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Tyrosine phosphorylation-dependent signaling, as mediated by members of the epidermal growth factor receptor (EGFR) family
(ErbB1 to -4) of protein tyrosine kinases (PTKs), Src family PTKs (SFKs), and cytokines such as interleukin-6 (IL-6) that signal
via signal transducer and activator of transcription 3 (STAT3), is critical to the development and progression of many human
breast cancers. EGFR, SFKs, and STAT3 can serve as substrates for the protein tyrosine phosphatase TCPTP (PTPN2). Here we
report that TCPTP protein levels are decreased in a subset of breast cancer cell lines in vitro and that TCPTP protein is absent in
alarge proportion of “triple-negative” primary human breast cancers. Homozygous TCPTP deficiency in murine mammary fat
pads in vivo is associated with elevated SFK and STAT3 signaling, whereas TCPTP deficiency in human breast cancer cell lines
enhances SFK and STATS3 signaling. On the other hand, TCPTP reconstitution in human breast cancer cell lines severely im-
paired cell proliferation and suppressed anchorage-independent growth in vitro and xenograft growth in vivo. These studies
establish TCPTP’s potential to serve as a tumor suppressor in human breast cancer.

he transformation of the breast epithelium to malignant and

metastatic disease involves an amalgam of genetic and epige-
netic events and is deeply influenced by both estrogen receptor
(ER) and growth factor signaling, in particular, that involving the
epidermal growth factor receptor (EGFR)/ErbB family of protein
tyrosine kinases (PTKs). Breast cancers can be subclassified ac-
cording to the expression of ER, progesterone receptor (PR), and
ErbB2, tumor grade, and transcript profiles (1). Subtypes include
(i) luminal A tumors that account for up to 60% of breast cancers
and express ER and/or PR but not ErbB2, (ii) luminal B tumors
that account for 4% to 19% of breast tumors, express ER or PR,
and are highly proliferative and/or express ErbB2, (iii) highly ag-
gressive ErbB2-positive (ErbB2™) tumors that are negative for ER
and PR (7% to 12% of breast cancers), and (iv) basal-like tumors
that account for 14% to 20% of breast cancers and include the
so-called “triple-negative” tumors that do not express ErbB2, ER,
or PR and are resistant to endocrine- and trastuzumab-based
therapies (1).

In breast cancer, ErbB2 is amplified and overexpressed in 15%
to 20% of primary breast cancers and plays a causal role in mam-
mary carcinogenesis (2). Other EGFR family PTKs implicated in
the development of breast cancer include ErbB1, which is acti-
vated in many triple-negative tumors and correlates with poor
prognosis (3). Although ErbB1 is less transforming than ErbB2
(4), ErbB1 cooperates with the PTK c-Src to promote breast can-
cer cell migration and anchorage-independent growth and aber-
rant human mammary epithelial cell acinar formation in three-
dimensional cultures (5, 6). Elevated c-Src protein levels and/or
activity occurs in a striking 70% of primary breast cancers and can
coincide with ErbB1 or ErbB2 overexpression (7-9). In ductal
carcinoma in situ, activated c-Src correlates with high tumor
grade, high proliferation, and high risk of recurrence or progres-
sion to invasive cancer (10). Src family PTKs (SFKs) can also co-
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operate with ErbB2 to promote tumorigenicity and metastasis
(11). Also, SFKs can play an integral role in mediating ER signaling
and may also be important in basal-like tumors, promoting cellu-
lar proliferation, survival, invasion, and chemotherapeutic resis-
tance (12-14).

Signal transducer and activator of transcription 3 (STAT3) is
activated constitutively in many human breast cancers, mediating
signaling by ErbB1 and ErbB2 and serving as a direct substrate for
SFKs (12, 15-17). STAT3 can also be phosphorylated by Janus
kinases (JAKs) downstream of the common interleukin-6 (IL-6)
cytokine family receptor 8 subunit gp130. In breast cancer, an
increase in IL-6/gp130 signaling correlates with poor prognosis
(18, 19) and promotes an invasive phenotype in mammospheres
in vitro (20), whereas knockdown of STAT3 attenuates xenograft
growth and sensitizes tumors to chemotherapeutics (13, 21). Fur-
thermore, STAT3 deletion in ErbB2-induced breast cancer sup-
presses angiogenesis and inflammation and mammary tumor me-
tastases in mice (22).

TCPTP (encoded by PTPN?2) is a ubiquitous tyrosine-specific
phosphatase (23). Two splice variants of TCPTP are expressed
that have identical N termini and catalytic domains but varied C
termini: a 48-kDa form (TC48) that is targeted to the endoplasmic
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reticulum (ER) by a hydrophobic C terminus and a 45-kDa vari-
ant (TC45) that is targeted to the nucleus by a nuclear localization
sequence (23). Despite an apparently exclusive nuclear localiza-
tion in resting cells, TC45 can shuttle between the nucleus and
cytoplasm to access substrates in both compartments (23). Sub-
strates for TC45 include both receptor and nonreceptor PTKs
such as ErbB1, JAK1/3, and SFKs (23-28) and nuclear substrates
suchas STAT3 (23,29, 30) that have been implicated in the genesis
and progression of many human tumors. Recent studies have
shown that TCPTP is deleted in 6% of all human T-cell acute
lymphoblastic leukemias (T-ALLs), contributing to JAK/STAT
signaling and tumorigenesis (31, 32). However, TCPTP’s role in
the development and progression of solid tumors remains un-
known. In this study, we explored TCPTP’s role in breast cancer.

MATERIALS AND METHODS

Reagents. Recombinant human IL-6 and prolactin were purchased from
PeproTech, EGF from R&D Systems, and CMP6 (JAK inhibitor I) and
SU6656 from Calbiochem. Rabbit anti-phospho-Akt-S473, anti-phos-
pho-STAT3-Y705, anti-phospho-EGFR-Y1068, anti-phospho-EGFR-
Y1173, anti-phospho-STAT5-Y694, anti-phospho-SFK-Y418, and anti-
phospho-extracellular signal-regulated kinase 1/2 (anti-ERK1/2)-T202/
Y204 and murine anti-STAT3 and anti-Akt were from Cell Signaling,
rabbit anti-phospho-JAK1-Y1022/Y1023 was from Biosource Interna-
tional, mouse anti-ERK2 and antiactin were from Santa Cruz Biotechnol-
ogy, antitubulin was from Sigma-Aldrich, anti-c-Src (GD11) was from
BD Biosciences, antiphosphotyrosine (4G10) was from Millipore, and
anti-TCPTP (6F3) was from Medimabs. Mouse anti-TCPTP (clone CF4)
was provided by N. K. Tonks (Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY).

Mice. We maintained mice on a 12-h light-dark cycle in a tempera-
ture-controlled high-barrier facility (Monash University Animal Research
Laboratory with free access to food and water. Ptpn2°?~/*2~ (C57BL/6)
mice were genotyped as described previously (33). Littermates from
heterozygous breeding pairs were used in all experiments. All animal ex-
periments were performed in accordance with the National Health and
Medical Research Council (NHMRC) Australian Code of Practice for the
Care and Use of Animals and approved by the Monash University School
of Biomedical Sciences Animal Ethics Committee.

Human breast cancers. Ethics approval for human tissues used in this
study was obtained from the standing subcommittee on ethics in research
involving humans, Monash University (CF08/1279-2008000613). Pri-
mary human breast cancer samples used for immunoblot analysis of
TCPTP protein were from the Victorian Cancer Biobank. Tissues (~4
mm?) were minced with scalpel blades and mechanically homogenized in
ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM
HEPES [pH 7.4], 1% [vol/vol] Triton X-100, 1% [vol/vol] sodium deoxy-
cholate, 0.1% [vol/vol] SDS, 150 mM NacCl, 10% [vol/vol] glycerol, 1.5
mM MgCl,, 1 mM EGTA, 50 mM sodium fluoride, leupeptin [5 pg/ml],
pepstatin A [1 pg/ml], 1 mM benzamadine, 2 mM phenylmethylsulfonyl
fluoride, 1 mM sodium vanadate), sonicated (four 5-min bursts at 4°C),
clarified by centrifugation (16,000 X g for 30 min at 4°C), and then re-
solved by SDS-PAGE and immunoblotted. The use of human tissue col-
lected as part of the Melbourne Collaborative Cohort Study was approved
by the Human Research Ethics Committee of the Cancer Council of Vic-
toria (HREC0622) and included 119 formalin-fixed and paraffin-embed-
ded breast cancer samples. Breast carcinomas were considered positive for
ER or PR if staining occurred in >5% of epithelial cells and positive for
HER? if the staining intensity was given a score of =2.

Cell culture and stimulations. HeLa, MDA-MB-231, MDA-MB-175,
and HCC-1954 cells (ATCC) were cultured at 37°C and 5% CO, in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% (vol/vol) fe-
tal bovine serum (FBS), 100 U/ml penicillin, and 100 p.g/ml streptomycin.
BT-483 and T-47D cells (ATCC) were cultured under the same conditions
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in RPMI 1640 medium supplemented with 10% to 20% (vol/vol) FBS and
10 pg/ml insulin plus antibiotics. All other cell lines were cultured as
described previously (14). Cells were seeded at 5 X 10> cells/well/6-well
plate and cultured for 24 to 48 h, serum starved in medium containing
0.1% (vol/vol) FBS for 6 to 24 h, and stimulated as indicated. For IL-6
stimulation assays, cells were either stimulated with 1 ng/ml IL-6 for the
indicated times or pulsed with 1 to 10 ng/ml IL-6 for 10 min, medium was
replenished, and incubations were continued as indicated. For integrin
ligation assays, cells were detached with 10 mM EDTA-phosphate-buff-
ered saline (PBS), resuspended in phenol red-free DMEM (Sigma-Al-
drich) containing 0.1% (wt/vol) bovine serum albumin (BSA), and kept
in suspension at 37°C for 30 min before replating onto rat tail collagen
type I-coated plates (Roche) and incubations were continued for the in-
dicated times. Cells were lysed in ice-cold RIPA lysis buffer and clarified by
centrifugation (16,000 X g, 5 min, 4°C), and equal amounts of proteins
were resolved by SDS-PAGE and immunoblotted as described previously
(27).

TCPTP knockdown and overexpression. For the stable knockdown of
TCPTP, control (Mission PLKO.1-Puro control particles) and either TCPTP
(TC45 and TC48; TRCN0000002783)- or TC48 (TRCN0000002783)-spe-
cific short hairpin RNA (shRNA) lentiviral particles (Sigma-Aldrich) were
used to transduce HeLa, SK-BR-3, HCC-1954, or T47D breast cancer cells as
indicated according to the manufacturer’s instructions and cells were selected
in 1 to 2 pg/ml puromycin for 6 days. For the transient knockdown of TC45,
HelLa cells were transfected with a 15 nM enhanced green fluorescent protein
(eGFP) control or TC45-specific (5’ AAGAUUGACAGACACCUAAUAU
U3’) small interfering RNAs (siRNAs) (Dharmacon) using Lipofectamine
2000 as described previously (34) and cells were stimulated after 48 h.

For transient overexpression studies, MDA-MB-231 cells were elec-
troporated with pCG or TC45-pCG plasmid constructs described previ-
ously (24) using Amaxa Nucleofector technology (program X-013) ac-
cording to the manufacturer’s recommendations (Lonza). For clonogenic
assays, the indicated cell lines were transduced with pWZL-hygro or
TC45-pWZL-hygro retroviruses for 24 h as described previously (24) and
then subjected to passage into 6-well plates and selected with 100 pg/ml
hygromycin (Invitrogen) and cultured for 1 to 5 weeks for the formation
of colonies visualized by staining with Coomassie brilliant blue.

For the generation of MDA-MB-231 cells that express TC45 in a doxy-
cycline (DOX)-inducible manner (MDA-MB-231-TC45), TC45-pMT2
(27) was digested with Smal and Xbal and cDNA corresponding to the
coding region of TC45 was subcloned into pBluescript I KS (Stratagene);
the EcoRI-Xbal fragment was then subcloned into pTRE (Clontech,
Mountain View, CA). MDA-MB-231 cells were cotransfected with TC45-
pTRE and pEFpurop-Tet-on and selected in 2 pg/ml puromycin as de-
scribed previously (35). TC45 expression was induced by the addition of 2
pg/ml DOX (Sigma-Aldrich) to the culture medium for 3 days.

Soft-agar assays and tumor xenografts. HeLa cells expressing control
and TCPTP- or TC48-specific ShRNAs were processed for soft-agar assays
as described previously (24). MDA-MB-231-TC45 cells were cultured in
the presence or absence of 2 wg/ml DOX for 3 days and then either pro-
cessed for soft-agar assays as described previously (24) in the continued
presence or absence of DOX or processed for xenograft studies. For the
latter experiment, cells were detached with 10 mM EDTA-PBS, resus-
pended in PBS, and mixed with growth factor-reduced BD Matrigel (BD
Biosciences) at a 1:1 ratio and injected (1 X 10° cells, 100 pl) subcutane-
ously into the right flanks of 6-week-old female BALB/c nu/nu mice; for
DOX-treated MDA-MB-231-TC45 cells, DOX (1 mg/ml) was added to
the drinking water of mice. Tumor volumes (height X width?) were mea-
sured with calipers every 2 days.

Immunohistochemistry. Tissue sections (4 pm thick) were deparaf-
finized with xylene and rehydrated with three successive changes in etha-
nol. Antigen retrieval was performed in a pressure cooker at 120°C for 3
min in Tris-EDTA (pH 8). Nonspecific antibody binding was blocked
with 1% (vol/vol) BSA and TCPTP staining performed with 5 to 10 p.g/ml
affinity-purified anti-TCPTP CF4. Sections were counterstained with he-
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matoxylin. Endogenous peroxidase activity was quenched with 0.3% (vol/
vol) hydrogen peroxide and TCPTP detected using horseradish peroxi-
dase (HRP)-conjugated antibodies with diaminobenzidine (DAB)
detection (Dako).

Statistical analyses. Statistical analyzes were performed using the
nonparametric, unpaired Mann-Whitney U test, the two-tailed Student ¢
test, or Fisher’s exact test and GraphPad Prism software. P values of <0.05
were considered significant.

RESULTS

TCPTP levels are reduced in breast cancer cells. To determine
whether TCPTP levels may be altered in human breast cancer, we
assessed TCPTP protein expression in a panel of 26 breast cancer
cell lines versus 3 immortalized human mammary epithelial cell
lines. The breast cancer cell lines included luminal breast cancer
cells such as ER" T-47D, MCEF-7, BT-483, MDA-MB-175, and
MDA-MB-134 cells, HER2" SK-BR-3, MDA-MB-453, MDA-
MB-361, and HCC1954 cells, and ER ™, PR, and ErbB2™ MDA-
MB-468, MDA-MB-231, and MDA-MB-157 cells. Proteins from
asynchronous cells were resolved to monitor the expression of
TC48 and TC45. We found that TCPTP was variably expressed in
breast cancer cell lines and that TC48 and TC45 protein levels
were reduced in several cell lines, including BT-483, MDA-MB-
134, MDA-MB-157, and MDA-MB-175 cells, compared, for ex-
ample, to MDA-MB-468, SK-BR-3, and T-47D cells or immortal-
ized and nontumorigenic human mammary epithelial cells
(Fig. 1A). In addition, although TC48 and TC45 levels in the non-
tumorigenic human mammary epithelial cells and in many breast
cancer cell lines were roughly similar, we found that TC45 levels
were reduced in several cell lines, including MCF-7, MDA-MB-
231, and HCC1569 cells, such that TC48/TC45 ratios were =2
(Fig. 1A). The decrease in TC48 and TC45 or in TC45 alone did
not correlate with a specific tumor subtype and occurred in 27%
(7/26) of the breast cancer cell lines tested. The alterations in
TCPTP expression did not coincide with overt changes in the
levels of other protein tyrosine phosphatases (PTPs), including
SHP-2 or PTP1B (Fig. 1B), previously implicated in breast cancer
development (36-38).

TC48 and TC45 differentially contribute to PTK signaling.
Our studies indicated that protein levels of TC45 alone or of TC48
and TC45 are decreased in a subset of breast cancer cell lines. To
determine the potential relative contributions of TC48 and TC45
to oncogenic tyrosine phosphorylation-dependent signaling, we
used as a model system a HeLa adenocarcinoma cell line that we
generated previously (25) in which TC48 and TC45 had been
knocked down stably and compared signaling in those cells to
signaling in those in which TC48 alone had been knocked down
stably using shRNAs; TC45 and TC48 (here referred to as TCPTP)
or TC48 alone was undetectable in the respective TCPTP and
TC48 shRNA-expressing cell lines (Fig. 2A). We assessed the im-
pact of TCPTP versus TC48 knockdown on EGF, IL-6, and integ-
rin signaling and anchorage-independent growth in soft agar. We
found that TCPTP knockdown had modest effects on EGF-in-
duced ErbB1 tyrosine phosphorylation as assessed with antibodies
to phosphotyrosine or antibodies to the ErbB1 Y1068 and Y1173
phosphorylation sites (data not shown). In contrast, TCPTP defi-
ciency enhanced SFK activation (as monitored with antibodies to
the c-Src Y418 autophorylation site) and STAT3 Y705 phosphor-
ylation (Fig. 2B). TCPTP deficiency did not alter phosphatidyl-
inositol 3-kinase (PI3K)/Akt signaling as monitored with anti-
bodies to the Akt Ser-473 phosphorylation site and did not affect
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Ras/mitogen-activated protein kinase (MAPK) signaling as as-
sessed by ERK1/2 phosphorylation (Fig. 2B), in line with TCPTP
selectively regulating components of EGF signaling. Consistent
with the regulation of EGF-induced STAT3 signaling, we found
that IL-6-induced JAK1 Y1022/Y1023 phosphorylation and
STAT3 Y705 phosphorylation were significantly enhanced by
TCPTP deficiency (Fig. 2C). Similarly, we noted dramatic in-
creases in JAK1 and SFK phosphorylation in detached TCPTP-
deficient HeLa cells kept in suspension for 30 min and after replat-
ing onto collagen-coated dishes (Fig. 2D). Replating TCPTP-
deficient cells onto collagen also resulted in a significant increase
in STAT3 phosphorylation (Fig. 2D). In contrast, the effects of
TC48 knockdown on EGF, IL-6, and integrin signaling were mod-
est (Fig. 2B to D); TC48 knockdown promoted basal SFK signal-
ing, albeit modestly, but did not promote EGF or IL-6 signaling
and did not promote basal JAK1 Y1022/Y1023 phosphorylation or
integrin-induced JAK1 and STATS3 signaling (Fig. 2B to D). To
assess the effects of TCPTP versus TC48 knockdown on tumori-
genicity, we assessed growth in soft agar. TCPTP, but not TC48,
knockdown in HeLa cells resulted in a 3-fold increase in anchor-
age-independent growth (Fig. 2E); the increase in anchorage-in-
dependent growth was associated with significantly increased xe-
nograft growth in nude mice (data not shown). Taken together,
these results indicate that decreased protein levels of TC45 and
TC48, but not TC48 alone, are associated with increased PTK/
STATS3 signaling and tumorigenicity. These results imply that
TC45 deficiency is necessary to promote PTK signaling and tu-
morigenicity. To determine whether TC45 deficiency alone was
sufficient to enhance signaling, we took advantage of a previously
characterized siRNA (34) to transiently suppress TC45 expres-
sion. TC45 knockdown enhanced SFK Y418 phosphorylation in
response to EGF, and collagen-induced JAK1 Y1022/Y1023 phos-
phorylation, in a manner similar to that seen after stable TCPTP
knockdown (Fig. 2F and G). Although an overt difference in
STAT3 Y705 phosphorylation was not evident after TC45 knock-
down, this might have been due to the incomplete repression of
TC45 expression (Fig. 2F and G). In any event, these results are
consistent with TC45 deficiency alone being sufficient to enhance
PTK signaling and tumorigenicity.

TC45 reconstitution suppresses breast cancer cell growth.
To determine whether TCPTP deficiency affords breast cancer
cells a proliferative and/or survival advantage, we attempted to
stably reconstitute TC45 into a panel of breast cancer cell lines
(Fig. 3). MDA-MB-231 and MCF-7 cells that are deficient in TC45
and BT-483 and MDA-MB-175 and MDA-MB-157 cells that are
deficient in both TC48 and TC45 (Fig. 1A) were transduced with
pWZL-hygro versus TC45-pWZL-hygro retroviruses and 24 h
later incubated in the presence of antibiotic (hygromycin), and
colony formation was assessed (Fig. 3); as a control for viral titer,
we also transduced HeLa cells that express both TC48 and TC45
(Fig. 2A; HeLa cell proliferation is not affected by TCPTP knock-
down [39] or TC45 overexpression [data not shown]). We found
that transduction with TC45-expressing retroviruses alone was
sufficient to almost completely prevent the growth of MCF-7 cells
and to suppress the growth of MDA-MB-231, MDA-MB-175, and
BT-483 cells (Fig. 3A); similar numbers of colonies were seen in
pWZL control and TC45-pWZL-transduced HeLa cells, consis-
tent with comparable viral titers (Fig. 3A). In contrast, TC45 re-
constitution alone did not affect the growth of MDA-MB-157 cells
(Fig. 3A) that are deficient for both TC48 and TC45 (Fig. 1), in-
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FIG 1 TCPTP expression in human breast cancer cell lines. Cell lysates from the indicated asynchronous human breast cancer cell lines and immortalized normal

breast epithelial cell lines were resolved by SDS-PAGE and immunoblotted for

TCPTP (CF4) and tubulin (A) or PTP1B, SHP-2, and actin (B). The TCPTP

variants, TC48 and TC45, are indicated, and the TC48/TC45 ratios shown. Cells with a low TC45 (TC48/TC45 ratios = 2) or TCPTP (TC48 and TC45) level are

indicated by one star or two stars, respectively.

dicating that TC45 expression per se is not cytostatic and that both
TCPTP variants may be required for the suppression of cellular
proliferation and/or survival in at least some TCPTP-deficient
breast cancer cell lines. To further assess the effect of TC45 recon-
stitution on breast cancer cell growth, we monitored MDA-MB-
231 cell proliferation and survival (Fig. 3B to D). MDA-MB-231
cells were transduced with retroviral constructs for the expression
of TC45 and then selected with hygromycin for 7 days before we
assessed cellular proliferation using a hemocytometer or the dis-
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tribution of cells in different phases of the cell cycle and survival by
flow cytometry. TC45 reconstitution significantly suppressed
overall cellular proliferation as assessed by monitoring growth
curve rates (Fig. 3B) and increased cell death/apoptosis (as as-
sessed by monitoring for sub-G, cells [Fig. 3C] and annexin V
staining [Fig. 3D]) without significantly affecting the distribution
of cells in the Gy, S, and G,/M phases (Fig. 3C), consistent with
TCPTP attenuating progression throughout the cell cycle. These
results indicate that TC45 reconstitution can suppress the growth

Molecular and Cellular Biology

Areigim MSNN Aq £T0zZ ‘gz Arenuer uo /610 wse gow)//:dny wol) papeojumod


http://mcb.asm.org
http://mcb.asm.org/

TCPTP and Breast Cancer

N\ (N
N \
A RS ‘091"‘" (er,%“?‘ B Control  TCPTP shRNA TC48 shRNA
EGF (min): 0 2 5101530 0 2 5101530 0 2 51015 30
_/—TC48
TCPTP |®% == I -STAT3 |"‘--"‘~'--—------— —|
_\'TC45 P 2
PAY0 () I IN——— STAT3 [SEcEr— S T S ey ——"——
HeLa cell lysates p-SFK | & e |
C Control  TCPTP shRNA  TC48 shRNA c-Sre I - v
IL-6 (min): 0 5 10153060 0 510153060 0 51015 3060
p-JAK‘l [ —— p-Akt | - - -—-— |
p-STAT3 [ e s LS p-ERK1/2 | b — —_— “
io | o
STAT3 —— Aetn | !
|/~ TC48 TC48
TCPTP [=F ™ ¥ i in = P\ a5 TCPTP [ mumm=m --....--<
= TC45
Actin Actin |—----------------¢
Hela cell lysates HelLa cell lysates
D Control TCPTP shRNA TC48 shRNA E - 7 —
Collagen (min): 0 20 40 60 120 0 20 40 60120 0 20 40 60 120 Control e §,g.‘\ 6
® O
p-JAK1 | e - —— | 5
TCPTP =8¢
R
p-STAT3 | - "'| £953
shRNA gé 2
STAT3 --—--—----—-—————| o 1
TC48 0
PSFK [ = e e - - - -~ shRNA ,53 § §
s & <
- S 5§ §
o-Sre |.__ ______ ________| Growth in soft agar yd (?) n=3
& &
TC48 K
TCPTP |!.'l-.-- —----K
TC45 G
Actin I—‘ | GFP siRNA TC45 siRNA
HeLa cell lysates Collagen (min): 0 20 40 60 120 0 20 40 60 120
p-JAK1 { = oo
GFP SiRNA TC45 SIRNA P-STAT3 - e
EGF (min): 0 2 515306090 0 2 5 1530 60 90 - R ——
STAT3 | == -—ew
p_SFK| - - — — --—--—__-'| E
[ ek —p—— R = e
TC4
TCPTP |'.--...------’K C48 C-SIC |~ r —— c— —— — ———
! TC45 s TC48
Actin [ | TCPTP S5 SS SN ES mr I sy s
[ TC45
Hela cell lysates Hela cell lysates

FIG 2 TC48 and TC45 differentially contribute to PTK signaling and anchorage-independent growth. (A) HeLa cells stably expressing control, TCPTP (TC48
and TC45), or TC48 shRNAs were processed for immunoblot analysis with antibodies to TCPTP and actin. (B to G) HeLa cells stably expressing control, TCPTP,
or TC48 shRNAs (B to G) or transiently transfected with control (GFP) or TC45-specific siRNAs (F and G) were serum starved and left unstimulated or
stimulated with 10 ng/ml EGF, pulsed with 10 ng/ml IL-6 for 10 min and then chased, or detached for 30 min and stimulated with plate-bound collagen. Lysates
were then collected at the indicated times and resolved by SDS-PAGE and immunoblotted with antibodies to phospho-(Y705)-STAT3 (p-STAT3), phospho-
(Y418)-SFK (p-SFK), phospho-(Y1022/Y1023)-JAK1 (p-JAK1), phospho-(S473)-Akt (p-Akt), or phospho-ERK1/2 (p-ERK1/2) and the corresponding indi-
cated proteins and loading controls. (E) HeLa cells stably expressing control, TCPTP, or TC48 shRNAs were grown in soft agar for 4 to 5 weeks, and colonies were
stained with crystal violet and counted. Representative images and data (means = standard errors of the means [SEM]) from triplicate determinations from three
independent experiments are shown; significance was calculated using a two-tailed Student’s ¢ test (¥, P < 0.05).
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FIG 3 TCA45 reconstitution suppresses breast cancer cell growth. (A) The indicated breast cancer cell lines and HeLa cells were transduced with pWZL-hygro or TC45-pWZL-
hygro retroviruses and selected with 100 pg/ml hygromycin for 1 to 5 weeks for the formation of foci/colonies. Representative images from three independent experiments are
shown. MCF-7, MDA-MB-175, and MDA-MB-231 colonies/well from three independent experiments were counted; significance was calculated using a two-tailed Student’s ¢
test (¥, P < 0.05; **, P < 0.01). (B to D) MDA-MB-231 cells were transduced with pWZL-hygro and TC45-pWZL-hygro retroviruses for 24 h, selected with 100 pg/ml
hygromycin for 7 days, and then subjected to passage into 24-well plates (2 X 10" cells/well) followed by the counting of cells at the indicated times using a hemocytometer (B),
fixed in 95% (vol/vol) ethanol, stained with propidium iodide, and processed for flow cytometry (2c and 4c cells are indicated) (C), or stained with annexin V-fluorescein
isothiocyanate and propidium iodide and analyzed by flow cytometry (annexin V-positive, propidium iodide [PI]-negative cells were defined as apoptotic) (D). Data shown
represent means * standard deviations (SD) of the results of triplicate determinations and are representative of results from two independent retroviral transductions. In panel
C, values correspond to the percentages of sub-G;, Go/G,, S, and G,/M cells.

of TCPTP/TC45-deficient breast cancer cell lines, consistent with  breast cancer cell growth, we next assessed TCPTP’s role in PTK
TCPTP deficiency in human breast cancer cells otherwise provid- ~ signaling and tumorigenicity. First, we transiently overexpressed
ing a significant proliferative/survival advantage. TC45 (TC45 levels increased by approximately 20-fold) in MDA-

TC45 suppresses breast cancer cell PTK signaling and tu- MB-231 cells (Fig. 4A) and assessed IL-6 and EGF signaling. TC45
morigenicity. Given the overt effects of TC45 expression on expression suppressed IL-6-induced STAT3 Y705 phosphoryla-
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FIG 4 TCA45 overexpression attenuates MDA-MB-231 cell PTK signaling. MDA-MB-231 cells were transfected transiently with pCG control or pCG-TC45 and
then left untreated (A) or serum starved and stimulated with either 1 ng/ml IL-6 or 10 ng/ml EGF or detached for 30 min and stimulated with plate-bound
collagen for the indicated times (B to D), and lysates were processed for immunoblot analysis with antibodies to phosphotyrosine (pTyr), p-STAT3, p-SFK, or
p-EGFR 1068, TCPTP, and the indicated loading controls. Results shown in panels A to C are representative of three independent experiments, and those in panel
D are representative of two independent experiments. In panels B and C, IL-6-induced pSTAT3 and EGF-induced p-EGFR Y1068 and the p-SFK species indicated
by arrows were quantified from 3 experiments and normalized as indicated. AU, arbitrary units. Statistical significance was calculated using a two-tailed Student’s

ttest (*, P < 0.05;**, P < 0.01).

tion (Fig. 4B). TC45 expression did not suppress IL-6-induced
JAK1Y1022/Y1023 phosphorylation (data not shown), consistent
with TC45 acting at the level of STAT3. In addition, TC45 expres-
sion attenuated EGF-induced ErbB1 tyrosine phosphorylation, as
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assessed with pan-tyrosine phosphorylation-specific antibodies or
those specific to the Y1068-phosphorylated EGFR, and sup-
pressed downstream tyrosine phosphorylation-dependent signal-
ing (Fig. 4C). TC45 expression also suppressed basal SFK signaling
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as assessed with antibodies to the Y418 activation loop autophos-
phorylation site on c-Src (Fig. 4C). However, TC45 expression did
not attenuate JAK1 Y1022/Y1023 or STAT3 Y705 phosphoryla-
tion induced by plating detached cells onto collagen (Fig. 4D),
indicating that TCPTP expression per se does not attenuate signal-
ing in MDA-MB-231 cells and that TC45 regulates STAT3 signal-
ing in a stimulus-dependent manner. To complement these over-
expression studies, we knocked down TCPTP expression in
SK-BR-3 and HCC-1954 breast cancer cells that expressed ErbB1
and ErbB2 (representing ErbB2™ ER ™ breast tumor subtypes) and
in T-47D breast cancer cells that were ER positive (representing
luminal A/B tumors) and assessed signaling in response to EGF
and IL-6 as appropriate (Fig. 5); for T-47D cells, we also assessed
STAT3 and STATS signaling in response to prolactin, which is
normally associated with mammary gland development and lac-
tation (40). We found that TCPTP knockdown in SK-BR-3 cells
did not have any overt effect on EGF-induced ErbBI1 tyrosine
phosphorylation or downstream Ras/MAPK and PI3K/Akt signal-
ing but enhanced EGF-induced STAT3 Y705 phosphorylation
and basal SFK Y418 phosphorylation (Fig. 5A and data not
shown). Moreover, IL-6-induced STAT3 Y705 phosphorylation
was significantly enhanced after TCPTP knockdown in SK-BR-3
cells; JAK1 Y1022/Y1023 phosphorylation and Ras/MAPK or
PI3K/Akt signaling were not altered (Fig. 5B). In HCC-1954 cells,
TCPTP knockdown did not overtly alter EGF- or IL-6-induced
signaling but resulted in enhanced basal STAT3 Y705 phosphor-
ylation and SFK Y418 phosphorylation (Fig. 5C and data not
shown). In T-47D cells, TCPTP knockdown significantly en-
hanced IL-6-induced STAT3 Y705 phosphorylation, but not JAK1
phosphorylation (Fig. 5D); for reasons that remain unclear,
TCPTP knockdown in T-47D cells resulted in a reproducible sup-
pression of IL-6-induced PI3K/Akt signaling and attenuated Ras/
MAPK signaling (Fig. 5D and E). Nonetheless, TCPTP knock-
down in T-47D cells also resulted in an enhancement in prolactin-
induced STAT3 Y705 phosphorylation, but not JAK1 Y1022/
Y1023, SFK Y418, or STAT5 Y694 phosphorylation (Fig. 5E),
consistent with TCPTP acting directly on STAT3. These results are
consistent with TCPTP deficiency promoting SFK and STAT3 sig-
naling in breast cancer cells.

Next we assessed the effects of TC45 overexpression on tumor-
igenicity. For these studies, we first assessed MDA-MB-231 an-
chorage-independent growth in soft agar (Fig. 6A). To this end,
we generated a MDA-MB-231 cell line that expressed TC45 (TC45
levels increased 5-fold) in response to doxycycline (MDA-MB-
231-TC45). Induction of TC45 with doxycycline suppressed
MDA-MB-231-TC45 anchorage-independent growth by approx-
imately 4-fold (Fig. 6A). Next we assessed the impact of TCPTP
reconstitution on tumor growth in vivo. The growth of MDA-MB-
231-TC45 tumor cells was assessed in immunocompromised
BALB/c (nu/nu) mice with and without TC45 induction (Fig. 6B).
For these studies, MDA-MB-231-TC45 cells were left untreated or
treated with doxycycline for 3 days to induce TC45 prior to inoc-
ulation and TC45 expression was maintained by administering
doxycycline in drinking water for the duration of the experiment.
We found that TC45 induction suppressed the growth of MDA-
MB-231-TC45 xenografts for up to 2 weeks, after which increases
in TC45 expression were also evident in untreated MDA-MB-231-
TC45 xenografts and differences in growth diminished (Fig. 6B
and data not shown). Thus, TC45 reconstitution in TC45-defi-
cient breast cancer cell lines suppresses the transformed pheno-
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type in vitro and in vivo. Taken together, these results are consis-
tent with TCPTP deficiency promoting breast cancer cell
tumorigenicity.

Finally, we assessed whether the attenuation of SFK and STAT3
signaling by TC45 overexpression contributes to the suppression
of MDA-MB-231 cellular growth/proliferation and tumorigenic-
ity. To do this, we determined whether the JAK PTK-selective
inhibitor CMP6 (41) or the SFK inhibitor SU6656 (42) could at-
tenuate MDA-MB-231 colony formation or anchorage-indepen-
dent growth in soft agar. CMP6 and SU6656 suppressed MDA-
MB-231 proliferation as assessed by colony formation and almost
completely prevented anchorage-independent growth (Fig. 7). As
expected, CMP6 attenuated STAT3 signaling and SU6656 attenu-
ated SFK Y418 phosphorylation and the phosphorylation of the
SFK substrate STAT3 (Fig. 7B). Taken together, these results are
consistent with TC45 deficiency in MDA-MB-231 cells contribut-
ing to tumorigenicity through the promotion of SFK and STAT3
signaling.

Activation of SFK and STAT3 in mouse mammary tissue.
Previous studies have established that STAT3 can serve as a bona
fide substrate for TC45 (23, 25, 29, 30). In particular, our studies
have shown that TCPTP attenuates STAT3 signaling in the liver
and hypothalamus (29, 30). To further assess TCPTP’s role in
STATS3 signaling and to examine TCPTP’s potential to regulate
STAT3 in mouse mammary tissue, we took advantage of mice
with a global deficiency in TCPTP. Ptpn2*°~/**~ (C57BL/6) mice
exhibit growth retardation and a median life expectancy of 32 days
(33), precluding a detailed analysis of mammary gland develop-
ment and tumorigenesis. Nonetheless, tissues were extracted from
5- to-6-week-old Ptpn2°? /=2~ (C57BL/6) mice and their corre-
sponding wild-type littermates and processed for immunoblot
analysis. We found that TCPTP deficiency resulted in pronounced
increases in STAT3 Y705 phosphorylation in all tissues examined,
including mammary fat pads that were isolated from virgin mice
(Fig. 8 and data not shown). Furthermore, we found that TCPTP
deficiency resulted in pronounced increases in SFK Y418 phosphor-
ylation in select tissues, including mammary fat pads (Fig. 8), but
unaltered STAT5 Y694 and JAK1 Y1022/Y1023 phosphorylation
(data not shown). Therefore, these results highlight the potential for
TCPTP deficiency to contribute to breast cancer tumorigenicity
through the promotion of oncogenic SFK and STAT3 signaling.

TCPTP protein levels are decreased in human breast cancer.
Our studies indicated that TCPTP protein levels are diminished in
a subset of human breast cancer cell lines and that TCPTP defi-
ciency is associated with increased PTK/STAT3 signaling and tu-
morigenicity. Moreover, our studies indicated that TCPTP atten-
uates STAT3 signaling in a variety of murine tissues, including the
mammary gland, consistent with the possibility that TCPTP defi-
ciency in mammary tissue promotes oncogenic STAT3 signaling
and tumorigenicity. To explore this possibility, we monitored
TCPTP expression in human breast cancer. First, we assessed
TCPTP expression in primary human breast tissue homogenates
from patients with ER* ErbB2 ™, ER™ ErbB2*, and ER™ ErbB2~
breast carcinomas (Fig. 9A). Consistent with our findings in breast
cancer cell lines, we found that protein levels of TC45 and TC48 or
of TC45 alone were diminished in 6/22 of the human breast tumor
samples and that this occurred irrespective of subtype (Fig. 9A).
To determine whether this occurred as a consequence of TCPTP
deficiency in breast epithelial cells, as opposed to differences in
cellular composition, we also assessed TCPTP deficiency in for-
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FIG 5 TCPTP knockdown enhances PTK signaling in SK-BR-3 and T47-D breast cancer cells. SK-BR-3 (A and B), HCC-1954 (C), and T47-D (D and E) cells
stably expressing control or TCPTP shRNAs were serum starved and left unstimulated or stimulated with 10 ng/ml EGF, pulsed with the indicated concentrations
of IL-6, and chased, or stimulated with 100 ng/ml prolactin, and lysates were collected at the times indicated, resolved by SDS-PAGE, and processed for
immunoblot analysis with antibodies to p-EGFR Y1173, p-EGFR Y1068, p-STATS3, p-SFK, p-ERK1/2, p-Akt, p-STATS5, and TCPTP and the indicated loading
controls. In panels B and D, IL-6-induced pSTATS3 from 3 experiments was quantified and normalized to STAT3. AU, arbitrary units. Statistical significance was
calculated using a two-tailed Student’s ¢ test (¥, P < 0.05).
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FIG 6 TC45 attenuates MDA-MB-231 cell tumorigenicity. MDA-MB-231-
TC45 cells were cultured for 3 days in the absence or presence of 2 pg/ml
doxycycline (DOX) for the induction of TC45 expression and then either
grown in soft agar with or without DOX (A) or injected into the flanks of
BALB/c nu/nu mice and tumor volumes were measured every 2 days using
calipers (B). Tumors were extracted after 16 days and homogenates were
processed for immunoblot analysis to assess TC45 protein levels. Results in
panel A represent the means = SEM of the results from triplicate determi-
nations from three independent experiments; significance was calculated
using a two-tailed Student’s t test (*, P < 0.05). Results in panel B represent
the means = SEM of the tumor volumes of 10 mice per group and are
representative of two independent experiments; significance was deter-
mined using a two-tailed Mann-Whitney U test (*, P < 0.05).

malin-fixed and paraffin-embedded human breast cancer samples
by immunohistochemistry. For these studies, we used a human
TCPTP monoclonal antibody (CF4) that detected TCPTP in for-
malin-fixed control but not in TCPTP knockdown HeLa xeno-
grafts (Fig. 9B) and detected TCPTP in human lymph nodes
where TCPTP is expressed abundantly in residing T and B cells
(data not shown). In normal human mammary tissue (normal
tumor-adjacent tissue), we found that TCPTP was expressed in
some but not all lobular and ductal cells and was evident in the
nucleus and to a lesser extent in the cytoplasm (Fig. 9C and data
not shown). To determine whether TCPTP levels may be altered
in human breast cancer cells, we screened a panel of breast cancer
samples by immunohistochemistry. We screened a total of 119
primary human breast cancer samples, including 79 luminal A, 9
luminal B, 7 HER2 *-only, and 24 triple-negative tumor samples
(Table 1). In TCPTP-positive tumors, TCPTP was both nuclear
and cytoplasmic, cytoplasmic alone, or focally nuclear (data not
shown). Since TC45 can exit the nucleus and subcellular localiza-

566 mcb.asm.org

A

Control
CMP6
SU6656
©
B © S
& K &
& & & &
p-STAT3 [N [ —

STAT3 w e~ |

p-SFK -

Actin | ——— ——

@)

50 7
45 1
40 0O cmps
35 1
30 | W SU6656
25 1
20 1
15 1
10 1 *x
5 4
0 - n=3
FIG 7 CMP6 and SU6656 suppress MDA-MB-231 focus formation and an-
chorage-independent growth. (A) MDA-MB-231 cells were seeded at a density
of 2 X 10 cells/well in a 6-well dish and cultured in the absence or presence of
2 uM CMP6 or 5 uM SU6656 for 7 days and then fixed with 3.2% paraformal-
dehyde and stained with 0.05% crystal violet. (B) MDA-MB-231 cells were
seeded at a density of 2 X 10° cells/well in a 6-well dish and cultured in the
absence or presence of 10 uM CMP6 or 10 wM SU6656 for 60 min and pro-
cessed for immunoblotting as indicated. (C) MDA-MB-231 cells were cultured
in 0.3% (wt/vol) soft agar in the absence or presence of 10 uM CMP6 or 10 pM
SU6656 for 10 to 14 days and colonies stained with 0.05% crystal violet and
counted using a dissecting microscope. Results in panels A and B are represen-
tative of two independent experiments performed in triplicate. Results in panel
C represent the means £ SEM of triplicate determinations from three inde-
pendent experiments; significance was calculated using a two-tailed Student’s
ttest (**, P < 0.01).
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tion as assessed by immunohistochemistry cannot discriminate
between TC45 and TC48, we screened for tumors that were
TCPTP positive irrespective of localization and those that were
TCPTP negative (Fig. 9C and Table 1). In TCPTP-negative tu-
mors, care was taken to ensure that TCPTP was detected in at least
some infiltrating lymphocytes (Fig. 9C). We found that TCPTP
could not be detected in 34 of the 119 tumors examined. Of the 45
ER™ tumors screened, we found that 20 (44%) were negative for
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FIG 8 TCPTP deficiency in mice enhances STAT3 Y705 and SFK Y418 phos-
phorylation in mammary fat pads. The indicated tissues were extracted from
5- to 6-week-old Ptpn2?~/*?~ (C57BL/6) TCPTP-deficient mice and wild-
type littermates and homogenates processed for immunoblot analysis with the
indicated antibodies.

TCPTP expression. Furthermore, 16 (66%) of the 24 ER™ PR~
HER2™ triple-negative tumors lacked TCPTP. TCPTP expression
was significantly different in ER~ versus ER* tumors and in triple-
negative tumors versus all other subtypes (Table 1). No significant
association was found with histological grade (Bloom Richardson;
data not shown). Taken together, these results indicate that
TCPTP protein levels are altered in human breast cancer and sig-
nificantly reduced in ER™ and triple-negative breast cancers, com-
pared to other breast cancer subtypes.

DISCUSSION

Although previous studies have established TCPTP as a tumor
suppressor in T-ALL (31, 32), until now there has been little evi-
dence for TCPTP being altered in solid tumors. In this report, we
have shown that TCPTP deficiency promotes PTK and STAT3 sig-
naling and tumorigenicity in breast cancer cells in vitro and in vivo
and that TCPTP protein is lost in a subset of primary human breast
cancers, consistent with TCPTP serving a tumor suppressor.
TCPTP deficiency promoted STAT3 Y705 phosphorylation in
response to various stimuli in breast cancer cells. The elevated
STATS3 signaling was important for the tumorigenicity of MDA-
MB-231 cells, since JAK or SFK inhibitors that suppressed STAT3
signaling attenuated cellular proliferation and anchorage-inde-
pendent growth. Heightened STAT3 signaling has been linked
with the progression of many human malignancies, including
breast cancer (12, 15). Whereas STAT3 promotes cell death dur-
ing normal mammary gland involution (43), in breast cancer,
elevated STAT3 signaling enhances tumor cell proliferation and
survival, angiogenesis, chemotherapeutic resistance, and meta-
static spread (12, 13, 21, 22). During mammary gland develop-
ment, STAT3 is activated by IL-6 family cytokines, including leu-
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kemia inhibitory factor (LIF) (44). In breast cancer, multiple
factors contribute to the promotion of STAT3 signaling, including
increased levels of cytokines such as IL-6, overexpression and ac-
tivation of oncogenic PTKs such as ErbB1 and c-Src, and the
downregulation of negative regulators such as SOCS3 (8, 9, 12, 16,
18,19, 45). The results of our studies performed using mice with a
global deficiency in TCPTP are consistent with TCPTP being a key
negative regulator of STAT3 in the breast; further studies should
focus on delineating TCPTP’s role in mammary gland develop-
ment. Nonetheless, consistent with TCPTP’s capacity to nega-
tively regulate STAT3 in vivo, we found that TCPTP knockdown
promoted the IL-6-STAT3 pathway in SK-BR-3 and T-47D
breast cancer cells, whereas TCPTP overexpression in MDA-MB-
231 breast cancer cells suppressed IL-6-STAT3 signaling. Al-
though TCPTP has the capacity to regulate JAK1 phosphoryla-
tion, this was not overtly altered by TCPTP knockdown in the
breast cancer cells examined, consistent with TCPTP acting on
STATS3 directly or otherwise mediating its effects via the regula-
tion of SFKs. In breast cancer, increased IL-6 signaling correlates
with poor prognosis (18, 19), and IL-6 levels and STAT3 activa-
tion may be frequently upregulated in triple-negative breast can-
cers (46,47). Accordingly, we predict that decreased TCPTP levels
in triple-negative breast cancers may exacerbate IL-6-STAT?3 sig-
naling to promote tumorigenesis and/or tumor invasion-metas-
tasis. Recent studies have shown that sustained IL-6-STAT3 sig-
naling in breast cancer cells can promote tumorigenesis by
promoting the expression of microRNA 21 (miR-21) and miR-
181b-1 to repress the expression of tumor suppressors such as
PTEN (48). Yet other studies have shown that STAT3 can pro-
mote the expression of miRs to enhance IL-6 transcription as part
of a positive-feedback loop (49). Although STAT3 deletion does
not repress ErbB2-induced tumor initiation in mice (22), it would
be of interest to determine if TCPTP deficiency in mammary ep-
ithelial cells, in the context of Erbb2 or other oncogenes, promotes
tumorigenesis by exacerbating the STAT3 pathway.

Our studies indicated that TC45 deficiency alone may be suf-
ficient to promote PTK signaling and tumorigenicity. In contrast
to TC48, which is restricted to the endoplasmic reticulum, TC45
has access to substrates such as ErbB1, JAK1/3, and SFKs in the
cytoplasm and substrates such as STAT3 in the nucleus (23-25, 28,
30). We showed previously that overexpressing TC45 in US7MG
glioblastoma cells that have a low level of TC45 inhibits cellular
proliferation in vitro and suppresses the growth of intracerebral
xenografts in vivo (24). Furthermore, TC45 expression in
Ptpn2~'~ mouse embryonic fibroblasts (MEFs) attenuates STAT3
signaling and G,/S progression and prevents the checkpoint by-
pass otherwise associated with sustained STAT3 signaling and cy-
clin D1 expression in the context of DNA replication stress (25). In
this study, we found that the stable reconstitution of TC45 in
TCPTP- or TC45-deficient MCF-7, MDA-MB-231, BT-483,
MDA-MB-231, and MDA-MB-175 cells overtly suppressed cellu-
lar proliferation and growth in vitro. In MDA-MB-231 cells, in-
ducible TC45 expression was also associated with a significant
repression of anchorage-independent growth in vitro and xeno-
graft growth in vivo. Paradoxically, our preliminary studies indi-
cated that TCPTP knockdown in breast cancer cell lines express-
ing both TC48 and TC45 does not significantly enhance
anchorage-independent growth (B. J. Shields and T. Tiganis, un-
published observations). Accordingly, we suggest that cells with
low TC45 levels may be reliant on the growth-promoting effects of
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FIG 9 TCPTP expression in human breast cancer. (A) ER™ ErbB2~, ER™ ErbB2", and ER™ ErbB2~ primary human breast cancers were homogenized, and
clarified extracts were processed for immunoblot analysis with antibodies to TCPTP (CF4) and actin. The TCPTP variants, TC48 and TC45, are indicated, and
the TC48/TC45 ratios are shown. Cells with a low TC45 (TC48/TC45 ratios = 2) or TCPTP (TC48 and TC45) level are indicated by one star or two stars,
respectively. (B) HeLa cells expressing control or TCPTP-specific shtRNAs were injected into the flanks of BALB/c nu/nu mice, and tumors were extracted after
7 weeks and processed for immunoblot analysis or fixed in formalin and processed for immunohistochemistry; TCPTP was detected with the CF4 monoclonal,
HRP-conjugated secondary antibodies and DAB (staining TCPTP-positive cells brown). (C) Formalin-fixed and paraffin-embedded breast cancers were
deparaffinized and rehydrated, and sections were processed for immunohistochemistry, stained for TCPTP (CF4), and counterstained with hematoxylin.
Representative images (X400) from TCPTP-positive and -negative tumors (arrows indicate TCPTP-positive lymphocytes) and surrounding normal tissue
(showing TCPTP expression in a normal terminal duct lobular unit) are shown. Scale bar, 50 pm.

TABLE 1 Analysis of TCPTP loss in human breast cancer subtypes”

No. (%) of tumor
samples with

Tumor sample Total no. of tumor ~ TCPTP loss
category samples (n = 119) (n = 34) Pvalue
ER status
ER positive 74 14 (19) 0.0036
ER negative 45 20 (44)
PR status
PR positive 64 13 (20) 0.0418
PR negative 55 21 (38)
HER? status
HER?2 positive 16 3 (19) 0.5526
HER2 negative 103 31 (30)
Receptor status
Luminal A 79 15 (19) <0.0001
Triple negative 24 16 (67)
HER?2 positive 16 3 (19)

“ Luminal A, ER and PR or ER/PR positive and HER2 negative; triple negative, ER
negative, PR negative, and HER2 negative. Statistical significance was determined using

Fisher’s exact test.
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TCPTP deficiency. It would be of interest to determine if this
“addiction” is linked to STAT3 signaling and whether triple-neg-
ative breast cancers lacking TCPTP are similarly reliant on the
potential growth-promoting effects.

Other PTPs have been previously implicated in the develop-
ment of human breast cancer. For example, ErbB2-overexpressing
murine mammary tumors are reliant on PTP1B for growth (38),
whereas PTP1B overexpression activates c-Src (50, 51) to promote
breast cancer cell tumorigenicity. On the other hand, PTP deletion
or decreased expression, as noted for PTPR] (52) and PTPNI2
(53), can promote tyrosine phosphorylation-dependent signaling
and contribute to breast tumorigenesis. In particular, recent stud-
ies have indicated that PTPN12/PTP-PEST may serve as a tumor
suppressor in triple-negative breast cancers (53). ErbB1 is a direct
substrate of PTP-PEST, and immortalized human mammary ep-
ithelial cells lacking PTP-PEST exhibit enhanced ErbB1 phos-
phorylation and downstream PI3K/Akt and Ras/MAPK signaling
(53). In triple-negative breast cancers, PTPN12 deletion, single
nucleotide polymorphisms (SNPs) associated with a partial loss of
function, or the miR-124-mediated repression of PTPN12 expres-
sion results in undetectable PTP-PEST levels in 60% of triple-
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negative breast cancers (53). Although PTPN2 SNPs have been
linked with autoimmune diseases (54), no associations have been
reported for cancer. Furthermore, beyond T-cell leukemias (31,
32), no evidence has emerged for PTPN2 deletion in solid tumors.
Also, an evaluation of PTPN2 expression in publically available
breast cancer data sets points toward PTPN2 mRNA levels being
normally distributed (T.]. Molloy, S. A. O’Toole, R. L. Sutherland,
and T. Tiganis, unpublished observations), but these analyses do
not exclude the contribution of stroma and, in particular, im-
mune cells, where TCPTP is abundant, to the overall PTPN2
mRNA levels. Additional studies are needed to define the molec-
ular basis for the decreased TCPTP levels in triple-negative breast
cancers and to determine whether alterations are associated with
changes in, for example, DNA methylation, as reported for PT-
PRO and SOCS3 (45, 55), or miR-mediated PTPN2 repression, as
reported for PTPNI12 (53). In any event, it would of interest to
determine if PTP-PEST deficiencies coincide with low TCPTP lev-
els for the concerted promotion of oncogenic ErbB1 or STAT3
signaling and whether defining PTP-PEST and TCPTP status
would stratify triple-negative breast cancer patients and be of
prognostic and diagnostic value.

Our studies have established for the first time TCPTP’s poten-
tial to suppress oncogenic PTK and STAT3 signaling and tumor-
igenicity in human breast cancer. Importantly, we have shown
that the reconstitution of TCPTP suppresses tumor cell prolifera-
tion and xenograft growth. Defining the molecular basis for
TCPTP regulation in normal mammary tissue and breast cancer
may ultimately provide a means for increasing TCPTP levels in
triple-negative breast cancers. Such an approach, in combination
with the use of PTK inhibitors, may provide a therapeutic strategy
for what is otherwise an aggressive and recalcitrant disease.
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