunt end)/Sall and subcloning it into a pCMV/myc/ER
vector (Invitrogen) at Sall (blunt end)/Xhol sites to direct expression to the
endoplasmic reticulum.

Indirect immunofluorescence and confocal laser scanning microscopy. Immu-
nofluorescence staining was performed as described previously (45). Briefly, cells
were seeded at a concentration of 2 X 10° cells per well in six-well plates with
coverslips inside and left overnight. The following day, media were aspirated and
the cells were washed with phosphate-buffered saline (PBS) once before being
fixed with 3.7% formaldehyde in PBS for 20 min. After another PBS wash, the
cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min followed by
blocking with 3% bovine serum albumin-0.1% Tween 20-PBS for 1 h. Cells were
then incubated with mouse primary antibodies against PTEN (immunoglobulin
G [IgG]; BD Bioscience) or PIP2 (IgM; Echelon) for 1 h. After 2 washes with
PBS (0.1% Tween 20), the cells were incubated with the secondary antibodies
conjugated with fluorescein isothiocyanate (FITC) or Texas Red (Molecular
Probes) for 1 h, and the cells were examined and analyzed with an Olympus
FluoView (60X objective) confocal laser scanning microscope.

Cell invasion assay. The invasion of U251MG cells in vitro was measured by
passage of the cells through Matrigel-coated transwell inserts (50) in Costar
transwells. Briefly, transwell inserts with 8-wm pores were coated with 200 pl of
0.78 mg/ml Matrigel in cold serum-free medium. The cells were trypsinized, and
2 % 10° cells in 700 pl of cell suspension were added in duplicate wells. After 24 h
of incubation, the cells that passed through the filter into the lower wells were
stained using a hema-3 stain kit (Fisher Scientific) and the cells in 5 fields were
counted under a microscope and expressed as a 100% set for vector-transfected
U251IMG cells that migrated to the lower part of the chamber.

Colony-forming assay. Anchorage-independent growth was measured by soft
agar colony assay to evaluate transforming potential (44). Briefly, this assay was
performed in six-well plates with a base of 2 ml of medium containing 1% fetal
bovine serum with 0.5% Bacto agar (Difco). Cells were seeded in 2 ml of medium
containing 1% fetal bovine serum with 0.35% agar at 1 X 10* or 5 X 10* cells/ml
and layered onto the base. The number of colonies was scored under a micro-
scope after 2 weeks.

Flow cytometry cell cycle analysis. U251MG cells were maintained in Dulbec-
co’s modified Eagle’s medium-F-12 media containing 1% fetal bovine serum for
3 days, trypsinized, and washed with cold PBS twice, followed by fixation with
cold 70% ethanol. Flow cytometry cell cycle analysis was performed by the
Cancer Cell Biology Core at The University of Texas M. D. Anderson Cancer
Center.

Subcellular fractionations. Nuclear and cytoplasmic fractions of U251MG-
PTEN clones were separated using an NE-PER nuclear and extraction reagent
kit according the manufacturer’s specifications (Pierce).

Western blotting. Cells were washed with ice-cold phosphate-buffered saline
and lysed in a buffer containing 50 mM HEPES, pH 7.5, 1.5 mM MgCl,, 150 mM
NaCl, 1 mM EGTA, 20 mM NaF, 10 mM Na,P,0; (sodium pyrophosphate),
10% glycerol, 1% Triton X-100, 3 mM benzamidine, 10 mM phenylmethylsul-
fonyl fluoride, 1 WM pepstatin, 10 pg/ml aprotinin, 5 mM iodoacetic acid, and 2
pg/ml leupeptin to prepare whole-cell lysates. Lysates were clarified by centrif-
ugation at 14,000 X g for 5 min. Proteins equivalent to 5 X 10° cells per lane were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and elec-
troblotted to polyvinylidene difluoride (PVDF) membranes (Millipore). The
PVDF membranes were then probed with rabbit polyclonal antibodies against
Akt, phospho-Akt (S473), phospho-Erk1/2, p70S6K, phospho-p70S6K (T389),
mTOR, phospho-mTOR (S2448), phospho-TSC2 (T1462), AMPK, phospho-
AMPK (T172), S6, phospho-S6 (S235/236), 4E-BP1, phospho-4E-BP1 (T36/46),
GSK3B, phospho-GSK3B (S9) (Cell Signaling Technology), TSC1, and TSC2
and with monoclonal antibodies (MAbs) against PTEN (Santa Cruz), poly(ADP-
ribose) polymerase 1 (Oncogene Research Products), hemagglutinin (HA) tag
(Cell Signaling Technology), and IgM anti-PIP2 (Echelon). Specific proteins
were detected by enhanced chemiluminescence (ECL) (Amersham Pharmacia
Biotech) following incubation with horseradish peroxidase-conjugated secondary
antibodies.

Statistics. Statistical analysis was performed using an unpaired (equal vari-
ance) ¢ test. Data are presented as means * standard deviations (SD). Each
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FIG. 2. Subcellular localization of PTEN mutants. To examine subcellular localization of PTEN mutants, U251MG cells were transfected with
expression vectors for the mutants shown in Fig. 1 and clonal populations were obtained as described in Materials and Methods. Immunostaining
was performed with a MAb to PTEN, followed by confocal microscopy, as described. Differential interference contrast was used to depict cellular
contrast; in the case of PTEN-ER, localization in the ER was verified by successful transfection of the pCMV-GFP-ER construct.

group was compared with a vector control; a P value of <0.05 is considered
significant.

RESULTS

Expression of PTEN mutants targeted to subcellular com-
partments. PTEN has been shown to localize to the plasma
membrane, cytoplasm, and nucleus of the cell. To understand
the biologic functions of PTEN in various subcellular compart-
ments, specific mutants were constructed via PCR in which
localization motifs were added to target PTEN to different
subcellular compartments, including the plasma membrane
(targeted by addition of an N-terminal Myr myristoylation sig-

nal), nucleus (through an N-terminal NLS), and endoplasmic
reticulum (ER) (by addition of N- and C-terminal ER reten-
tion motifs). Additionally, a TKV/TVD mutation was intro-
duced to disrupt PTEN’s PDZ binding activity (APDZB).
These constructs (illustrated in Fig. 1), termed pLNCX (for
WT), APDZB, Myr, Myr (APDZB), NLS, NLS (APDZB), and
G129R or pCMV-ER retroviral vectors, were transfected into
PTEN-null U251MG cells via lipofection (FuGENE®6). Local-
ization of the wild-type and mutant gene products was deter-
mined by immunostaining followed by analysis with a Fluo-
View confocal microscope. Representative staining patterns
are shown in Fig. 2. Differential interference contrast was used
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FIG. 3. Substantiation of PTEN's localization with subcellular frac-
tionation. Immunoblotting with a MAb to PTEN was performed on
cellular fractions extracted from cell lines expressing WT PTEN and
U251MG PTEN mutant clones, as indicated (C, cytoplasm; N, nu-
cleus), to corroborate the immunostaining results. Immunoblotting
with MAD against poly(ADP-ribose) polymerase 1 (PARP-1), a nucle-
us-specific protein, showed minimum cross-contamination between the
cytoplasmic and nuclear fractions.

to enhance cellular structure (Fig. 2, bottom pictures of each
construct). Wild-type PTEN was expressed in the plasma mem-
brane, cytoplasm, and nucleus, consistent with the reported
distribution of PTEN in log-phase cells. In contrast, mutants
with nuclear and endoplasmic reticular targeting domains were
found primarily in the targeted cellular compartment. Inter-
estingly, the APDZB and G129R phosphatase mutants had
patterns of localization in the cytoplasm and nucleus that were
similar to those observed for wild-type PTEN. This observation
suggests that the PDZ binding domain and functional phos-
phatase domain are not required for nuclear localization of
PTEN. As expected, Myr-PTEN demonstrated an increased
association with the plasma membrane. However, a significant
amount of the Myr-PTEN mutant was also found in the nu-
cleus. Interestingly, the addition of an exogenous NLS com-
pletely abolished PTEN's cytoplasmic translocation, as ob-
served with the NLS and NLS (APDZB) mutants. To confirm
the effects of mutant PTEN on nuclear localization, immuno-
blotting of PTEN was performed following cell fractionation.
As shown in Fig. 3, PTEN is detected both in the nucleus and
cytoplasm of different cell lines expressing wild-type PTEN at
various degrees, verifying that the subcellular distribution of
PTEN in the nucleus and cytoplasm is a general physiological
phenomenon rather than an artificial effect as a result of ex-
ogenous expression. In addition, the cell fractionation on
PTEN mutants also corroborates the immunostaining data. As
PTEN lacks a canonical NLS domain, these findings suggest
that its nuclear localization is mediated by other domains in
the molecule.
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Nuclear PTEN is capable of suppressing anchorage-inde-
pendent growth. Several stable transfectants from each PTEN
mutant expressing comparable protein levels to those of hu-
man cell lines harboring wild-type PTEN (39, 64, 79) were
selected for further characterization. Functional assays were
conducted on 3 to 5 clones from each construct and repeated
a minimum of three times. The expression of PTEN was equiv-
alent in all clones (Fig. 4A). First, a soft agar colony-forming
assay was performed in the presence of 1% fetal bovine serum
to measure anchorage-independent growth as a marker for the
transforming potential of each clone. As shown in Fig. 4B,
PTEN (WT) significantly reduced the soft agar colony-forming
ability relative to vector-transfected controls. Vector-trans-
fected controls produced numbers of soft agar colonies equiv-
alent to those produced by nontransfected parental cells (not
shown). PTEN (G129R)-, and PTEN-ER-transfected U251MG
cells exhibited a capacity for anchorage-independent growth
similar to that pPLNCX vector-transfected U251MG cells. In
contrast, APDZB-, Myr-, Myr (APDZB)-, NLS-, and NLS
(APDZB)-transfected U251MG clones had a significant (P <
10~) reduction (~75% to 95%) in the number of soft agar
colonies. These experiments corroborate previously published
observations showing that a functional phosphatase domain is
required, but a PDZB domain is dispensable, for PTEN's
anchorage-independent growth-suppressing activity (19, 34,
72). Interestingly, when PTEN is misdirected into the ER, its
growth-suppressing activity is lessened considerably, despite
the fact that its phosphatase domain remains intact. However,
when PTEN is directed into the nucleus, its growth-suppress-
ing activity is restored.

Growth suppression induced by nuclear PTEN is mediated
by facilitating G, accumulation. Wild-type PTEN has been
shown to elicit G, growth arrest (18, 46, 58, 85), anoikis (13,
46), and apoptosis (46, 76, 77) depending upon cell type.
PTEN-mediated G, arrest in glioblastoma cells has been well
documented (1, 10, 18, 23, 40). We therefore compared the
effects of PTEN mutants on the proliferation of U251MG cells.
The results are displayed in Fig. 5A. NLS-PTEN and NLS-
PTEN (APDZB) inhibited cell growth in transfected U251MG
cells in the presence of 1% serum as did the PTEN (WT),
APDZB, Myr, and Myr (APDZB) clones (Fig. 5A). To further
investigate whether the disruption in cell cycle progression is
responsible for growth suppression, the cell cycle profiles of
various PTEN clones were analyzed using flow cytometry. In
the presence of 5% serum, PTEN clones failed to induce sig-
nificant G, arrest in U251MG cells, an observation that cor-
roborates previous reports (18). Conversely, in the presence of
1% serum, G, accumulation was statistically significantly in-
creased (to nearly 20%; P values of <0.05) in U251MG cells in
all PTEN clones except for G129R and ER mutants (Fig. 5B).
These findings were similar to findings from the soft agar
colony-forming assays described above. Taken together, the
results demonstrate that nuclear PTEN-induced growth sup-
pression is mediated, at least in part, through enhanced G,
accumulation.

Nuclear PTEN does not inhibit cell invasion. Cellular inva-
siveness is one of the hallmarks of brain tumor cells. Benign
astrocytoma and malignant glioblastoma cells are notorious for
their ability to extensively invade the normal brain parenchyma
surrounding a tumor. To determine the effects of PTEN local-
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FIG. 4. Nuclear PTEN is capable of suppressing anchorage-independent growth. (A) PTEN localization mutants expressing comparable
protein levels as determined by immunoblotting were selected for functional analysis, as described in Materials and Methods. The migration of the
PTEN-ER protein was slower than the other PTEN mutants due to the larger size of ER retention motifs, as illustrated in Fig. 1. (B) The effect
of PTEN and its mutants on anchorage-independent growth was assessed using a soft agar colony assay. Selected stable U251MG transfectants
were seeded into six-well plates in duplicate at a concentration of 5 X 10*well in the presence of 1% serum. (C) The number of colonies was scored
under a microscope after 2 weeks. The results shown are the averages of the results from three experiments (means + SD). An unpaired (equal
variance) ¢ test was performed on all PTEN and PTEN mutant clones compared to the vector control. The P values of PTEN (WT), PTEN
(APDZB), Myr, Myr (APDZB), NLS, and NLS (APDZB) clones are statistically significant (*, P < 10~°). In addition, the size of their soft agar

colonies appeared significantly smaller than those of vector colonies.

ization on invasion, a Matrigel cell invasion assay was used.
Both PTEN (WT) and APDZB reduced the invasiveness of
U251MG cells by ~55% to 60% compared with vector-trans-
fected U251IMG cells (Fig. 6). The expression of the Myr and
Myr-APDZB forms of PTEN inhibited cell invasion to an even
greater degree (by ~75% to 80%), suggesting that the associ-
ation between PTEN and the cell membrane enhances its
antagonizing effect on PI3K/Akt-mediated cellular invasive-
ness. The ER clone had virtually no effect on cell invasion.
Likewise, NLS, NLS (APDZB), and G129R did not affect

invasion significantly (P values = 0.172, 0.511, and 0.675, re-
spectively).

Nuclear PTEN leads to p70S6K inactivation without down-
regulating Akt. To determine the mechanism by which nuclear
PTEN suppressed cell growth, Western blotting was used to
detect some of the signaling molecules involved in cell survival
and apoptosis phosphorylation and/or expression, activities
that are potentially regulated by the interplay between PI3K
and PTEN. Specifically, the phosphorylation statuses of Akt,
p70S6K, GSK3, S6, and Erk1/2 were determined. The expres-
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FIG. 5. Nuclear PTEN-induced growth suppression is mediated through facilitating G, accumulation. (A) Proliferation rates of cells expressing
PTEN mutants. Equal numbers of cells (1 X 10°) were seeded in 60-mm dishes in the presence of 1% serum, and cells were subsequently counted
at days 2 through 7 after seeding. The results shown are the averages of the results from four separate experiments (means = SD). (B) G, arrest
induced by PTEN mutants. Stable U251MG transfectants were maintained in medium containing 1% serum for 3 days and collected for analysis
of the cell cycle profile using flow cytometry. The results shown are the averages of the results from five separate experiments (means *= SD).

sion of PTEN protein was also analyzed independently to en-
sure that its level of expression remained similar to that of the
original clones. As shown in Fig. 7, Erkl/2 was not down-
regulated in any of the PTEN clones, a finding that is in accord
with results from previous studies (13, 14, 72, 73). In contrast,
as expected, Akt phosphorylation was markedly reduced in
PTEN (WT)-, APDZB-, Myr-, and Myr (APDZB)-transfected
U251MG clones. There was, however, no significant difference
in Akt phosphorylation levels among vector, G129R, ER, NLS,
and NLS (APDZB)-expressing clones. The activity of Akt was
further evaluated and validated by the analysis of its substrate,

GSK3B. This observation demonstrates that when PTEN is
unable to reach the plasma membrane, its ability to inhibit Akt
phosphorylation is considerably diminished. In contrast to Akt
phosphorylation, the phosphorylation of p70S6K and its sub-
strate, S6, was significantly down-regulated in U251MG cells
expressing only a nuclear form of PTEN, implying that nuclear
PTEN-mediated p70S6K down-regulation is Akt independent.
These studies further suggest that nuclear PTEN-mediated
inactivation of p70S6K could be at least partly responsible for
the increased G, growth arrest seen in cells that express the
nuclear form of PTEN.
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FIG. 6. Nuclear PTEN does not inhibit cell invasion. (A) A Matrigel invasion assay was performed using a transwell membrane coated with
0.7 mg/ml of Matrigel matrix. Cells were seeded at a concentration of 2 X 10° cells/well overnight. Cells that invaded the bottom side of the
membrane were fixed and stained using a hema-3 kit. (B) The number of invaded cells in vector clones was set at 100%. The results shown are
the averages of the results from five individual experiments (means + SD). Only PTEN (WT), APDZB, Myr, and Myr (APDZB) clones showed
statistically significant inhibition of cell invasion compared to the vector control (*, P < 10~°).
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FIG. 7. Nuclear PTEN inhibits p70S6K activation without down-
regulating Akt. Cell lysates equivalent to 5 X 10° cells from stable
clones grown in the presence of 1% serum for 3 days were loaded into
each well on an sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gel and transferred onto PVDF membranes. The filters were
blotted with antibodies against PTEN, Akt, phospho-Akt (S473), phos-
pho-Akt (T308), p70S6K, phospho-p70S6K (T389), S6, phospho-S6
(8235/236), GSK3p, phospho-GSK3p (S9), and phospho-Erk1/2, re-
spectively, followed by horseradish peroxidase-conjugated secondary
antibodies and visualized by the ECL reaction.

An intact lipid phosphatase domain is required for nuclear
PTEN-mediated growth suppression. Since nuclear PTEN
suppresses cell growth without down-regulating Akt, we
wanted to determine whether lipid phosphatase activity is re-
quired for PTEN to exert its biologic functions in the nucleus.
To this end, we constructed NLS-PTEN (G129R) and NLS-
PTEN (G129E) mutants and transfected them into U251MG
cells by using the same procedures used for the previously used
constructs. Several stable clones were selected for their exclu-
sive PTEN expression in the nucleus. To indirectly assess lipid
phosphatase activity, we immunostained cells with PIP2-spe-
cific antibodies and measured the PIP2 signal in the nucleo-
plasm, excluding nuclear speckles. This method was chosen
because most of the PIP2 in the nucleus is localized inside the
nuclear speckles (spliceosomes) and is generated by phospha-
tidylinositol phosphate kinase (7). As shown in Fig. 8, PIP2
levels correlate with PTEN's lipid phosphatase activity using
these criteria. We feel that this is a fairly accurate measure of
the effect of PTEN lipid phosphatase on PIP2 generation.
However, using this measure as a quantitative assay for deter-
mining PTEN's lipid phosphatase activity would be made dif-
ficult by virtue of free PIP2 (not protected by proteins) being
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washed away during fixation/permeabilization. In the case of
the PTEN-ER clone, the majority of PIP2 is detected in the
ER, since PTEN-ER is restricted in this cellular fraction. As
summarized in Table 1, similar to NLS-PTEN, both the NLS-
G129R and NLS-G129E mutants did not inhibit the same
degree of cell invasiveness shown by transfected U251MG
cells. Further, anchorage-independent growth was not sup-
pressed and G; accumulation was not enhanced in NLS-
G129R- and NLS-G129E-transfected U251MG cells, in con-
trast to NLS-PTEN cells. These data suggest that even though
nuclear PTEN cannot down-regulate Akt, it still requires a
functional lipid phosphatase domain to exert growth-suppress-
ing activity.

Nuclear PTEN up-regulates AMPK. The canonical pathway
of activation of p70S6K involves a PI3K/Akt/mTOR signaling
cascade. However, p70S6K can also be regulated via Akt-in-
dependent signaling pathways. Our preliminary results sug-
gested that nuclear PTEN is capable of down-regulating
p70S6K without interfering with Akt activity (Fig. 7). Conse-
quently, we analyzed the expression and phosphorylation pat-
terns of a panel of signaling molecules, including mTOR, TSC2
(tuberin), TSC1 (hamartin), S6, 4E-BP1, GSK3p, and AMPK
to dissect the mechanisms involved in Akt-independent nu-
clear PTEN-mediated p70S6K down-regulation. As shown in
Fig. 9, the decreased phosphorylation of Akt substrates GSK3p
and TSC2 could only be observed in PTEN (WT) clones; these
results corroborate our findings that Akt is inactivated only by
PTEN (WT) and not by nuclear PTEN. Down-regulation of
mTOR and its other substrate, 4E-BP1, is found in both PTEN
(WT) and nuclear PTEN clones, suggesting that nuclear
PTEN-induced down-regulation of p70S6K is most likely also
mediated through inactivation of mTOR. The inactivation of
p70S6K is also consistent with the phosphorylation level of its
substrate, S6. However, TSC2 phosphorylation is not affected
by nuclear PTEN, and the expression level of TSC1 remains
constant by any of the PTEN clones. We therefore examined
other signaling molecules capable of down-regulating mTOR/
p70S6K without the release of Akt-mediated TSC2 inactiva-
tion. Interestingly, we found that AMPK is persistently up-
regulated in nuclear PTEN clones but not in PTEN (WT)
clones. AMPK has been shown to activate TSC2 to bypass
Akt-dependent inactivation via phosphorylation (11, 27). Thus,
the activation of AMPK may, at least in part, account for
nuclear PTEN-induced down-regulation of p70S6K. It should
be noted that there is partial activation of AMPK in PTEN
(WT) clones, since wild-type PTEN is expressed in both the
cytoplasm and nucleus. Although LKB1 has been shown to be
the main activator of AMPK (25, 62, 80), AMPK can also be
phosphorylated by ATM through Akt-dependent activation of
ARKS, an ATM upstream regulator (68). Consequently, the
phosphorylation of AMPK would be abridged by PTEN in the
cytoplasm through inactivation of Akt. This likely would con-
tribute to our observation that AMPK activation is more prom-
inent in nuclear PTEN than in PTEN (WT) clones. To validate
the specificity of nuclear PTEN-mediated AMPK phosphory-
lation, we performed the following experiment using U251MG
cells. As shown in Fig. 10, there is very little phosphorylation of
AMPK in U251MG cells that have undergone serum depriva-
tion (0.1% serum for 3 days), the phosphorylation is signifi-
cantly elevated after serum release, which is at least in part due
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FIG. 8. Assessment of in vivo lipid phosphatase activity of PTEN mutants. Stable transfectants were first immunostained with MAb against
PTEN and then with FITC-conjugated goat anti-mouse IgG, followed by mouse IgM anti-PIP2 and then Texas red-conjugated goat anti-mouse
IgM (p chain) to avoid cross-reactivities of secondary antibodies. The fluorescence signals were analyzed by an Olympus FluoView LSM confocal

microscope.

to Akt-mediated activation of AMPK, as discussed above. The
phosphorylation of AMPK is conspicuously down-regulated in
U251MG cells treated with the PI3K inhibitor LY294002 but
not with the MEKI1 inhibitor PD98059 in the presence of 10%
serum. Conversely, phosphorylation of AMPK is further en-

TABLE 1. Lipid phosphatase domain is required for nuclear
PTEN-mediated growth suppression of U251MG cells

% Soft agar colony %

U25IMG cell type G, arrest® % Cell invasion®

formation”
Vector 100.0 = 6.5 62.5 = 2.5 100.0 = 10.2
NLS-PTEN 54+23 82.5 25 84.6 = 11.9
NLS-PTEN (G129R) 94.8 + 9.7 68.0 = 1.0 873 =154
NLS-PTEN (G129E) 93.3 £6.2 68.5 = 0.5 88.7 = 16.1

@ Cells (5 X 10%well) were seeded and colonies were measured as described in
the legend to Fig. 4. The percentage of soft agar colonies in vector-transfected
U251MG clones was set at 100%.

b G, arrest was measured by flow cytometry as described in the legend to Fig.
5.

¢ Matrigel invasion assays were performed by a modified Boyden chamber
assay as described in the legend to Fig. 6.

hanced in U251MG cells treated with two known AMPK ac-
tivators, S-aminoimidazole-4-carbozamide-1-B-4 ribofurano-
side (67) and carbonyl cyanide m-chlorophenylhydrazone (71),
in the presence of 10% serum.

The Akt constitutively active mutant, Akt-DD, only partially
rescues nuclear PTEN-mediated growth suppression. We pos-
tulated that nuclear PTEN is capable of mediating cell growth
suppression without down-regulating Akt, and our observa-
tions have supported our notion. However, to definitely prove
our hypothesis, we cotransfected U251MG cells with pLNCX-
NLS-PTEN and HA-tagged pcDNA3-Akt-DD constructs to
see whether the constitutively active mutant of Akt, Akt-DD,
could override nuclear PTEN-mediated growth suppression.
Several stable clones were selected for further soft agar colony
assay and cell cycle analysis in the presence of 1% serum under
the same conditions as the preceding experiments were per-
formed. As summarized in Table 2, NLS-PTEN suppresses
anchorage-independent growth and enhances G, accumula-
tion. On the other hand, Akt-DD alone significantly increases
the soft agar colony formation and reduces G, accumulation.
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FIG. 9. AMPK is activated by nuclear PTEN. Western blotting was
performed on lysates of cells expressing the indicated mutants as
described in Materials and Methods using antibodies against Akt,
phospho-Akt (S473), p70S6K, phospho-p70S6K (T389), mTOR, phos-
pho-mTOR (52448), TSC2, phospho-TSC2 (T1462), TSC1, AMPK,
phospho-AMPK (T172), S6, phospho-S6 (S235/236), 4E-BP1, phos-
pho-4E-BP1 (T36/46), GSK3B, and phospho-GSK3 (S9), followed by
horseradish peroxidase-conjugated secondary antibodies, and visual-
ized by the ECL reaction.

However, in two clones in which nuclear PTEN and Akt-DD
are coexpressed, nuclear PTEN-mediated growth suppression
is only partially rescued by Akt-DD. Figure 11 shows that
nuclear PTEN is still able to suppress the phosphorylation of
S6 to a large extent despite the presence of Akt-DD. Taken
together, in congruence with our hypothesis, the constitutively
active mutant of Akt, Akt-DD, does not override nuclear
PTEN-mediated growth suppression.

DISCUSSION

Recent studies have demonstrated that wild-type PTEN is
expressed both in the cytoplasm and nucleus. PTEN is prefer-
entially expressed in the nuclei of differentiated or resting cells.
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FIG. 10. Regulation of AMPK phosphorylation in U251MG cells.
U251IMG cells were either serum starved for 3 days and released in
10% serum or treated with 10 uM PD98059, 20 uM LY294002, 10 .M
carbonyl cyanide m-chlorophenylhydrazone (CCCP), and 2 mM 5-ami-
noimidazole-4-carbozamide-1-B-4 ribofuranoside (AICAR) in the
presence of 10% serum overnight. Cell lysates were subsequently col-
lected to perform immunoblotting using antibodies against AMPK and
phospho-AMPK (T172), followed by horseradish peroxidase-conju-
gated secondary antibodies, and visualized by the ECL reaction.

In addition, enhanced nuclear PTEN expression is associated
with G-G, in MCF-7 cells (22). We also observed a similar cell
cycle-dependent localization of PTEN in NIH 3T3 cells and
mouse astrocytes (data not shown). Current evidence suggests
that sequestration of PTEN in the nucleus may play an impor-
tant role in regulating cell cycle progression. However, poten-
tial function(s) of nuclear PTEN signaling in regulating phys-
iological activities have remained largely undefined. To study
such putative biologic functions of nuclear PTEN, we used the
U251MG PTEN-null cell line and constructed mutants that
would be localized to specific cellular compartments, thus al-
lowing us to compare the signaling pathways regulated with the
biologic effects of PTEN directed to these compartments. We
found that nuclear PTEN alone is capable of suppressing an-
chorage-independent growth and facilitating G, arrest in
U251MG cells in the absence of Akt down-regulation. In ad-
dition, the intact lipid phosphatase domain is necessary for
PTEN to fully exert its growth-suppressing effects in the nu-
cleus. Our collective results provide the first direct evidence
that nuclear PTEN can contribute to G, growth arrest through
an Akt-independent signaling pathway.

The ability of PTEN to regulate the Akt pathway depends

TABLE 2. A constitutively active Akt mutant, Akt-DD, only
partially rescues nuclear PTEN-mediated growth suppression

% Soft agar colony

U251MG cell type formation® % G, arrest’
Vector 100.0 = 3.0¢ 48.7 £ 11.4
NLS-PTEN 23+05 70.9 = 6.2
Akt-DD 132.6 = 7.7 31.1 £2.6
NLS-PTEN + Akt-DD (clone 1) 21.1+23 60.9 = 5.1
NLS-PTEN + Akt-DD (clone 2) 13.3 £2.6 65.6 =5.7

“ Cells (5 X 10%well) were seeded and colonies were measured as described in
the legend to Fig. 4.

> G, arrest was measured by flow cytometry as described in the legend to Fig.
5.

¢ The percentage of soft agar colonies in vector-transfected U251MG clones
was set at 100%.
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FIG. 11. Phosphorylation of S6 remains suppressed by nuclear
PTEN in the presence of Akt-DD. Cell lysates were collected from
U251MG clones expressing the pLNCX vector, NLS-PTEN, Akt-DD,
or NLS-PTEN plus Akt-DD grown in the presence of 1% serum.
Western blotting was performed using antibodies against PTEN, HA
tag, S6, and phospho-S6, followed by horseradish peroxidase-conju-
gated secondary antibodies, and visualized by the ECL reaction.

both on its phosphatase activity and access to phospholipid
substrates. PTEN has been shown to bind to cell membrane
phospholipids through a Ca**-independent C2 domain (37).
Because the C2 domain is closely associated with the PTEN
phosphatase domain, it may serve to position the catalytic site
correctly with respect to its substrates, conferring substrate
specificity. Mutagenesis of basic residues within the C2 domain
reduced the tumor suppressor activity of PTEN without inter-
fering with its enzymatic activity in vitro (37). Analysis of
PTEN-related proteins has led to similar conclusions. PTEN2
(TPTE), a testis-specific PTEN homolog that is localized to the
Golgi apparatus, has been recently identified (9, 82). Enzy-
matic analysis of PTEN2 revealed substrate specificity similar
to that of PTEN, with a preference for the dephosphorylation
of the phosphatidylinositol 3,5-phosphate phospholipid, a
known mediator of vesicular trafficking. However, PTEN2 is
not involved in the down-regulation of PI3K/Akt pathways.
TPIP «, another PTEN homologue, is restricted in subcellular
localization to the ER (75) and also does not inhibit Akt
phosphorylation/activation. Analogous to these findings, our
results show that the PTEN-ER mutant is defective in sup-
pressing anchorage-independent growth (Fig. 4), cell prolifer-
ation (Fig. 5), cell invasion (Fig. 6), and Akt activation (Fig. 7),
since its lipid phosphatase activity is confined to the ER (Fig.
8). Together, these findings suggest that differential and/or
modified subcellular localization of PTEN family members
does not affect their phosphatase activity per se but rather
alters their accessibility to substrates.

In this study, we demonstrate that the ability of PTEN to
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regulate cell invasion can be dissociated from PTEN's dispar-
ate functions in the nucleus. Invasiveness is mainly regulated
by PI3K/Akt signaling cascades by affecting a variety of signal-
ing pathways, including activating Racl and cdc42 GTPases
(42), down-regulating the expression of E-cadherin (24) and
RhoB (29), increasing matrix metalloproteinase 2 (MMP-2)
(52) and MMP-9 (31) production, or up-regulating the synthe-
sis of MT1-MMP (membrane type 1 MMP), a major activator
of MMP-2 (83). Indeed, abrogation of PI3K/Akt signaling
pathways by reintroduction of wild-type PTEN into PTEN-null
glioma cells invariably reduced their invasiveness (32, 33, 35).
While several reports have suggested that in some cell types
PTEN may inhibit cell invasion by a mechanism that is inde-
pendent of its lipid phosphatase activity (20, 69) or its phos-
phatase domain altogether (48), in U251MG cells, PTEN ap-
pears to regulate invasiveness through its lipid phosphatase
activity (33). In addition, although p70S6K has been implicated
as playing auxiliary roles in cell migration (reviewed in refer-
ence 5), it is not directly involved in regulating cell invasion. In
the conditions under which invasion was assayed in this study,
Akt remained active due to growth factor autocrine loops in
U251MG cells. Thus, expression of NLS-PTEN did not reduce
cell invasiveness, since Akt was not down-regulated even
though p70S6K was inactivated. Taken together, our data sug-
gest that in the cytoplasm PTEN exerts its effects (including
anti-invasion) through a PI3K/Akt pathway, but in the nucleus,
PTEN exerts additional Akt-independent tumor suppressive
effects.

As shown in Fig. 12, Akt is known to directly phosphorylate
TSC2 (26, 55), abrogating the suppression of a TSC1/TSC2
complex on an mTOR kinase activator, Rheb (Ras homologue
enriched in brain) (60, 66, 84). Activated mTOR restores phos-
phorylation of the T389 residue in p70S6K by inhibiting
PP2A’s phosphatase activity (54). Our results demonstrate that
nuclear PTEN down-regulates mTOR and p70S6K in an Akt-
independent manner. Recent studies have shown that the ac-
tivation of AMPK by LKB1 or ATP depletion leads to phos-
phorylation and activation of TSC2, which overrides Akt
inhibition (11, 27). Alternatively, the kinase activity of mTOR
can also be triggered by PI3K/Akt-independent stimuli, such as
nutrients/amino acids, or phosphatidic acid (16). Our observa-
tion of activated AMPK in NLS-PTEN clones suggests that
this enzyme may play a key role in suppressing mTOR activity
but does not exclude the involvement of other Akt-indepen-
dent signaling pathways. Additionally, p70S6K is a mitogen-
activated serine/threonine (S/T) kinase that is required for cell
growth and cell cycle progression (reviewed in reference 56).
Although mTOR-mediated phosphorylation of the T389 resi-
due has been shown to be essential for p70S6K’s kinase activ-
ity, the precise mechanisms that result in T389 phosphorylation
are not understood. It has been hypothesized that TSC com-
plex-mediated p70S6K inactivation is independent of mTOR
(28), and as illustrated in Fig. 12, cdk1/cdc2 down-regulation of
T389 phosphorylation has also been shown (61). Although the
kinase(s) responsible for T389 phosphorylation have yet to be
identified in vivo, mTOR (8), mTOR-related kinase (38),
NEKG6/7 (4), and even p70S6K itself have been suggested as
potential candidates (59). Thus, nuclear PTEN could also in-
hibit p70S6K phosphorylation through the pathways listed
above in addition to the inhibition of mTOR activity that we
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FIG. 12. Nuclear PTEN down-regulates mTOR/p70S6K, bypassing PI3K/Akt signaling pathways. Despite the fact that mTOR-mediated
p70S6K phosphorylation at the T389 residue is regulated primarily by Akt through TSC2 phosphorylation, other pathways have also been shown
to regulate mTOR and/or p70S6K activities. Accordingly, nuclear PTEN can down-regulate mTOR/p70S6K through alternative mechanisms

without interfering with Akt activation.

observed. Finally, whether nuclear PTEN activates AMPK via
LKBI, either by depleting the ATP pool or by other pathways,
requires further investigation.

The present study and many others show that PTEN is a
versatile tumor suppressor that exhibits biologic properties in
addition to its signature function of down-regulating the PI3K/
Akt signaling cascade through lipid phosphatase activity. Al-
though we have discovered a novel biologic property of PTEN
in the nucleus, the mechanisms involved in nuclear PTEN-
mediated growth suppression remain to be fully elucidated.
PTEN could mediate G, arrest through its interaction with
p53, as postulated by Freeman et al. (17). However, U251MG
harbors mutant p53, making this mechanism an unlikely sce-
nario in these cells. Another possibility is that the PTEN may
be engaged in growth suppression through inhibition of MSP58
in the nucleus (F. Furnari, personal communication). On the
other hand, activated PI3K has been shown to translocate to
the nucleus, and functional PIP3 has also been detected inside
the nucleus. Most recently, Ahn et al. (3) showed that nuclear
PI3K mediates the antiapoptotic activity of nerve growth factor
in the isolated nuclei of PC12 cells. Thus, nuclear PTEN could
potentially regulate novel nuclear PI3K-dependent signaling
pathways that are independent from activation of Akt. Future
studies on nuclear PTEN are likely to reveal new mechanisms
for PI3K-mediated growth regulation.
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