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The tumor suppressor PTEN is a phosphatase with sequence similarity to the cytoskeletal
protein tensin. Here the cellular roles of PTEN were investigated. Overexpression of PTEN
inhibited cell migration, whereas antisense PTEN enhanced migration. Integrin-mediated
cell spreading and the formation of focal adhesions were down-regulated by wild-type
PTEN but not by PTEN with an inactive phosphatase domain. PTEN interacted with the
focal adhesion kinase FAK and reduced its tyrosine phosphorylation. Overexpression of
FAK partially antagonized the effects of PTEN. Thus, PTEN phosphatase may function
as a tumor suppressor by negatively regulating cell interactions with the extracellular

matrix.

The gene PTEN (also called MMACTI) is
a tumor suppressor gene on human chro-
mosome 10q23 that is frequently deleted
or mutated in ~45% of endometrial can-
cers, ~30% of glioblastomas, and at
lesser frequencies in a wide range of
other human tumors (I, 2). PTEN en-
codes the catalytic signature motif of
protein tyrosine phosphatases and func-
tions as a dual-specificity phosphatase
in vitro (3, 4). Expression of PTEN
cDNA in glioma cells with mutated PTEN
alleles suppresses growth, but it does
not affect the growth of cells with
wild-type PTEN alleles (5). The physio-
logical substrates and functions of PTEN
protein, however, remain to be eluci-
dated. PTEN also has sequence similarity
to tensin (1), a cytoskeletal protein that
binds to actin filaments at focal ad-
hesions and is tyrosine phosphorylated
upon integrin-mediated cell adhesion
(6). PTEN might therefore have ef-
fects on integrin function or on the
cytoskeleton.

We investigated whether PTEN partic-
ipates in cell migration, growth, spreading,
and cytoskeletal regulation through trans-
fection experiments with four cell types.
Stable transfectant lines of NIH 3T3 fi-
broblasts were established in which the
expression of PTEN was regulated by ec-
dysone, using expression plasmids contain-
ing sense PTEN, antisense PTEN, or no
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insert (7). A twofold overexpression of
PTEN mRNA significantly reduced cell
migration as measured by in vitro wound
healing assays (Fig. 1). In contrast, the
expression of antisense PTEN enhanced
cell migration (Fig. 1). Antisense-express-
ing cells migrated much farther (200 = 92
cells/mm? migrated more than 0.4 mm
from the wound edge in 24 hours) than
mock- (7 = 3 cells/mm?) or sense-trans-
fected cells (0 = 0 cells/mm?) (Fig. 1A).
The number of migrating PTEN-overex-
pressing cells was decreased to 48% of
mock (967 = 138 compared with 2013
= 63 cells/mm?; P < 0.001), whereas the
number of migrating antisense-expressing
cells increased by 21% over mock (2440
+ 243 cells/mm?; P < 0.01). With regard
to cell growth, in contrast, expression of
sense or antisense PTEN had lictle
effect (8), consistent with a previous re-
port (5).

To explore the mechanism underlying
the effect of PTEN on NIH 3T3 cell mi-
gration, we examined cell spreading on
fibronectin (FN) (9). Although cell at-
tachment appeared unaffected, stable
transfectants induced by ecdysone to ex-
press sense PTEN showed a marked reduc-
tion in cell spreading. In a 30-min assay,
only 20 = 5% of these cells had spread,
whereas 59 = 6% of mock-transfected and
59 = 6% of antisense PTEN-expressing
cells had spread (P < 0.001) (Fig. 2A).
Similar results were obtained with two
other independent sets of ecdysone-regu-
lated transfectants.

The role of PTEN in cell spreading was
also examined in transiently transfected
primary human fibroblasts and DBTRG-
05MG cells, a glioblastoma cell line with a
204 -base pair deletion in PTEN (1). Cells
expressing the various constructs were de-
tected by using green fluorescent protein
(GFP) as a marker (10). Again, PTEN

inhibited cell spreading on FN (Fig. 2, B
and C). In human fibroblasts, the effect
was maximal at 20 to 30 min, with only 22
+ 8% of PTEN-overexpressing cells
spread at 30 min compared with 60 = 8%
of nontransfected cells or cells with con-
trol GFP-plasmid (P < 0.001 to 0.005)
(Fig. 2C). The majority of cells had spread
by 2 hours, however, indicating that
PTEN overexpression delayed but did not
prevent spreading. Nevertheless, the sur-
face area covered by PTEN-expressing
cells remained less than that of controls
(see below). In DBTRG-05MG cells, ex-
ogenous expression of PTEN also delayed
spreading; even after 18 hours, only 64%
of the cells had spread, and the extent of
spreading of individual cells was substan-
tially reduced (Fig. 2B). Inhibition of
spreading was also observed in PTEN-
transfected U-87TMG cells, a glioblastoma

1200 Ecdysone (-) Ecdysone (+)
OMock
~ 1000 MSense
™ B Antisense
E 800
E
5 600
<
L 400
3
200
0 ey e e e
SRS NN RN S

B

0

[)

>

Qo

<

2z

14

€

[

2

=

«©

Lo

O ¥ Mock Sense Antisense

N GRS I
?:00?\"@ 600&&0 000'@@
& & &
> S 3

Fig. 1. PTEN modulation of cell migration. Stable
NIH 3T3 cell transfectants were induced to
express PTEN or antisense PTEN in an ecdy-
sone expression system (7). (A) In vitro “scratch”
wounds were created by scraping confluent cell
monolayers in fibronectin-coated (10 wg/ml)
petri dishes (35-mm diameter) with a sterile
pipette tip. After 24 hours, migration was quan-
tified by counting cell numbers at the in-
dicated migration distances from the wound
edge. Error bars indicate standard deviation; =,
P < 0.005; 1, P < 0.01; §, P < 0.05, respec-
tively (versus mock) by Student’s ¢ test. (B) Lev-
els of endogenous, antisense, or total PTEN
mRNA were determined by quantitative re-
verse transcription—polymerase chain reaction
(RT-PCR; primer sequences provided on re-
quest). Preliminary protein immunoblot analysis
showed roughly similar changes in PTEN protein
expression (8).
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line with a PTEN frameshift mutation at
codon 54 (see Fig. 5B, which will be fully
discussed below).

Down-modulation of cell spreading by
PTEN could have resulted from effects on
integrin-mediated cell spreading or on cy-
toskeletal processes required for cell
spreading. To distinguish between these

A B K Control
2360 BGFP
é 100, EGFP-PTEN
o ) =
40 X 2
o S® g |E
a H | H
3 20 g 60 H | B
% ol B 1B | E
O s e 2 sinps 1z
§223%22 To|H I HIE
=22%33 o [HIHIE
£ g 'S X oo
— <<, (0\ N ,3,
Ecdysone: (-) (+) o
C 100
:\o‘ 80
© 60
8 I
% 40 @ Control
) O GFP
T 20 + O GFP-PTEN
© T
00 120 40 60 80 100 120
Time (min)
B Control
2 B e
3 60 WGFP-
B e B
o 40 5 5
13 - -
a H s
2
) = H
Q = ! =

j
|

@

N

00&5 @ & & N ¢
Q‘\‘Qp & @& Qo\

Fig. 2. PTEN inhibition of cell spreading. (A) NIH
3T3 cell transfectants expressing sense or anti-
sense PTEN induced by ecdysone were allowed
to spread on cover slips coated with FN (10
wg/ml) and then fixed with 4% paraformalde-
hyde. The percentage of cells spread on FN was
determined. (B) Spreading of DBTRG-05MG
cells on FN after transient transfection with GFP
as a marker for transfection or with GFP-PTEN; n
= 3 experiments. (C) Spreading of human fore-
skin fibroblasts on FN. Black circles, nontrans-
fected control; white circles, GFP transfected;
squares, GFP-PTEN transfected (n = 3to 5 ex-
periments). (D) Human foreskin fibroblasts were
plated on cover slips that were uncoated or
coated with FN (10 pg/ml), vitronectin (25 wg/
ml), mAb 13 (50 wg/ml; an antibody to B, inte-
grin), concanavalin A (25 wg/ml), or polylysine
(25 wg/ml). The percentage of cells spread after
30 min was determined; n = 3 experiments.
Error bars indicate standard deviation; *, P <
0.0005; 1, P < 0.001; £, P < 0.005, respectively,
versus control.
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possibilities, we compared the effects of
PTEN overexpression on cell interactions
with integrin versus nonintegrin ligands.
Cell spreading occurred normally on non-
integrin substrates of polylysine and con-
canavalin A even with PTEN over-
expression, indicating that there was no
defect in the intracellular machinery in-
volved in cell spreading (Fig. 2D). In
contrast, cells on all integrin-interacting
substrates tested [FN, vitronectin, and a
monoclonal antibody (mAb) to B, inte-
grin (11)] showed substantial inhibition of
spreading at the 30-min time point. Thus,

PTEN overexpression appears to re-
duce integrin-mediated cell spreading
selectively.

We next examined the effect of PTEN
on focal adhesion formation (12). After 2
hours of adhesion to FN, human fore-
skin fibroblasts transfected with control
or antisense PTEN plasmids formed
numerous focal adhesions, which con-
tained paxillin, vinculin, focal adhesion
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kinase (FAK), and localized phosphoty-
rosine (Fig. 3, A and B, arrowheads). In
PTEN-transfected cells (detected by
GFP fluorescence), the total number of
focal adhesions was substantially re-
duced in comparison with controls (Fig. 3,
A and B). However, staining intensities
were similar for each of these compo-
nents [and tensin (8)] within the remain-
ing focal adhesions. PTEN also down-
regulated actin microfilament (stress fi-
ber) formation as determined by staining
with rhodamine-labeled phalloidin (Fig.
3A).

In U-87MG cells, PTEN also altered
cell morphology and down-regulated actin
microfilament formation. Phosphatase-in-
activating mutations in PTEN (13) de-
stroyed its ability to induce cyto-
skeletal and morphological effects (Fig.
3C). In contrast, the PTEN mutant
G129E that retains phosphatase activity
(3) behaved like wild-type PTEN in
these assays (Fig. 3C). Moreover, cells

GFP GFP-PTEN

Fig. 3. PTEN modulation of focal adhesion formation. (A) Human foreskin fibroblasts transfected with
GFP or GFP-PTEN were allowed to spread on FN-coated cover slips for 2 hours and were then
immunostained with antibodies to paxillin, phosphotyrosine (P-Y), or FAK, or stained with rhodamine-
phalloidin to detect F-actin. Arrowheads indicate focal adhesions. (B) Human fibroblasts expressing
GFP or GFP-PTEN were stained with antibody to vinculin (anti-vinculin) 10 min, 30 min, or 18 hours after
plating on FN-coated cover slips. Arrowheads indicate focal adhesions. (C) U-87MG cells transfected
with GFP-tagged wild type (WT) PTEN or the indicated PTEN mutants (73) were allowed to spread on
FN- or polylysine-coated cover slips for 2 hours and stained with rhodamine-phalloidin. Scale bars, 10

wm.
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transfected by all PTEN mutants spread
similarly on the nonspecific adhesive
substrate polylysine (Fig. 3C), confirm-
ing the integrin dependence of the PTEN
effects. In DBTRG-05MG cells, focal
adhesion formation was also suppressed
in PTEN-expressing cells even after an
18-hour incubation on FN (8). Thus,
PTEN can down-modulate integrin-medi-
ated focal adhesion formation and
organization of the actin-containing cy-
toskeleton in a phosphatase-dependent
manner. In contrast, human foreskin fi-
broblasts and U-87TMG cells overexpress-
ing another nonreceptor protein tyrosine
phosphatase, PTP1B, showed no detect-
able change in cell spreading and cytoskel-
etal formation (8), consistent with a pre-
vious study (14).

Cell interactions with extracellular ma-
trix proteins through integrin receptors
can mediate transmembrane signal trans-
duction, including integrin-mediated ty-
rosine phosphorylation of FAK (15).
PTEN suppressed tyrosine phosphoryl-
ation of FAK after adhesion to FN (Fig.
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4A). Two clones of PTEN-overexpressing
NIH 3T3 cells showed >60% decreases
in tyrosine phosphorylation of FAK 2
hours after plating on FN (38 * 7% of
controls in five experiments, P < 0.001).
This effect persisted for more than 18
hours after plating on FN (8), accompa-
nied by decreased numbers of focal
adhesions (Fig. 3B). The effects appeared
to be relatively selective for FAK phospho-
rylation, because phosphotyrosine stain-
ing of many other proteins was unchanged
(Fig. 4A). Immunoprecipitation of indi-
vidual phosphoproteins showed similar de-
creases in tyrosine phosphorylation of
FAK and the putative downstream target
p130%®, but not in phosphorylation of
paxillin, ¢-Src, or tensin (Fig. 4B).
Whether p130“* is a direct or in-
direct substrate for PTEN remains to be
determined. In experiments with U-87MG
cells, inhibition of FAK phosphorylation
(Fig. 5A) and cell spreading (Fig. 5B)
occurred only when the cells were trans-
fected with phosphatase-active forms of
PTEN. The relatively selective dephospho-
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Fig. 4. (A) Inhibition of FAK tyrosine phosphorylation by PTEN. NIH 3T3 cells transfected with control
plasmid lacking an insert (M1, M2) or with sense PTEN (S1, S2) were induced for 5 days with
ecdysone, and lysates were prepared from cells in suspension or from cells allowed to spread on FN
for 2 hours. Tyrosine phosphorylation was assessed by immunoblotting with anti-phosphotyrosine
(73). The amount of FAK protein in each sample was assessed by immunoblotting a parallel gel
(bottom panel) with anti-FAK. P-FAK, phosphorylated FAK. (B) Immunoprecipitation (IP) from NIH
3T3 transfectants of FAK, paxillin, ¢c-Src, p130%2s, and tensin followed by immunoblotting with
anti-phosphotyrosine (P-Y) (27). (C) Direct tyrosine dephosphorylation of FAK by PTEN. After SDS-
PAGE of U-87MG cell lysates, nitrocellulose blots were incubated with or without His-tagged
recombinant PTEN (20 pwg/ml), control E. coli lysate (200 wg/ml), or a 34-kD fragment of a recom-
binant protein tyrosine phosphatase (Boehringer Mannheim; 25 mU/ml, ~1 wg/ml). Tyrosine phos-
phorylation was visualized as in (A). (D) NIH 3T3 cells transfected with tracer levels of HA-FAK plus
GFP-tagged wild-type PTEN or trapping mutant D92A were immunoprecipitated with anti-HA and
immunoblotted for phosphotyrosine (P-Y), FAK, or GFP; the original lysate was immunoblotted for

GFP to confirm similar amounts of GFP.
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rylation of FAK and p130%2 by PTEN may
be particularly relevant to cell migration.
Both FAK and p130%* have been impli-
cated directly in up-regulating cell migra-
tion through tyrosine phosphorylation of
each molecule (16)

A 2% &
& s O g T ¥
& \s A

F e P FF I
(< R R RS A
[ e S - - - -] <rFAK

B 8o

;@60

©

£ 40

w

=

8 20 ;

023456780 123456789
10 min 30 min

GFP
GFP-PTEN

30 - - 30

- 3% - - - 8 10
- 30 50 30 30 50 HA-FAK
Transfected plasmid DNAs (ug)

Cells with alternative morphology (%) ©

Fig. 5. Phosphatase-dependent inhibition of
FAK tyrosine phosphorylation by PTEN and res-
cue by FAK coexpression. (A) U-87MG cells
were transfected with 30 pg each of the indicat-
ed constructs (73) (control was mock trans-
fected), and cell lysates were prepared from cells
allowed to spread on FN for 2 hours. Tyrosine
phosphorylation was assessed by immunoblot-
ting with anti-phosphotyrosine. (B) Effects of
PTEN mutants and FAK expression on cell
spreading. U-87MG cells transfected with 30 pg
of each construct were plated on FN-coated
cover slips (13). The percentage of cells spread
after 10 and 30 min was determined by double-
blind scoring. 1, nontransfected cells; 2, GFP; 3
through 7, GFP-tagged PTEN (3, wild type; 4,
C124A; 5, D92A; 6, DI2A/C124A; 7, G129E
control); 8, GFP + HA-FAK; and 9, wild-type
GFP-PTEN + HA-FAK. %, P < 0.0001 versus
control (lane 1); ¥, P < 0.05 versus wild-type
PTEN (lane 3); and P = 0.06 versus control (lane
1). (C) Partial rescue by FAK coexpression of
PTEN-induced morphology changes. U-87MG
cells transfected with GFP, GFP-PTEN, and HA-
FAK were plated on FN-coated cover slips for 2
hours. The percentage of cells with alternative
morphology was determined by double-blind
scoring. *, P < 0.0001 versus nontransfected
cells; T, P < 0.0001 versus nontransfected cells
(lane 1) or GFP-PTEN (lane 3).
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We next tested whether PTEN could
directlydephosphorylatetyrosine-phospho-
rylated FAK in vitro using an in-blot
phosphataseassay (7). Totaltyrosine-phos-
phorylated proteins from U-87MG cells
were electroblotted and incubated with
or without bacterially expressed PTEN,
or with whole Escherichia coli lysate
as a control for tyrosine phosphatase con-
tamination (Fig. 4C). Recombinant PTEN
reduced tyrosine phosphorylation of FAK
by 64% (36.2 = 9.9% of controls, four
experiments, P < 0.001), with minimal
effects on other phosphorylated protein
bands in the blot. No dephosphorylation
occurred without PTEN, and substitution
of a broad-specificity tyrosine phosphatase
removed phosphotyrosine from all bands
(Fig. 4C). We emphasize that these data
indicate a relative sensitivity of FAK to
PTEN dephosphorylation compared with
other phosphoproteins visible in these
blots, not necessarily that FAK is its sole
substrate. '

We tested for physical interactions of
PTEN with FAK in living cells using a
“trapping” mutant (18) of PTEN. Overex-
pression of a PTEN mutant with inac-
tivated phosphatase activity (potentially
able to bind and protect a substrate) re-
sulted in elevated phosphorylation of trac-
er levels of hemagglutinin (HA)~-tagged
FAK in NIH 3T3 cells (Fig. 4D). More-
over, immunoprecipitated HA-FAK re-
tained bound GFP-PTEN, indicating for-
mation of a FAK-PTEN complex (Fig.
4D). To investigate whether manipu-
lating the amounts of phosphorylated FAK
could antagonize the biological effects of
PTEN, we overexpressed HA-tagged FAK
with or without GFP-PTEN or GFP
in U-87MG cells and assessed FAK phos-
phorylation and cell morphology. Overex-
pression of FAK abrogated PTEN-induced
down-regulation of FAK phosphorylation
(Fig. 5A) without decreasing amounts of
GFP-PTEN. Although FAK overexpres-
sion alone had no effect on cell spreading
(Fig. 5B) or on morphology and the actin
cytoskeleton (Fig. 5C), coexpression of
FAK with PTEN partially rescued the abil-
ity of cells to spread at normal rates
(Fig. 5B), consistent with its role in
cell spreading (19), and it reduced by
40% the number of cells with altered
morphology and impaired cytoskeletal for-
mation (Fig. 5C). We speculate that in-
creasing FAK may enhance its phospho-
rylation either by increasing the total
amount of FAK available for phosphoryl-
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i,

ation or by increasing integrin engage-
ment during FAK-enhanced spreading.
Regardless of its mechanism of action,
FAK appears to be a target and effector of
PTEN action.

Exogenous PTEN can suppress the
growth of cells with mutated PTEN alleles
(5), but our data also indicate that this
tumor suppressor has cell biological activ-
ities unrelated to growth. In contrast to
many other tumor suppressors, which ap-
pear to have only nuclear roles, PTEN also
appears to function in regulating dynamic
cell surface interactions that involve
integrins, FAK, cell migration, and the
cytoskeleton.
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