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(Background: Multiple signaling pathways are disrupted in ovarian cancer, but the role of protein phosphatases is not

Results: PTP1B antagonizes signaling by IGF-1R and BRK/PTKG6 in ovarian cancer cells.
Conclusion: Decreased expression of PTP1B in ovarian cancer cells promotes migration, invasion, proliferation, and survival.
Significance: PTP1B, which dephosphorylates the insulin receptor and is an important therapeutic target in diabetes, may
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Ovarian cancer, which is the leading cause of death from gyne-
cological malignancies, is a heterogeneous disease known to be
associated with disruption of multiple signaling pathways. Nev-
ertheless, little is known regarding the role of protein phospha-
tases in the signaling events that underlie the disease; such
knowledge will be essential to gain a complete understanding of
the etiology of the disease and how to treat it. We have demon-
strated that protein-tyrosine phosphatase 1B (PTP1B) was
underexpressed in a panel of ovarian carcinoma-derived cell
lines, compared with immortalized human ovarian surface epi-
thelial cell lines. Stable restoration of PTP1B in those cancer cell
lines substantially decreased cell migration and invasion, as well
as proliferation and anchorage-independent survival. Mecha-
nistically, the pro-survival IGF-1R signaling pathway was atten-
uated upon ectopic expression of PTP1B. This was due to
dephosphorylation by PTP1B of IGF-1R fB-subunit and BRK/
PTK6, an SRC-like protein-tyrosine kinase that physically and
functionally interacts with the IGF-1R 3-subunit. Restoration of
PTP1B expression led to enhanced activation of BAD, one of the
major pro-death members of the BCL-2 family, which triggered
cell death through apoptosis. Conversely, inhibition of PTP1B
with a small molecular inhibitor, MSI-1436, increased prolifer-
ation and migration of immortalized HOSE cell lines. These
data reveal an important role for PTP1B as a negative regulator
of BRK and IGF-1Rp signaling in ovarian cancer cells.
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Ovarian cancer is the leading cause of death from gynecolog-
ical malignancies and ranks fifth of all cancer-related deaths in
women (1). According to the Ovarian Cancer National Alli-
ance, a woman’s risk of developing invasive ovarian cancer dur-
ing her life is 1 in 72. Despite recent advances in surgery and
chemotherapy, major problems remain. In particular, the dis-
ease is often diagnosed late, when it is already at an advanced
stage with metastasis to other organs, and it is difficult to treat.
In contrast, survival for those patients diagnosed at an early
stage, when the disease is still limited to the ovaries, improves
dramatically. The standard therapy for advanced disease is
tumor debulking, followed by platinum- and taxane-based che-
motherapies. Unfortunately, the vast majority of these patients
will relapse and develop resistance to the chemotherapy. Con-
sequently, there is an urgent need to elucidate the molecular
basis for the regulation of signaling pathways underlying ovar-
ian tumorigenesis and cancer progression as a first step toward
identifying better strategies for therapeutic intervention, in
addition to potential biomarkers for the disease (2).

Despite the fact that most ovarian cancers are of epithelial ori-
gin, this is a remarkably heterogeneous disease associated with
multiple genetic and epigenetic changes (3). Fifteen tumor sup-
pressors and 16 oncogenes have been implicated in the disease,
suggesting disruption of multiple signaling pathways (3). Of the
tumor suppressors, mutation or loss of p53 is one of the most
frequent changes in high grade tumors, together with DNA repair
defects induced by mutations in BRCAI and BRCA2. A second
category of low grade tumors is defined by mutations in KRAS,
BRAF, and the PIK3CA genes encoding the catalytic subunit of PI
3-kinase (3). Multiple signaling pathways are disrupted, including
PI 3-kinase, driven not only by activating mutations in the kinase
and AKT, but also inactivating mutations in PTEN (phosphatase
and tensin homolog), overexpression of IL-6 leading to activation
of JAK-STAT signaling, up-regulation of lysophosphatidic acid
receptors, and constitutive activation of NF-kB (3). More recently,
attention has also focused on the protein-tyrosine kinase (PTK)?

3 The abbreviations used are: PTK, protein-tyrosine kinase; PTP, protein-ty-
rosine phosphatase; SH, Src homology; HOSE, human ovarian surface epi-
thelial; hIGF, human IGF; EGFR, EGF receptor.
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MET (4), the Hedgehog signaling pathway (5), mammalian target
of rapamycin (6), and GRB7/ERK (7) as potential avenues for ther-
apeutic intervention. Although the complexity of the signaling
changes underlying the disease is apparent, this also represents an
opportunity for approaches to therapy that involve combinatorial
strategies to inhibit multiple targets and pathways simultaneously.

A signaling pathway that represents a major focus of research
in cancer in general, including ovarian cancer, is that triggered
by insulin-like growth factor-1 (IGF-1). This is important
because IGF-1 exerts its effects at the level of the whole orga-
nism, as well as more local effects in cells and tissues (8, 9). The
receptor for IGF-1 displays a similar subunit composition and
organization to that of the insulin receptor. Each includes
dimers of an a- and B-subunit pair, in which « is responsible for
ligand binding and B is the PTK that is activated in response to
ligand. In fact, the similarities are such that there is the potential
for signaling from hybrid insulin/IGF-1 receptor dimer pairs (8,
9). High IGF-1 levels in patients are associated with increased
risk of various cancers. IGF-1, which is normally produced in
the liver, is also generated by tumors to trigger autocrine acti-
vation of pro-survival pathways. Hyperactivation of IGF-1
receptor signaling has also been implicated in resistance mech-
anisms to therapies, including resistance to cisplatin in ovarian
cancer (10). Consequently, attention has focused on the poten-
tial to target IGF-1 signaling therapeutically. Various strategies
have been adopted, including attempts to reduce the levels and
activity of IGF-1, small molecule inhibitors of the IGF-1 recep-
tor B-subunit PTK activity, which face the challenge of speci-
ficity relative to the insulin receptor, and targeting the IGF-1
receptor with antibodies (8, 9, 11). This latter approach, which
has been developed most extensively, has encountered compli-
cations due to induction of increased levels of growth hormone
and IGF-1 and hyperglycemia (8, 9, 11). This has drawn atten-
tion to the importance of identifying predictive biomarkers, to
ensure that the trials are conducted on the optimal patient pop-
ulations. Also, considering the similarities in their receptors,
there is a need to identify differences in the activities of insulin
and IGF-1 and the role in triggering signaling. For example,
unlike insulin, the bioavailability of IGF-1 is regulated by bind-
ing proteins (8, 9). Furthermore, an important regulatory com-
ponent of the insulin and IGF-1 signaling pathways that has not
been considered extensively is the protein-tyrosine phosphata-
ses (PTPs).

PTPs are represented by a large and structurally diverse fam-
ily of receptor-like and cytoplasmic enzymes that play a vital
role in reversible tyrosine phosphorylation-dependent signal-
ing in coordination with PTKs (12). Deregulation of the expres-
sion and activity of PTPs has been implicated in many major
diseases, including metabolic disorders and cancers (13).
PTP1B, which was the first PTP to be purified and character-
ized (14, 15), plays a well established role in attenuating insulin
receptor kinase activity and signaling through dephosphoryl-
ation of Tyr(P) residues in the activation loop of the B-subunit
of the receptor, as well as IRS-1, the adaptor protein and imme-
diate substrate of the insulin receptor (12). Considering the
similarities between the insulin and IGF-1 receptors, including
in the activation loop, their engagement of IRS-1 as a signaling
intermediate, and the fact that the receptors can het-
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erodimerize, we investigated whether PTP1B could down-reg-
ulate IGF-1 receptor signaling. In this report, we describe a role
for PTP1B in attenuating the pro-survival signaling events
induced by IGF-1 in ovarian cancer cells.

EXPERIMENTAL PROCEDURES

Cell Culture—Ovarian carcinoma-derived cell lines were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), penicillin (100
units/ml), and streptomycin (100 wg/ml). Normal HOSE 11-12
and 6-3 control cell lines were grown in 199/MCDB 105 (1:1)
medium containing 10% FBS. Ectopic expression of PTP1B was
established in ovarian carcinoma-derived cell lines, CAVO-1
and CAOV-4, by retroviral infection following hygromycin
selection. Specifically, retrovirus stably expressing wild type
and C215S mutant PTP1B was generated in Phoenix-Ampho
packaging cells by co-transfecting plasmids, including pWZL-
PTP1B WT or C215S, VSVG, and the pCL-Ampho Retrovirus
Packaging vector at a ratio of 3:1:1. Twenty four hours after
transfection, recombinant retrovirus supernatants were har-
vested and passed through 0.45-um filter to remove cell debris.
The cleared supernatants were then incubated with CAOV4
and CAOV1 ovarian cancer cells in the presence of Polybrene (8
pg/ml final conc.). Twenty four hours after infection, cells were
placed under hygromycin selection (200 wg/ml final concentra-
tion), and the effectiveness of infection was further confirmed
by immunoblotting with antibody against PTP1B. Cells were
maintained at 37 °C in 5% CO.,. For suspension culture, cells
were seeded in the 12-well plates pre-coated with polyhema
(Sigma).

Cell Proliferation Assays—Growth curves were determined
by cell counting in the presence of trypan blue exclusion dye
(Invitrogen). The BrdU assay (BrdU cell proliferation assay kit,
Cell Signaling Technology) followed the manufacturer’s
protocol.

Wound Healing Assay—To measure cell migration, a conflu-
ent monolayer of cells was “wounded” by scraping a 10-ul
pipette tip across the monolayer to produce lesions with con-
stant length. Any loose cells were removed by washing three
times with PBS. Phase images were taken by Zeiss Axiovert 200
M using AxioVision 4.4 software.

Cell Invasion Assays—Cell invasion was quantitated using
BioCoat™ BD Matrigel™ Invasion Chambers, 8.0-um pore
size. Cells (2 X 10°) were grown in the insert. After 24 h, those
cells retained inside the insert were removed; those that
migrated to the other side of the insert were fixed and stained
with KARYOMAX Giemsa stain (Invitrogen).

Soft Agar Assay—The bottom layer of soft agar contained
0.7% agar with DMEM and 10% serum. Cells were seeded (2,500
per well) on a top layer that contained 0.35% agar in DMEM and
10% serum. At each time point, an image of each well was taken
at X20 magnification (Zeiss Axiovert 200 M using AxioVision
4.4 software).

Immunoblotting and Immunoprecipitation—Cell extracts
were prepared in RIPA lysis buffer (50 mm Tris-HCI, pH 8, 150
mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS) and analyzed by immunoblotting. Antibodies used in this
study were against the following: PTP1B (FG6) and TCPTP
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FIGURE 1. PTP1B was underexpressed in ovarian carcinoma-derived cell
lines. Two immortalized human normal ovarian epithelial cell lines (HOSE
11-12 and HOSE 6-3) and 11 ovarian carcinoma-derived cell lines were exam-
ined by immunoblotting to demonstrate decreased expression of PTP1B in all
of the ovarian carcinoma-derived cell lines compared with normal controls.
Tubulin was probed as the loading control.

(CF4); PTPN14 (from R&D Systems); B-catenin, poly(ADP-ri-
bose) polymerase, PTP-PEST, phospho-Tyr-1131, Tyr-Y1135,
and total IGF-1Rp3, phospho-Srt-112 and total BAD, phospho-
Tyr-416, Tyr-527, and total SRC, phospho-Thr-308 and total
AKT, phospho- and total ERK (from Cell Signaling); 4G10,
phospho-Tyr-342-BRK, phospho-Tyr-612 IRS-1 (from Milli-
pore); IRS-1 (from Invitrogen); phospho-p38 (from Promega);
p38 and BRK (from Santa Cruz Biotechnology); and -tubulin,
B-actin, and FLAG (from Sigma). Anti-PTPN23 polyclonal
antibody was a gift from J. Maier (University of Milan Medical
School).

Statistics—All statistics were performed using a standard
Student’s £ test.

RESULTS

PTPI1B Was Down-regulated in Ovarian Carcinoma-derived
Cell Lines—We used immunoblotting to compare the expres-
sion of PTP1B protein between two HOSE cell lines immortal-
ized by the human papilloma viral oncogenes E6 and E7 (16)
and 11 ovarian carcinoma-derived cell lines. We observed that
relative to the HOSE control cells, the level of PTP1B was sig-
nificantly down-regulated in all of the ovarian carcinoma-de-
rived cell lines (Fig. 1). This observation was confirmed in a
parallel analysis by iTRAQ quantitative proteomics (data not
shown).

Effects of Altering PTP1B Expression on Proliferation, Migration,
and Invasion of Ovarian Carcinoma-derived Cell Lines—To
assess the biological consequence of PTP1B loss in ovarian car-
cinoma-derived cells, we established stable lines (CAOV-1
w/PTP1B and CAOV-4 w/PTP1B) in which PTP1B protein was
ectopically expressed to levels that were comparable with those
in the control immortalized HOSE 6-3 ovarian epithelial cells
(Fig. 2A). Of note, restoration of PTP1B expression delayed cell
proliferation, with similar results observed when proliferation
was assessed either by cell counts or BrdU incorporation (Fig.
2B). These effects required the phosphatase activity of PTP1B
(Fig. 2B). Expression of PTP1B also decreased the rate of cell
migration in wound healing assays (Fig. 2C). Because wound
recovery was monitored over a time period that was less than
the doubling time of both cell lines (CAOV-1, 0-14 h;
CAOV-4, 0-6 h), the effects on cell migration were not due to
a decreased rate of proliferation. Furthermore, we also
observed that ectopic expression of PTP1B impaired invasion
of the ovarian cancer cells (Fig. 2D), highlighting a potential role
of PTP1B in restraining ovarian tumor cell function. Consistent
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with these findings, we observed the opposite effects of treat-
ment of both HOSE cell lines with a specific, small molecule
inhibitor of PTP1B, MSI-1436 (17, 18). Cell proliferation, which
was monitored by BrdU incorporation (Fig. 2E), and cell motil-
ity (Fig. 2F) were increased significantly following treatment
with the PTP1B inhibitor.

Effects of PTP1B Expression on Survival of Ovarian Carcino-
ma-derived Cell Lines—In addition to attenuating prolifera-
tion, expression of PTP1B impaired anchorage-independent
survival of the ovarian cancer cell lines; cell death was observed
as early as day 5 in the soft agar assay (Fig. 34). We used poly-
hema-coated plates for suspension culture to mimic anchor-
age-independent growth, and we observed increased poly-
(ADP-ribose) polymerase cleavage following expression of
PTP1B in CAOV-1 cells (Fig. 3B), consistent with cell death
through apoptosis. This change in apoptotic phenotype in non-
adherent cultures suggests that PTP1B sensitizes cells to anoi-
kis, apoptosis caused by lack of basement membrane adher-
ence. Consistent with these phenotypic observations, CAOV-1
and CAOV-4 cells ectopically expressing PTP1B displayed
decreased activation of the ERK signaling pathway (Fig. 3C).
We did not detect AKT activation in parental or engineered
cancer cell lines. Interestingly, p38 phosphorylation levels were
elevated in those cells with high PTP1B compared with parental
controls, concomitant with the decreased phosphorylation of
BAD at Ser-112, consistent with the initiation of apoptosis fol-
lowing restoration of PTP1B expression.

PTP1B Directly Dephosphorylated IGF-1R[3 and Antagonized
IGF-1R-mediated Survival Signaling in Ovarian Carcinoma
Cell Lines—Given the dramatic effects of restoring PTP1B
expression on the cancer cell phenotype, we were encouraged
to identify the potential substrate(s) of PTP1B, first by examin-
ing the change in global tyrosine phosphorylation profile after
ectopic PTP1B expression. Using the anti-Tyr(P) antibody
4G10, we detected a decrease in phosphorylation of a protein of
90-100 kDa, which coincided with the B-subunit of the IGF1
receptor tyrosine kinase (Fig. 4A4). Treatment with BMS-
536924, a specific inhibitor of IGF-1RB (19), resulted in
decreased phosphorylation of Tyr-1135 of IGF-1RS in both
CAOV-1 and CAOV-4 cell lines (Fig. 4B, lane 4 versus 2 and
lane 8 versus 6). Furthermore, BMS-536924 delayed prolifera-
tion of the ovarian tumor cells, but not the HOSE controls (Fig.
4C).

Consistent with the hypothesis that IGF-1R is a direct sub-
strate of PTP1B, we observed attenuated IGF-1-induced activa-
tion of IGF-1RB in both CAOV-1 and CAOV-4 cells expressing
PTP1B, coincident with decreased phosphorylation of BAD at
Ser-112 (Fig. 4D). We used the substrate-trapping strategy,
which was developed in the laboratory (20), to investigate fur-
ther whether or not PTP1B can dephosphorylate IGF-1RS.
PTP1B, or its trapping mutant D181A, was either expressed
alone or co-expressed with IGF-1Rf in HEK 293T cells. We
observed increased phosphorylation of IGF-1R on Tyr-1131
and Tyr-1135 of the activation loop (Fig. 4E, lane 5 versus 4) in
response to hIGF-1 stimulation. PTP1B D181A (Fig. 4E, lanes 8
and 9) but not the wild type enzyme (Fig. 4E, lanes 6 and 7)
formed a complex with IGF-1Rf3, and the extent of complex
formation was enhanced by hIGF-1 stimulation, coincident
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FIGURE 3. Ectopic expression of PTP1B decreased anchorage-independent survival of ovarian carcinoma-derived cell lines through BAD-mediated
apoptosis. A, soft agar assay in which cells were monitored at the indicated time intervals to demonstrate that ectopic expression of PTP1B decreased
anchorage-independent survival of both CAOV-1 and CAOV-4 ovarian carcinoma-derived cell lines. B, parental and PTP1B-expressing CAOV-1 cells were
harvested at indicated time points and lysed, and total and cleaved poly(ADP-ribose) polymerases (PARP) were detected by immunoblotting, to illustrate that
ectopic expression of PTP1B triggered cell death through apoptosis in suspension culture. Tubulin was probed as the loading control. C, lysates of parental and
PTP1B-expressing CAVO-1 and CAOV-4 cell lines were immunoblotted with the indicated antibodies to illustrate the effects of PTP1B on specific signaling

pathway components. Actin was probed as the loading control.

with increased tyrosine phosphorylation of IGF-1RS (Fig. 4E,
lane 9 versus 8). Furthermore, wild type PTP1B efficiently
dephosphorylated IGF-1RB at Tyr-1131 and Tyr-1135 (Fig. 4E,
lane 7 versus 5). In addition, none of the other PTPs that were
tested (PTPN12, -N14, and -N23) displayed activity toward
IGE-1R (Fig. 4F), highlighting the importance of PTP1B for
these effects.

To examine specificity in these effects of PTP1B, we tested
the consequences of overexpressing the phosphatase in
OVK-18 cells, an ovarian cancer cell line that did not express
IGF-1RB (Fig. 5A). In these cells, PTP1B expression did not
affect proliferation (Fig. 5B) or migration (Fig. 5C). Further-
more, the effects on cell signaling were distinct from those seen
in IGF-1RB-positive ovarian cancer cells. In particular, overex-
pression of PTP1B led to enhanced phosphorylation of ERK,
with no detectable effect on the phosphorylation of p38 or AKT
(Fig. 5D).

BRK/PTK6 Physically Interacted with and Activated IGF-
1RB—Considering the abnormally high levels of BRK/PTK6 in
ovarian tumors (21), and the fact that it has been implicated in
IGF-1R-induced anchorage-independent survival (22), we
investigated whether there was an interaction between the two.
First, we observed that co-expression of an inactive mutant
form of IGF-1Rp, in which there was a mutation in the ATP-
binding site, with either BRK or the constitutively active BRK
Y447F mutant, led to trans-phosphorylation of IGF-1Rp, illus-
trating that IGF-1Rp is a potential substrate of BRK (Fig. 6A4).
Furthermore, in OVK-18 cells, which lack the IGF-1 receptor,
there was no activation of BRK in response to hIGF-1 (Fig. 6B).
Finally, we expressed FLAG-tagged wild type or constitutively
active mutant Y447F BRK in HEK 293T cells, either alone or
co-expressed with IGF-1R3, to examine their potential interac-
tion (Fig. 6C). As expected, both wild type and constitutively
active Y447F BRK were active, with the latter displaying higher

FIGURE 2. Loss of PTP1B-enhanced proliferation, migration, and invasion of ovarian carcinoma-derived cells. A, immunoblot to demonstrate ectopic
expression of PTP1B, both wild type and inactive CS mutant, in ovarian carcinoma-derived cell lines CAOV-1 and CAOV-4 to similar levels as those detected in
HOSE 6-3 normal control cells. B, ectopic expression of PTP1B decreased proliferation of ovarian carcinoma-derived cell lines. Proliferation was assessed by cell
counting (CAOV-1 cells) and BrdU incorporation (CAOV-4 cells) at the indicated time intervals. Results represent mean = S.D. from three independent
experiments. C, ectopic expression of PTP1B decreased migration of ovarian carcinoma-derived cell lines. Phase images are presented to illustrate the extent
of cell migration at the indicated times following introduction of a scratch wound in the cell monolayer. The dotted line represents the boundary of cell
migration. D, ectopic expression of PTP1B decreased invasion of ovarian carcinoma-derived cell lines. The data are from a Boyden chamber assay, in which
invasion was monitored after 24 h. Results represent mean * S.D. from three independent experiments. E, inhibition of PTP1B with the small molecule
MSI-1436 increased proliferation of both HOSE cell lines. Proliferation was monitored using the BrdU assay 48 h after incubation with MSI-1436 (5 um). Results
represent mean * S.D. from three independent experiments. F, PTP1B inhibition by MSI-1436 (5 um) enhanced migration of both HOSE cell lines, as visualized
with a wound healing assay.
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activity, and able to phosphorylate both endogenous (Fig. 6C, complex of IGF-1RB with both wild type and constitutively
lanes 3 and 4) and ectopically expressed IGF-1R3 (Fig. 6C, lanes  active Y447F BRK (Fig. 6C).

5 and 6). By examining anti-FLAG antibody immunoprecipi- BRK Was a Direct Substrate of PTP1B—BRK is a nonreceptor
tates, to pull down ectopically expressed BRK, we detected a  tyrosine kinase distantly related to the SRC family, members of
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FIGURE 5. PTP1B did not antagonize proliferation in the IGF-1R-negative ovarian carcinoma-derived cell line OVK-18. A, immunoblot to demonstrate
that neither phospho- nor total IGF-1R was detected, in the presence or absence of hIGF-1 (100 ng/ml), in the OVK-18 cell line. CAOV-4 cells were included as
a positive control, and tubulin was used as the loading control. B, ectopic expression of PTP1B had no apparent effect on proliferation of OVK-18 cells. Results
represent mean = S.D. from three independent experiments. n.s., not significant. C, phase images of a scratch/wound-healing assay to illustrate that ectopic
expression of PTP1B did not affect migration of OVK-18 cells. The dotted line represents the boundary of cell migration. D, lysates of parental and PTP1B-
expressing OVK-18 cell line were immunoblotted with the indicated antibodies to assess signaling output in these cells.

which have been identified previously as substrates of PTP1B  CAOV-4 cells after 30 min of stimulation; however, in contrast,
(23). Interestingly, we noted sequence similarity between the activation of BRK was not detected in cells overexpressing
BRK autophosphorylation motif and substrate motifs reported ~PTP1B. Phosphorylation of BAD was also markedly attenuated
for PTP1B (24). This suggests that unlike SRC, for which PTP1B  in the cells overexpressing PTP1B.

dephosphorylates the inhibitory C-terminal tyrosyl residue To test whether PTP1B dephosphorylated BRK directly, we
leading to kinase activation (25), BRK may be a direct substrate  applied the strategy involving substrate trapping mutant forms
of PTP1B in which dephosphorylation inhibits kinase function.  of the phosphatase. Although we detected some co-precipita-
To address this point, we tested the effects of overexpressing tion of BRK with wild type PTP1B (Fig. 7B, lane 5), the extent of
PTP1B in CAOV-4 cells on BRK phosphorylation and pro-sur-  the association was greater with substrate trapping mutant
vival signaling (Fig. 7A). The cells were serum-starved for 16 h  PTP1B D181A (Fig. 7B, lane 6). Consistent with the trapping
and then stimulated with hIGF-1. We were able to detect the data, wild type PTP1B dephosphorylated BRK at Tyr-342. The
phosphorylated, active form of BRK (pY342 BRK) in parental extent of dephosphorylation was much less pronounced follow-

FIGURE 4. IGF-1R-induced pro-survival signaling was antagonized by PTP1B; recognition of IGF-1R -subunit as a substrate by PTP1B. A, anti-phos-
photyrosine antibody immunoblot to examine effects of ectopic expression of PTP1B on tyrosine phosphorylation in CAOV-4 cells. The blot was re-probed with
antibodies against IGF-1Rp and loading control actin (left panel). Tyrosine phosphorylation of IGF-1R 3 was examined by immunoprecipitation (/P) and blotting
with anti-phosphotyrosine antibody 4G10 (right panel). exp, exposure. B, cells were subjected to serum starvation for 16 h, and then IGF-1RB inhibitor
BMS-536924 (125 nm) was added 90 min prior to stimulation with recombinant human IGF-1 (100 ng/ml, 30 min). Levels of phospho- and total IGF-1Rp were
examined by immunoblotting (/B), with tubulin used as loading control. C, BrdU assay of cell proliferation performed 72 h after incubation with BMS-536924 to
demonstrate that inhibition of IGF-1R signaling decreased proliferation of ovarian carcinoma-derived cell lines but not of normal HOSE cell lines. Results
represent mean * S.D.from three independent experiments. n.s., not significant. D, cells were stimulated with hIGF-1 (100 ng/ml) for the indicated times, lysed,
and immunoblotted with the designated antibodies to illustrate that ectopic expression of PTP1B inhibited IGF-1-induced activation of IGF-1R signaling
pathway. E, 293T cells were transiently transfected with the indicated constructs, lysed, and immunoblotted with the indicated antibodies. In addition, PTP1B
was immunoprecipitated, and the interactions between the wild type and substrate-trapping mutant forms of the phosphatase were assessed by immuno-
blotting. Actin was probed as the loading control. F, 293T cells were transiently transfected with the indicated constructs, lysed, and immunoblotted as
indicated to illustrate dephosphorylation of the IGF-1R by PTP1B but not by the other PTPs that were tested. Actin was probed as the loading control.

AUGUST 23,2013-VOLUME 288-NUMBER 34  YASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 24929



PTP1B Dephosphorylated and Inactivated Both BRK and IGF-1R

A 5 B
<
& &
Q Q’&(Q*%(
6“;\6‘6& «“/\
S & @
A

CAOV4 OVK-18

hiGF-1 0 30° 0 30’
pY1135 IGF-1RpB -
IP: IGF-1R
IB: pY
IGF-1RB | e e
Brk |me= s g =
Actin | o
- . 1 2 3 4
100 - -y IP: IGF-1Rp
LI L ey
C. &
& “(:k
& « T2
NS N &
& & ‘:é*«,g- &8
S &S 9
IoF1Ry | |
Flag (Brk) | -||—-||—| IP: Flag
Light Chain |——-||—-||-|

pY1135 IGF-1Rp | "- -||-|

IGF-1Rp | = " q|-|
pY3azBrk | - e Input

Brk | ."..||-|

Actin | - —"- -||-|

1.2 3 4 5 6

FIGURE 6. Regulation of IGF-1 signaling by BRK. A, 293 cells were transiently
transfected with a mutant IGF-1R that was defective in the ATP-binding site,
in the presence or absence of the indicated BRK expression plasmids. The
IGF-1R was immunoprecipitated (/P) from cell lysates and blotted with an
anti-phosphotyrosine antibody, to examine the extent of tyrosine phosphor-
ylation, or with an antibody to IGF-1R, to determine loading. B, immunoblot
(IB) to demonstrate that, unlike in CAOV-4 cells, BRK was not phosphorylated
in response to hIGF-1 stimulation (100 ng/ml) in OVK-18 cells. Actin was
probed as the loading control. C, 293T cells were transiently transfected with
indicated constructs, and FLAG-tagged BRK was immunoprecipitated and
tested by immunoblotting for association with IGF-1R. Immunoglobin light
chain and actin were probed as loading control forimmunoprecipitation and
input, respectively.

ing expression of TCPTP, the closest relative of PTP1B (Fig.
7B, right panel). Furthermore, dephosphorylation was not
observed with any of the other PTPs (PTPN12, -N14, and -N23)
that were tested (data not shown), confirming the specificity of
PTP1B in this context.

We also tested the effects of a small molecular inhibitor of
PTP1B, MSI-1436 (17, 18), in CAOV-4 cells to determine
whether inhibition of the phosphatase had the opposite effect
to that observed in the PTP1B overexpression setting. Tyrosine
phosphorylation of IRS1, a known substrate of PTP1B (23),
increased dramatically following treatment with 5 um MSI-
1436 (Fig. 7C), indicating the effectiveness of the inhibitor at
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this dosage. Compared with the untreated control, the active
form of BRK was detected in the presence of 5 um MSI-1436
(Fig. 7C). Inhibitor treatment also resulted in substantially
enhanced phosphorylation of ERK and BAD (Fig. 7C), illustrat-
ing that attenuation of PTP1B function led to enhanced signal-
ing in these cells.

DISCUSSION

In this study, we have demonstrated that PTP1B is down-
regulated at the protein level in a panel of ovarian cancer cell
lines, relative to normal control cells. This is consistent with the
report from Lu et al. (26), in which they observed by microarray
analysis that PTP1B mRNA levels were significantly lower in
serous, endometrioid, and mucinous subtypes of human ovar-
ian cancer samples than in normal epithelial controls. When we
overexpressed PTP1B in the cancer cell lines, to the levels
detected in normal epithelial cells, it resulted in impaired cell
invasion and migration, delayed proliferation, and increased
cell death through apoptosis. Conversely, we observed that
treatment of the normal ovarian surface epithelial cells with a
small molecule inhibitor of PTP1B (17, 18) led to enhanced
proliferation and motility. These data are consistent with a role
for PTP1B in attenuating signals that are important for the
tumor phenotype.

Considerable attention has focused on the role of IGF-1
receptors in promoting tumorigenesis (8, 9). In this study, we
have demonstrated that PTP1B targeted the B-subunit of the
IGF-1 receptor as a substrate in the ovarian cancer cells and
that there was no inhibitory effect of overexpressing PTP1B in
ovarian cancer cells that do not express IGF-1R. A potential
effect of PTP1B as an antagonist of IGF-1 signaling was first
suggested by O’Connor and co-workers (27, 28), who tested the
effects of the phosphatase on IGF-1R B-subunit in yeast and
COS cell systems and examined IGF-1-mediated motility and
protection from serum withdrawal-induced apoptosis in
PTP1B-depleted mouse embryo fibroblasts. More recently,
bioluminescence resonance energy transfer was used to moni-
tor an interaction between IGF-1R B-subunit and a substrate
trapping mutant form of PTP1B in 293 cell co-transfection
studies (29). Our data now reveal that the suppressive effects of
PTP1B on migration, invasion, proliferation, and survival of the
panel of ovarian cancer cells are mediated, at least in part,
through dephosphorylation of the IGF-1R B-subunit. Further-
more, our data highlight an important role for another PTK,
BRK, as a target of PTP1B in these suppressive effects on ovar-
ian cancer cell signaling.

BRK/PTKG®6 is a member of a family of PTKs that bear struc-
tural similarity to SRC (30, 31). Although both feature SH2,
SH3, and PTK domains, there are differences in the regulatory
roles of these domains between BRK and SRC (30, 31). BRK
activity is regulated by autophosphorylation, with the SH2 and
SH3 domains serving in an autoinhibitory capacity (32).
Changes in subcellular localization, between nucleus, cytosol,
and membrane, are also of regulatory significance (33). Levels
of BRK are low in normal tissues, where its expression is
restricted to differentiating epithelial cells (34, 35); however, its
expression is up-regulated in a variety of tumors, particularly
breast and ovary, primarily at a transcriptional or post-tran-
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FIGURE 7. PTP1B was a negative regulator of BRK. A, parental and PTP1B-expressing ovarian carcinoma-derived cell line CAOV-4 was stimulated with hIGF-1
(100 ng/ml) for the times indicated, lysed, and immunoblotted with the indicated antibodies. B, 293T cells were transiently transfected with BRK, PTP1B, and
TCPTP expression plasmids, as indicated. In the left panel, PTP1B was immunoprecipitated (/P), and its association with BRK was examined by immunoblotting.
The phosphorylation status of BRK was determined by immunoblotting with phosphospecific antibodies to Tyr-342. Actin was probed as the loading control.
C, CAOV-4 cells were serum-starved (16 h) prior to treatment with the PTP1B inhibitor MSI-1436 (4 h) at the indicated concentrations, lysed, and then
immunoblotted with the indicated antibodies to examine the signaling status of the cells. Phospho- and total IRS-1 were also probed to confirm PTP1B

inhibition.

scriptional level, rather than by mutation (36). In fact, BRK is
highly expressed in >80% of breast cancers (31, 37, 38) and has
been suggested as a potential therapeutic target (39, 40).

A wide variety of biological functions are regulated by BRK
(30, 31). In normal cells, it has been implicated in the control of
differentiation and apoptosis; in contrast, in cancer cells BRK
has been reported to enhance mitogenic signals and cell prolif-
eration, protect breast cancer cells from anchorage-indepen-
dent autophagic cell death, and promote migration and inva-
sion (31, 41). BRK has been implicated in regulating EGF
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signaling. It sensitizes mammary epithelial cells to EGF (42) and
enhances EGF receptor (EGFR) signaling (43, 44), and its sup-
pression impairs the signaling response to EGF (45). BRK medi-
ates these effects, at least in part, by inhibiting receptor down-
regulation, both through phosphorylation of EGFR, which
disrupts ubiquitination of the receptor by CBL (46), and by
phosphorylation of the BRK-binding protein ARAP1 (47). BRK
also affects the function of other EGFR family members. There
have been reports of co-amplification of chromosome 20q13.3,
encoding the BRK gene, and 17q21-22, encoding the gene for
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HER?2 (40, 48), and complex formation between the BRK and
HER?2 proteins, which promotes HER2 signaling in breast can-
cer (31). The effects of BRK are not restricted to the EGFR
family; for example, it is also activated downstream of MET,
which is associated with increased invasiveness of breast cancer
cell lines (49). Nevertheless, despite all of this progress, very
little is known about the impact of protein phosphatases on the
function of BRK.

BRK/PTK6 was also identified in a high throughput siRNA
screen that was designed to discover components responsible
for IGF-1R-induced anchorage-independent survival of mam-
mary epithelial cells (22). In addition, down-regulation of BRK
was shown to induce apoptosis of breast and ovarian cancer
cells deprived of matrix attachment (22), which is similar to the
effects we observed following overexpression of PTP1B. In fact,
our data highlight not only a physical and functional interaction
between IGF-1R B-subunit and BRK, as reported in Ref. 22, but
also illustrate that a major aspect of the inhibitory effects of
PTP1B on ovarian cancer cell signaling was exerted through its
dephosphorylation of both IGF-1R and BRK. Furthermore, our
data emphasize the exquisite specificity of PTPs and the impor-
tance of context in determining their signaling function. There
is now a considerable body of evidence to establish that mem-
bers of the PTP family not only have the expected capacity to
antagonize tyrosine phosphorylation-dependent signaling but
also may function positively to promote signaling. The classic
example is CD45, which dephosphorylates the C-terminal
inhibitory site of tyrosine phosphorylation in SRC family PTKs
to promote antigen receptor signaling (12). Furthermore, it is
now also clear that some individual PTPs may function either
negatively or positively depending on context, with PTP1B
serving as an excellent case in point (12, 23). PTP1B is well
established as an antagonist of signaling by insulin (by dephos-
phorylation of insulin receptor 3-subunit and IRS-1) and leptin
(by dephosphorylation of JAK PTKs) and is an established ther-
apeutic target for diabetes and obesity (12, 23, 50). In the con-
text of cancer, PTP1B is known to play a suppressive role in
inhibiting the action of several growth factor receptor PTKs
(23). In addition, loss of PTP1B in p53-null mice increases sus-
ceptibility to B cell lymphomas (51). However, despite such
growth inhibitory functions, PTP1B-null mice do not show an
increase in spontaneous tumors, nor do they show increased
IGF-1 receptor signaling (50). In contrast, PTP1B is highly
expressed in some tumors, such as breast, and plays a positive
role in signaling by the HER2 oncoprotein-tyrosine kinase.
Although the mechanism is unclear and may involve dephos-
phorylation and activation of SRC (52) or activation of RAS-
MAPK signaling via dephosphorylation of p62DOK (53), this
raises the possibility that PTP1B may also be a therapeutic tar-
get for treatment of HER2-positive cancer (54). Nevertheless,
consistent with the importance of context and specificity in
PTP function, signaling through the EGF receptor, which is
from the same family of PTKs as HER?2, is not augmented by
PTP1B; in fact, PTP1B is recognized for its inhibitory effects on
EGER signaling (23).

Opverall, our data suggest that in ovarian cancer cells PTP1B
has the potential to attenuate IGF-1R- and BRK-dependent sig-
naling and that the observed decreased expression of the
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phosphatase relative to control normal cells contributes to pro-
moting the signaling pathways associated with cancer cell pro-
liferation, survival, migration, and invasion. In particular, the
suppression of PTP1B may play an important role in the ability
of tumor cells in ascites to bypass suspension-induced apopto-
sis, or anoikis, to spread to distant organs. The mechanisms
underlying the overt differences in function of PTP1B as a reg-
ulator of signaling in the context of normal versus cancer cells
remain to be defined, but these observations not only provide
important insights into the regulation of IGF-1R signaling in
cancer cells but also draw our attention to the importance of
assessing directly whether there are any deleterious effects of
inhibiting PTP1B in any clinical trials designed to test the
effects of inhibitors of the phosphatase in diabetes, obesity, or
cancer.
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