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Abstract

PTEN/MMAC1 is a tumor suppressor gene that is mutated in a variety

of cancers. PTEN encodes a phosphatase that recognizes phosphoprotein
substrates and the phospholipid, phosphatidylinositol-3,4,5-triphosphate.

PTEN inhibited cell growth and/or colony formation in all of the epithelial

lines tested with one exception. The decrease in cellular proliferation was

associated with an induction of apoptosis and an inhibition of signaling
through the phosphatidylinositol 3'-kinase pathway. Akt/protein kinase B,

a gene whose antiapoptotic function is regulated by phosphatidylinositol-

3,4,5-triphosphate, was able to rescue cells from PTEN-dependent death.

PTEN, therefore, appears to suppress tumor growth by regulating phos
phatidylinositol .V-kinu.su signaling.

Introduction

PTEN/MMAC1 is a tumor suppressor gene located on human chro
mosome 10q23 (1, 2). Somatic PTEN mutations have been identified
in many types of cancer, including glioblastoma multiforme, endo-

metrial carcinoma, prostate carcinoma, breast carcinoma, malignant
melanoma, bladder carcinoma, small cell lung cancer, and endometri-
oid ovarian cancer (3, 4). Germ-line mutations of PTEN have been
commonly found in Cowden disease and Bannayan-Zonana syndrome

(5, 6). Evidence in glioma cell lines suggests that PTEN exerts its
tumor suppressive effect through the inhibition of cellular growth (7,
8). In addition, PTEN disrupts the architecture of focal adhesions and
the cytoskeleton when it is introduced into fibroblasts and glial tumor
cells (9).

The predicted amino acid sequence of PTEN is homologous with
tensin and auxilin, and a conserved tyrosine phosphatase domain is
present in this region (1, 2). PTEN can remove phosphates from
phosphotyrosine, phosphoserine, phosphothreonine, and phosphati
dylinositol phosphate residues in vitro (10-12). Furthermore, mis-

sense mutations in PTEN identified in patient material cluster around
the phosphatase domain and often diminish its phosphatase activity
(11). These data support the hypothesis that the phosphatase activity
of PTEN plays an essential role in tumor suppression. Endogenous
cellular substrates of PTEN include FAK3 (9) and Ptdlns(3, 4, 5)P3

(12). In spite of this wealth of information, the mechanism through
which PTEN suppresses tumor formation remains unclear.
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Materials and Methods

Cell Lines. Breast cancer cell lines UACC-812. UACC-893, MDA-MB-
453, MDA-MB-175-VII, MDA-MB-468, MBD-MB-361, MDA-MB-231,
MDA-MB-436. MDA-MB-415, MDA-MB-157. MDA-MB-435-S. ZR75-30.
ZR75-1, BT-549, BT-483. BT-474. T-47D, MCF-7. BT-20. SK-BR-3. HBL-

100, human embryonic kidney 293 cells, and the mink lung epithelial line
(MvLu-1) were obtained from American Type Culture Collection. Two colo-

rectal cancer cell lines HCT-116 and SW480 were provided by Dr. Bert

Vogelstein. All media were supplemented with 10% fetal bovine serum, 100
units/ml penicillin G, and 100 /ig/ml streptomycin sulfate.

Antibodies and Protein Detection. Polyclonal anti-PTEN antibody
CS486 was obtained by injecting a rabbit with a COOH-terminal peptide.

For the detection of PTEN expressed by adenovirus. a MOI of 10 was used
for the infection. Protein lysates (50-100 /Â¿g)were resolved by denaturing

PAGE and transferred onto polyvinylidene difluoride membranes. Total
cell lysates were collected each day for 4 days, and exogenous protein was
detected by Western blot with a 1:500 dilution of CS486. Blots were
developed with horseradish peroxidase-conjugated secondary antibody us

ing the enhanced chemiluminescence system (Amersham). Antibodies to
Akt were purchased from New England Biolabs and used as described by

the manufacturer.
PTEN Delivery Systems. A PTEN cDNA clone, which included the full-

length PTEN coding sequence, was cloned into a eukaryotic episomal expres
sion vector pCEP4 (Invitrogen) to generate pCEP4.PTEN. The conserved
cysteine residue at codon 124 in the phosphatase catalytic domain was mutated
to serine using a site-directed mutagenesis kit from Bio-Rad to gen

erate pCEP4.PTEN.C124S. Three p.g of pCEP4, pCEP4.PTEN. or
pCEP4.PTEN.C124S were used to transfect cell lines with Fugene 6 (Boeh-

ringer Mannheim), and colonies were selected by incubating the transfected
cells with the optimal dose of hygromycin over a period of 2-4 weeks. The

colonies were then stained with crystal violet and counted. All experiments
were done in triplicate and repeated at least once.

A full-length PTEN clone was amplified from human cDNAs by PCR. The
PCR product was gel purified and cloned into pGEX-2TK (Pharmacia) to

create pGEX-PTEN. The key cysteine residue at codon 124 in the phosphatase
catalytic domain was mutated to alanine using a site-directed mutagenesis kit

from Bio-Rad (Hercules, CA). The PCR product was gel purified, subcloned

into an adenovirus vector, and sequenced. Generation of recombinant virus and
amplification in 293 cells was as described (13). The viruses were concentrated

on a cesium chloride gradient and subjected to dialysis. The tilers were
determined by using anti-adenovirus antibody (provide by Dr. Hamish Young.

Columbia University, New York. NY), and positive plaques were visualized
using a fluorescence microscope. Adenoviral infections were performed by
inoculating cells with a small volume of growth medium supplemented with
2% serum and the appropriate viral dilution at 37Â°Cwith occasional rocking.

After 1 h, additional growth medium with 10% serum was added. For growth

inhibition experiments, cells were grown in medium with serum for 96 h. Cells
were then trypsinized and counted. Experiments were repeated for all cell
lines, and similar results were obtained.

Apoptosis Assays. TÃšNEL assays were performed using the in situ cell
death detection kit (Boehringer Mannheim) with cells grown on chamber slides
or T25 cm2 flasks. The signal was initially observed with a Zeiss LSM 410

confoca! laser scanning system attached to Zeiss Axiovert 100TV inverted
microscope. To quantify the percentage of apoptotic cells, both floating and
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/TEN-INDUCED CELL DEATH

Table 1 Colonv inhibition bv PTEN

Colonies"

Cell lines PTEN gene" pCEP4 pCEP4.PTEN pCEP4.PTEN.C124S

MDA-MB468BT549MCF-7T47-DHBL-100293MutMutWtWtWtWt59.52341942674369.511.719.319.636.5200.5

Â±16.33.3

Â±1.91
Â±0.821

Â±5.32.7
Â±0.47430
Â±23.24
Â±1.453245.7149317446.712.49.113.737.919.2329Â±21.2

" Colonies were counted after staining and averaged from three independent experi

ments Â±SD.
b Mut, mutant endogenous PTEN gene in these cell lines; Wt. wild-type PTEN gene in

these cell lines.

MDA-MB 436. Thus, we documented that 19 lines expressed wild-

type PTEN protein, whereas 5 lines did not.
Vectors expressing wild-type PTEN and the phosphatase dead

C124S mutant were used to select for colonies in five breast cancer
cell lines and one kidney cell line. Transient expression of wild-type

and mutant PTEN was comparable in each cell line. Cells were grown
in the presence of hygromycin for 2-4 weeks until colonies appeared.
For five of the lines, MCF-7, T47-D, MDA-MB-468, BT 549, and
293, colony formation was inhibited from 10- to 200-fold by the

PTEN expression vector (Table 1). This inhibition was observed in
cell lines containing or lacking wild-type endogenous PTEN. Expres

sion of mutant PTEN (C124S), which carried a point mutation at the
catalytic cysteine residue in the phosphatase domain, had no effect on
colony formation when compared with the empty vector. Only one
cell line, HBL-100, was resistant to wild-type PTEN. Although the
colony size in the PTEN-transfected HBL-100 samples was slightly

smaller when compared with the colonies of the control, there was no
difference in the colony number.

Adenoviruses expressing ÃŸ-galactosidase (Ad-ÃŸ-Gal), wild-type
GST-PTEN fusion protein (Ad-GST-PTEN), or a codon 124 cysteine
to alanine mutant (Ad-GST-PTEN.C124A) were used to infect a panel
of cancer cell lines. Only cell lines capable of expressing ÃŸ-Galand
GST-PTEN were studied for further analysis. The expression of
exogenous GST-PTEN and GST-PTEN.C124A peaked at 3-4 days
after infection (Fig. IÃŸ).The levels of exogenous GST-PTEN and
GST-PTEN-C124A were comparable, although the mutant protein
was expressed at lower levels in the cell line MDA-MB-468. Expres
sion of GST-PTEN in lines containing endogenous wild-type PTEN

ranged from 0.5 to 2 times the endogenous level (data not shown).
To determine whether PTEN might affect cellular proliferation,

nine lines capable of expressing GST-PTEN were infected with es

calating multiplicities of infection. Four days after infection, cells
were trypsinized and counted (Fig. 1C). Ad-GST-PTEN strongly

suppressed the growth of eight of the cell lines, regardless of the
mutational status of endogenous PTEN. Increasing doses of virus

ZR75-1 MDA-MB-468 HBL-100

Ad-ÃŸ-gal o%

(a) (I)

Ad-GST- Â¡Jj

PTEN.C124A|ÃŒ

(I)

Ad-GST-PTEN{J 90.5%

;co Â«o

(0 (t) (k)

Ad-GST-

PTEN+

50 \im

ZVAD

125%Ml

(d) (I)
Fig. 2. GST-PTEN induces apoptosis. FACS TÃšNEL on ZR 75-1 (a-d). MDA-MB-468 (e-h), and HBL-100 (/-/). Cells were seeded at 1 X 10YT25 cm2 culture flask and infected

with three different Ads. Ad-0-GAL (a. e, and i), Ad-GST-PTEN.C 124A (b.f, andj), and Ad-GST-PTEN (c. g, and *) at MOI of 20:1. One set of Ad-GST-PTEN-infected cells was
treated with 50 Â¡J.Mof ZVAD (d. h, and /). Total floating and attached cells were collected after 96 h. The cells were labeled with FITC-conjugated anti-dUTP antibody, and samples
were analyzed by flow cytometry. Mi, population of TUNEL-positive cells.
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/Â»TEN-INDUCED CELL DEATH

B). Rescue was also achieved with unmyristylated AKT but not with
a mutation inactivating the kinase domain (Fig. 3ÃŸ).To determine
whether PTEN was affecting the level of AKT activation in the cell,
MDA-MB-468 cells were infected with Ad-GST-PTEN, Ad-GST-

PTEN.C124A, and a control virus. Although the total level of AKT
was unaffected by wild-type GST-PTEN, the level of phosphorylation

at codon 473 was reduced (Fig. 3C). Phosphorylation of this site is
required for maximal AKT kinase activity and occurs only when AKT
is bound to the membrane via Ptdlns(3, 4, 5)P3 (17, 18). No effect was
observed with the C124A mutant.

PTEN Blocks PI 3'-Kinase Signaling. The above data suggested
that PTEN functions above Akt and Bcl-2 but below PI 3'-kinase.

PTEN is known to reduce the level of endogenous Ptdlns(3, 4, 5)P3
in 293 cells (12). However, 293 cells are highly sensitive to the
growth-suppressive effects of PTEN, which could potentially lead

to alterations in Ptdlns(3, 4, 5)P3 levels because of a nonspecific
mechanism (Table 1). To determine whether PTEN blocks PI
3'-kinase signaling, we studied NIH 3T3 cells, which are resistant
to PTEN growth suppression (9).4 A constitutively active PI 3'-

kinase mutant, pi 10*, is known to activate AKT and stimulate the
c-fos promoter (19, 20). The PI 3'-kinase signal to the c-fos

promoter was inhibited by PTEN, whereas mutant PTEN only
partially suppressed reporter activity (Fig. 4). Similar results were
obtained with the breast tumor cell line T47D (data not shown).
These data suggest that PTEN functions downstream of PI 3'-

kinase. They also support the notion that PTEN is able to inhibit PI
3'-kinase signaling by reducing Ptdlns(3, 4, 5)P3 levels in a cell.

On the other hand, the ability of PTEN to induce cell death in many
lines may indirectly affect fos promoter expression, even in 3T3
cells.

Discussion

The data presented here support the hypothesis that PTEN sup
presses cellular growth through the induction of apoptosis. This sup
pression requires a functionally active phosphatase domain. Wild-type
PTEN interfered with two different signals (to AKT and the c-fos

promoter) that require Ptdlns(3, 4, 5)P3 for membrane localization of
a signaling protein. AKT and its regulatory kinase PDK-1 contain PH

domains that must bind Ptdlns(3, 4, 5)P3 for activation (18, 21). The
PH domain of SOS regulates the activation of RAC and possibly RAS,
which both affect fos promoter activity (22-24). These data, along
with the fact that GFP-PTEN-expressing cells could be rescued by

AKT, suggest that PTEN functions as a tumor suppressor by inducing
AKT-dependent apoptosis because of alterations in Ptdlns(3, 4, 5)P3
signaling. Other effects of altering PI 3'-kinase signaling may also

contribute to the tumor suppressor function of PTEN. These include
inhibition of fos and the p70/S6 kinase pathway (25).

The rescue of GFP-PTEN-expressing cells was also seen with
Bcl-2. AKT is known to induce the expression of Bcl-2 (26). There
fore, the Bcl-2 rescue detected in our hands may be the result of

complementation of an AKT defect. On the other hand, it is also
possible that Bcl-2 may be blocking apoptosis nonspecifically. The

lack of rescue with FAK was surprising; however, FAK and PTEN
may coordinate the regulation of cell migration rather than cell death.
Another unexpected finding was that cells containing wild-type PTEN

were suppressed by exogenous PTEN. This result differs from that of
Furnari et al. (7). who found that glial cells containing wild-type

PTEN were resistant to the suppressive effects of exogenous PTEN.
This discrepancy may be the result of differences between epithelial
and glial cells with regard to the regulation of PTEN signaling.

Alternatively, the discrepancy could be due to differences in the
delivery of PTEN.

Growth suppression and/or the induction of apoptosis has been
demonstrated for a handful of tumor suppressors, including p53 (re
viewed in Ref. 27), BRCA1 (28), and APC (29). In the best under
stood case, p53 appears to regulate the induction of apoptosis in
response to genetic damage (30). Its loss in a tumor can accompany a
reduction in the frequency of apoptosis (31). PTEN appears to be
physiologically involved in the regulation of apoptosis as well.
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