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PTPN12 is a cytoplasmic protein tyrosine phosphatase (PTP) reported to be a tumor suppressor in breast cancer, through its
capacity to dephosphorylate oncogenic receptor protein tyrosine kinases (PTKs), such as ErbB2. However, the precise molecular
and cellular impact of PTPN12 deficiency in breast cancer progression remains to be fully clarified. Here, we addressed this issue
by examining the effect of PTPN12 deficiency on breast cancer progression in vivo, in a mouse model of ErbB2-dependent breast
cancer using a conditional PTPN12-deficient mouse. Our studies showed that lack of PTPN12 in breast epithelial cells acceler-
ated breast cancer development and lung metastases in vivo. PTPN12-deficient breast cancer cells displayed enhanced tyrosine

phosphorylation of the adaptor Cas, the adaptor paxillin, and the kinase Pyk2. They exhibited no detectable increase in ErbB2
tyrosine phosphorylation. PTPN12-deficient cells were more resistant to anoikis and had augmented migratory and invasive
properties. Enhanced migration was corrected by inhibiting Pyk2. PTPN12-deficient breast cancer cells also acquired partial
features of epithelial-to-mesenchymal transition (EMT), a feature of more aggressive forms of breast cancer. Hence, loss of
PTPN12 promoted tumor progression in a mouse model of breast cancer, supporting the notion that PTPN12 is a tumor sup-
pressor in human breast cancer. This function was related to the ability of PTPN12 to suppress cell survival, migration, invasive-
ness, and EMT and to inhibit tyrosine phosphorylation of Cas, Pyk2, and paxillin. These findings enhance our understanding of
the role and mechanism of action of PTPN12 in the control of breast cancer progression.

Protein tyrosine phosphatases (PTPs) play a key role in normal
cellular processes, such as proliferation, migration, adhesion,
differentiation, and immune cell activation (1-3). Depending on
the phosphatase and the cell type, they also have the ability ei-
ther to suppress or to promote malignant transformation (3).
PTPN12, also referred to as PTP-PEST (PTP—proline, glutamic
acid, serine, and threonine rich), is a cytoplasmic PTP expressed in
a wide spectrum of cell types (4). Studies of PTPN12-deficient
mice showed that PTPN12 is a critical positive regulator of migra-
tion and adhesion in embryonic fibroblasts, endothelial cells, T
cells, macrophages, and dendritic cells (5-11). This function re-
lates to the capacity of PTPN12 to dephosphorylate cytoskeleton-
associated substrates such as protein tyrosine kinases (PTKs) Pyk2
and FAK or the adaptors Cas, paxillin, and PSTPIP-1. These sub-
strates are components of the cellular machinery controlling mi-
gration and adhesion. PTPN12 can also regulate other substrates,
including receptor PTKs, such as ErbB2 and the adaptor Shc (12—
14). Proteomic data suggested that the ability of PTPN12 to
regulate Shc might be critical for conversion of Shc-dependent
proliferative signals into migratory signals (15). Several PTPN12
substrates, and in particular, Cas, paxillin, and Shc, also directly
associate with PTPN12.

Various studies have indicated that PTPN12 is a tumor sup-
pressor. Sun et al. provided evidence that PTPNI12 is a tumor
suppressor for human breast cancer (14). In a small hairpin RNA
(shRNA) screen targeting kinases and phosphatases in human
mammary epithelial cells (HMECs), they observed that down-
regulation of PTPN12 expression triggered anchorage-indepen-
dent growth and loss of acinar structure. These effects were ac-
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companied by enhanced tyrosine phosphorylation of a variety of
cellular proteins, including oncogenic receptor PTKs such as
ErbB2, epidermal growth factor receptor (EGFR), and platelet-
derived growth factor receptor (PDGFR), as well as the adaptor
Cas. Those authors also observed that PTPN12-deficient human
breast cancer cells grew more rapidly in transplanted xenogeneic
mouse models. Lastly, they documented frequent loss of PTPN12
in human breast cancer cell lines and samples, as a result of point
mutations, large deletions, altered microRNA expression, or re-
duced protein expression. These changes were more commonly
seen in triple-negative breast cancer (TNBC), an aggressive sub-
type of breast cancer.

In support of the tumor suppressor role of PTPN12, at least
two others groups also documented loss of PTPN12 protein in
human breast cancer using immunohistochemistry or immuno-
blot analyses (16, 17). This alteration was more common in
TNBC. Likewise, decreased expression of PTPN12 was reported in
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other human malignancies, including non-small-cell lung carci-
noma, esophageal squamous cell carcinoma, nasopharyngeal car-
cinoma, and hepatocellular carcinoma (18-21). In all cases, loss of
PTPNI12 correlated with aggressiveness and poor prognosis.

Despite the compelling evidence that PTPN12 acts as a tumor
suppressor in human breast cancer, the precise molecular and
cellular mechanisms of this activity remain to be fully understood.
In particular, the demonstration that PTPN12 has a tumor sup-
pressor function in a nonxenogeneic in vivo cancer model is im-
portant. Moreover, as PTPN12 is typically viewed as a regulator of
cytoskeleton-associated substrates, rather than receptor PTKs, the
nature of the targets on PTPN12 in an in vivo setting needs to be
examined. Whether PTPN12 influences processes such as prolif-
eration, cell survival, migration, and invasion should also be ad-
dressed. Finally, the basis for the more frequent association of loss
of PTPN12 with aggressive tumor types should be clarified.

To understand these issues, the impact of PTPN12 deficiency
was examined in a mouse model of ErbB2-driven breast cancer, a
model of luminal-type breast cancer. This model was chosen be-
cause we wanted to test the possibility that loss of PTPNI12 is
involved in progression of breast cancer from less aggressive (such
as luminal-type cancer) to more aggressive (such as TNBC) sub-
types of breast cancer. This might explain why PTPN12 deficiency
is more frequently seen in the more aggressive TNBC. By crossing
this mouse with a breast epithelial cell-specific PTPN12-deficient
mouse, we found that loss of PTPN12 enhanced breast cancer
development and metastasis in vivo. These changes were associ-
ated with increased tyrosine phosphorylation of Cas, Pyk2, and
paxillin but not ErbB2. PTPN12-deficient breast cancer cells had
augmented migration and invasiveness and decreased susceptibil-
ity to anchorage-independent death (known as anoikis). En-
hanced migration was corrected by inhibition of Pyk2. Compared
to breast cancer cells from PTPN12-expressing mice, PTPN12-
deficient breast cancer cells displayed more extensive features of
epithelial-to-mesenchymal transition (EMT). These findings
yield a better understanding of the mechanisms by which loss of
PTPN12 accelerates breast cancer progression.

MATERIALS AND METHODS

Mice. The conditional allele of Ptpn12 (Ptpn12”%) was previously de-
scribed (7). MMTV-NIC (MMTV-Neu-IRES-Cre, where IRES is internal
ribosome entry site) mice are described elsewhere (22).

Detection of breast tumors and metastases. Female mice were mon-
itored for mammary tumor formation by weekly palpation. Mice were
routinely sacrificed 5 weeks after tumors were initially discovered, at
which time tumor volume, tumor weight, and extent of lung metastases
were determined. Tumor volume and weight were measured as reported
(23). For quantitation of lung metastases, lungs were fixed overnight at
4°C in 4% (vol/vol) paraformaldehyde (EMD Millipore, Etobicoke, Can-
ada). Serial lung sections (100 pm per lung) were then obtained and
analyzed by staining with hematoxylin and eosin (H&E). Metastases (de-
fined as clusters of 10 cells or more) were detected by microscopy. Lesions
present in multiple sections were counted only once.

Tumor-derived cell lines. Tumor-derived breast cancer cell lines were
established from primary tumors by digesting tissues at 37°C for 2to 4 h
with dispase and collagenase D (2.5 mg/ml; Roche, Switzerland). After
overnight culture in medium containing 10% fetal bovine serum, cells
were maintained in serum-free Dulbecco modified Eagle medium supple-
mented with mammary epithelial cell growth supplement (MEGS; Wisent
Bioproducts, St-Bruno, Canada) and insulin-transferrin-selenium (ITS;
Gibco, NY). Medium was replaced every 2 days. To restore expression of
PTPNI12 in PTPN12-deficient cell lines, a mouse Ptpnl2 cDNA was in-
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serted into the retroviral vector pMigR1, which also encodes green fluo-
rescent protein (GFP). Production of retroviruses, retroviral infection,
and selection of infected cells by sorting for GFP-positive cells were per-
formed as detailed elsewhere (24).

Immunoprecipitations and immunoblots. To generate lysates from
tumors, samples of similar volumes were ground in liquid nitrogen using
amortar and pestle. Tissues were then lysed with TNE buffer (50 mM Tris
[pH 8.0], 150 mM NaCl, 1% NP-40, 2 mM EDTA [pH 8.0]) supple-
mented with phosphatase and protease inhibitors, as described previously
(25). Tumor-derived cell lines were lysed by addition of lysis buffer di-
rectly to tissue culture dishes. Immunoprecipitation and immunoblotting
were performed as reported elsewhere (25). Quantifications of protein
bands in autoradiograms were analyzed using Gel-Pro Analyzer software
(Media Cybernetics, Rockville, MD).

The following antibodies were used: anti-PTPN12 (generated in An-
dré Veillette’s lab), anti-Fyn (generated in André Veillette’s lab), anti-
phospho-Cas (Tyr410; no. 4011; Cell Signaling), anti-Cas (no. sc-860;
Santa Cruz), anti-phospho-Pyk2 (Tyr402; no. 3291; Cell Signaling), anti-
Pyk2 (no. 3292, Cell Signaling), antipaxillin (no. 610052; BD Biosciences),
anti-FAK (no. 610088; BD Biosciences), anti-phospho-FAK (Tyr397; no.
3283; Cell Signaling), anti-phospho-Neu (ErbB2) (Tyrl1248; no. sc-
12352-R; Santa Cruz), anti-Neu (ErbB2; no. sc-284; Santa Cruz), anti-Shc
(generated in André Veillette’s lab), antiphosphotyrosine (4G10; no. 05-
321; Millipore), anti-phospho-Src (Tyr416; no. 2101; Cell Signaling), an-
ti-Src MAb 327 (generated in André Veillette’s lab), anti-phospho-Akt
(Thr308; no. 9275; Cell Signaling), anti-Akt, 1:1,000 (no. 9272; Cell
Signaling), anti-phospho-glycogen synthase kinase 3@ (anti-phospho-
GSK3p) (Ser9; no. 9322; Cell Signaling), anti-GSK3 (no. 9315; Cell Sig-
naling), anti-phospho-p70 S6K (Thr389; no. 9234; Cell Signaling), anti-
phospho-p44/42 mitogen-activated protein kinase (MAPK) (Thr202/
Tyr204; no. 9106; Cell Signaling), anti-p44/42 MAPK (no. 9102L; Cell
Signaling), anti-phospho-p38 MAPK (Thr180/Tyr182;no. 9211; Cell Sig-
naling), anti-p38 MAPK (no. 9212; Cell Signaling), anti-cytokeratin 8
(no. 10R-C177ax; Fitzgerald), anti-a-smooth muscle actin (no. A2547;
Sigma-Aldrich), anti-keratin 5 (no. CLPRB-160P; Covance), anti-E-cad-
herin (no. 610181; BD Biosciences), anti-N-cadherin (no. 610920; BD
Biosciences), and anti-cytokeratin 8 (no. 10R-C177ax; Fitzgerald). The
secondary reagents were horseradish peroxidase (HRP)-linked anti-
mouse IgG (no. NA931VGE; Healthcare) and HRP-linked protein A (no.
NA9120V; GE Healthcare).

Immunofluorescence. Tissues were fixed overnight in 4% parafor-
maldehyde, embedded in an optimum cutting temperature (OCT) for-
mulation of water-soluble glycols and resins (VWR, Radnor, PA), and
frozen. Sections (10 wm) were cut and used in the following procedures.
Cells were first cultured on glass coverslips. After reaching 50% conflu-
ence, they were fixed for 15 min at room temperature with 4% parafor-
maldehyde. Frozen tissue sections and cells were permeabilized with 0.5%
Triton X-100, in the presence of 10% goat serum diluted in blocking
buffer (phosphate-buffered saline [PBS], 5% bovine serum albumin
[BSA], 0.02% Tween 20) as the blocking reagent. Samples were then in-
cubated overnight at 4°C with the primary antibodies. The primary anti-
bodies used in this study were anti-Ki67 (no. ab155580; Abcam), anti-
cytokeratin 8 (no. 10R-C177ax; Fitzgerald), anti-a-smooth muscle actin
(no. A2547; Sigma-Aldrich), and anti-keratin 5 (no. CLPRB-160P; Cova-
nce). After incubation for 1 h at room temperature with the secondary
antibodies (coupled to Alexa Fluor 647 or Alexa Fluor 488 [Life Technol-
ogies]), samples were mounted in mounting medium containing DAPI
(4',6'-diamidino-2-phenylindole; no. H-1200; Vector Laboratories, Bur-
lingame, CA) to detect nuclei.

Immunohistochemistry. Sections of formalin-fixed, paraffin-em-
bedded tissues were rehydrated using xylene and graded alcohols, and
antigen retrieval was performed by boiling for 15 min in antigen retrieval
buffer (no. H-3300; Vector Laboratories, Burlingame, CA). Samples were
then incubated with 3% H,O, for 10 min to quench endogenous peroxi-
dase activity, using 10% goat serum in PBSTT (PBS, 0.02% Tween 20,
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0.5% Triton X-100) as the blocking reagent. They were subsequently in-
cubated overnight at 4°C or for 1 h at room temperature with primary
antibodies diluted in PBSTT and 1% goat serum. The primary antibodies
used were anti-CD3 (no. ab16669; Abcam), anti-CD20 (no. PA5-16701;
Thermo Fisher Scientific), anti-F4/80 (no. CL8940AP; Cedarlane), and
anti-cleaved caspase-3 (no. 9664; Cell Signaling). Immunoreactive prod-
ucts were detected using biotinylated anti-rat or anti-rabbit IgG (Vector
Laboratories), followed by streptavidin-HRP (no. 40525; BD Biosci-
ences). Signals were amplified and visualized using the 3,3’-diaminoben-
zidine (DAB) HRP substrate kit (no. SK-4100; Vector Laboratories, Bur-
lingame, CA). Sections were also counterstained with hematoxylin,
dehydrated, and mounted using Permount solution (Fisher Scientific,
Waltham, MA). Negative controls were included for each staining.

Microscopy. For immunofluorescence, samples were analyzed by
confocal microscopy using an LSM 710 confocal microscope system (Carl
Zeiss, Jena, Germany). Image analysis was carried out using Zen software
(Carl Zeiss, Jena, Germany), whereas fluorescence intensity was analyzed
using Image]J software (NIH, Bethesda, MD). For immunohistochemis-
try, samples were analyzed using an Axiovert S100 TV microscope (Carl
Zeiss Microlmaging, Jena, Germany). Images were taken using a digital
camera and analyzed with Northern Eclipse software (Empix Imaging,
USA). Phase-contrast microscopy was performed using an Axiophot
MZ12 microscope (Carl Zeiss Microlmaging, Jena, Germany). Images
were taken using a digital camera.

Cell proliferation assays. Cells (2,000 cells in 100 .l of culture me-
dium) were seeded in triplicate in 96-well plates. After various times, 10 .l
of the cell proliferation reagent WST1 (Roche, Indianapolis, IN) was
added to the culture medium. After 4 h of incubation at 37°C, absorbance
was measured at 450 nm using a microplate reader (PowerWave X; Bio-
Tek Instruments Inc., Winooski, VT).

Anoikis assays. Cells (50,000 cells per well) were seeded in 24-well
ultralow-attachment polystyrene culture dishes (Corning, New York,
NY). After 3 days, cells were harvested and resuspended in 75 pl of an-
nexin V buffer containing 1 pl of annexin V (eBioscience, San Diego, CA)
and 2.5 pl of propidium iodide (PI; eBioscience, San Diego, CA). After
staining in the dark for 15 min, cell suspensions were strained through a
70-pm cell strainer (VWR, Radnor, PA) and subjected to flow cytometry
analysis (CyAn ADP; Beckman Coulter, USA). Apoptotic cells were de-
fined as annexin V- and PI-positive cells.

Migration and invasiveness assays. Migration and invasiveness as-
says were performed using a 24-well Transwell insert (Corning, NY) with
a pore size of 8 wm. For migration assays, uncoated inserts were used. For
invasiveness assays, inserts were precoated with 100 .l of Matrigel (1:30
dilution; BD Bioscience, San Jose, CA). Cells (10° in 100 .l of serum-free
medium) were seeded in the upper chamber of the Transwell apparatus,
while medium (800 wl) containing 20% fetal bovine serum (FBS) was
placed in the lower chamber as chemoattractant. After 24 h, cells on the
upper surface of the insert were manually removed with a cotton swab.
Cells on the lower surface of the insert membrane were fixed with 4%
paraformaldehyde and stained with 0.01% crystal violet in 20% ethanol.
Quantification was done by counting the number of cells on the underside
of the membrane using a microscope.

Pyk2 inhibition. Tumor-derived cell lines were treated for 3 days with
various concentrations of PF431396, a Pyk2 inhibitor (26) (Sigma-Al-
drich, Oakville, Canada). Then, cells were processed for immunoprecipi-
tation, immunoblotting, proliferation assays, or Transwell migration as-
says. Cell viability was confirmed by staining with 7-aminoactinomycin D
(7-AAD; eBioscience, San Diego, CA) followed by flow cytometry
analysis.

Real-time PCR analyses. Total RNA was extracted from tumor tissues
of similar weights or cell lines using an RNeasy kit (Qiagen, Toronto,
Canada), according to the manufacturer’s instructions. Equal amounts of
total RNA (1 jg) were reverse transcribed with random hexamers (Super-
Script Vilo ¢cDNA synthesis kit; Invitrogen, New York, NY). Then, real-
time PCR analyses were performed using 50 ng of cDNA, the primers
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specified below, and SYBR green PCR master mix (Applied Biosystems,
New York, NY). Reactions were conducted in triplicate using a ViiA 7
real-time PCR system (Applied Biosystems). An annealing temperature of
60°C was used for all reactions. Analysis was performed using ViiA 7 RUO
software (Applied Biosystems). Expression levels were normalized using
the housekeeping gene Gapdh. The 2~ 22T method was used to quantify
relative changes (n-fold). The following oligonucleotides were used for
real-time PCR: for Ptpni2, 5' ACAGAGCTGCTGAGTCGTCAGAG 3’
and 5" ACAGGTGTGGCATTTTCAGGTCC 3'; for Mmp2, 5" CGCTCA
GATCCGTGGTGA 3’ and 5° CGCCAAATAAACCGGTCCTT 3'; for
Snaill, 5" TCTGAAGATGCACATCCGAAGCCA 3" and 5" AGGAGAAT
GGCTTCTCACCAGTGT 3'; for Snail2, 5' AGATGCACATTCGAAC
CCAC 3’ and 5" GTCTGCAGATGAGCCCTCAG 3'; for E-cadherin, 5’
GACAACGCTCCTGTCTTCAAC 3’ and 5" TCTGTGACAACAACGAA
CTGC 3'; for N-cadherin, 5’ ATTGTCTGATCCTGCCAACTG 3’ and 5’
CAGTGTTCCTGTCCCAC-TCAT 3'; for Vimentin, 5" GTTTCCAAGCC
TGACCTCACTG 3’ and 5" CTCTTCCATCTCACGCATCTGG 3'; for
Zebl, 5" GGAAACCGCAAGTTCAAGTG 3" and 5" CACCACACCCTGA
GGAGAAC 3'; for Zeb2, 5" AGCTCGAGAGGCATATGGTG 3’ and 5’
TGTTTCTCATTCGGCCATTT 3'; for Cend2, 5" GGTGCAGTGTGCAT
GTTCCT 3’ and 5 GCCAGGTTCCACTTCAGCTT 3'; for TGFB1il, 5'
GCCTCTGTGGCTCCTGCAATAAAC 3" and 5" CTTCTCGAAGAAGC
TGCTGCCTC 3'; for Ki67, 5' TCAATGTGCCTCGCAGTAAG 3’ and 5’
GCATCTTTGGGGTTTTCTCA 3'; for SMA, 5" ATCGTCCACCGCAA
ATGC 3" and 5" AAGGAACTGGAGGCGCTG 3'; for Krt5, 5" AAGCTG
CTGGAGGGCGAGGAATG 3’ and 5" CGGGAGGAGGAGGTGGTGG
AGAC 3'; for Krt8, 5" GGACATCGAGATCACCACCT 3’ and 5" TGAA
GCCAGGGCTAGTGAGT 3’5 and for GAPDH, 5" TGCAGTGGCAAAG
TGGAGAT 3’ and 5" TTTGCCGTGAGTGGAGTCATA 3'.

Statistics. A two-tailed Student’s  test was used to determine statisti-
cal significance. P values were calculated using Prism software (GraphPad,
LaJolla, CA). A Pvalue of less than 0.05 was considered significant. Values
presented here are means with standard errors of the means (SEM). Tu-
mor-free survival was determined and compared by the log rank test.

Study approval. Mice were housed in individually ventilated cages in
a specific-pathogen-free (SPF) facility. All animal experimentation was
approved by the Institut de Recherches Cliniques de Montréal Animal
Care Committee and performed in accordance with the regulations of the
Canadian Council for Animal Care.

RESULTS
PTPN12 deficiency accelerates tumor development in an
ErbB2-dependent mouse model of breast cancer. To help our
comprehension of the role of PTPN12 in breast cancer, we took
advantage of a well-studied mouse model of ErbB2-dependent
breast cancer, termed MMTV-NIC (22, 27). In this model, devel-
oped in the mouse strain FVB, a constitutively activated form of
ErbB2 is expressed under the control of the mouse mammary
tumor virus (MMTV) promoter. This promoter enables expres-
sion of activated ErbB2 in mammary epithelial cells, thereby caus-
ing breast tumors that are in many ways akin to luminal-type
breast cancer in humans (27). The MMTYV promoter is also part of
a bicistronic construct allowing coexpression of Cre recombinase,
which deletes floxed alleles, in cells expressing the activated ErbB2.
The MMTV-NIC mouse was bred with a mouse carrying a
floxed allele of Ptpn12 (Ptpn12"%) (7), which had been previously
backcrossed for at least 20 generations to FVB. Female mice were
then monitored for breast tumor development by regular
palpation of mammary glands. Both homozygous MMTV-NIC
Ptpn12"™ and heterozygous MMTV-NIC Ptpn12"* mice were
analyzed. MMTV-NIC Ptpn12*/" mice served as controls. All an-
imals developed clinically appreciable multifocal breast cancer
over time (Fig. 1A and B). All control MMTV-NIC PtpanHJr
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FIG 1 Impact of PTPN12 deficiency on mammary tumor development. (A) Tumor-free incidence was analyzed over time in the indicated groups of mice. The
number of mice in each group (n) is indicated. T, represents the age at which 50% of mice had palpable mammary tumors. **, P = 0.0069; ****, P < 0.0001. (B)
Time of onset of tumors in individual mice. Each symbol represents a mouse. WT, wild-type mice (MMTV-NIC Ptpn12*/*); PTPN12 KO, PTPN12-deficient
mice (MMTV-NIC Ptpn12"%), #+* P < 0.0001. (C) Examples of tumors (top) and quantification of tumor volumes (bottom) in individual mice. Each symbol
represents a mouse. ¥, P = 0.0184. (D) Representative images of lung sections stained with hematoxylin and eosin (H&E) (top). Arrows depict tumor cell clusters.
Bar, 0.5 mm. The graph shows total numbers of lung metastases per mouse (bottom). Symbols represent individual mice. ¥, P = 0.0436. (E) Expression of
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lysates
IB: a-PTPN12

lysates
IB: a-Fyn

mice developed breast cancer by the age of 20 weeks, with an average
time to tumor detection of 17 weeks. In comparison, homozygous
MMTV-NIC Ptpn12"" mice developed breast cancer significantly
faster. All mice displayed breast tumors by the age of 17 weeks, and
average time to tumor appearance was 13 weeks. As tumors develop
rapidly in this mouse model, this ~4-week difference is remarkable.
Tumors from PTPN12-deficient mice were also larger and more nu-
merous (Fig. 1C). Heterozygous MMTV-NIC Ptpn12”* mice had an
intermediate phenotype (Fig. 1A and B).

To examine if PTPN12 deficiency also influenced metastases,
serial sections were performed on lungs of tumor-bearing mice
and stained with hematoxylin and eosin (H&E), 5 weeks after
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detection of primary tumors, that is, at a younger age for PTPN12-
deficient animals (Fig. 1D). In comparison to control mice, mice
lacking PTPN12 displayed an ~2.0-fold increase in the number of
lung metastases. In keeping with the specificity of the MMTV
promoter, MMTV-NIC Ptpn12"" mice exhibited loss of PTPN12
expression in breast tumor tissue but not in other tissues, such as
spleen and liver (Fig. 1E; also data not shown).

Thus, loss of PTPN12 in breast epithelial cells resulted in ac-
celerated primary tumor development and more frequent metas-
tases in an ErbB2-dependent model of breast cancer.

Primary breast tumors and tumor-derived cell lines lacking
PTPN12 exhibit minimally altered histology. Microscopic anal-
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FIG 2 Morphological analyses of PTPN12-deficient tumors and cell lines. (A and B) Primary tumors were stained with H&E and analyzed by microscopy at the
indicated magnifications. Representative images are shown. Bars, 0.5 mm (A, top), 0.3 mm (A, bottom), 125 pm (B, top), and 60 pm (B, bottom). WT, wild-type
mice (MMTV-NIC Ptpn12*/*); PTPN12 KO, PTPN12-deficient mice (MMTV-NIC Ptpn12ﬂ/ 1. (C) Immunohistochemistry was performed to identify infil-
tration of primary tumors with T cells (anti-CD3), B cells (anti-CD20), and macrophages (F4/80). Representative images are shown. Bars, 60 wm (CD3 and
CD20) and 25 wm (F4/80). The graph shows data from multiple mice (the number of mice [n] is given). Positive cells were counted using Image]J. The percentages
of positive cells from 16 different fields of 4 tumors per genotype were quantified. Average values with standard deviations are shown. P values were 0.8832 (CD3),
0.408 (CD20), and 0.9866 (F4/80). (D) Morphological appearance of tumor-derived cell lines from the indicated mice was analyzed by microscopy. Represen-
tative cell lines are shown. Bars, 60 wm. (E) Expression of PTPN12 in representative tumor-derived cell lines was determined by immunoblotting. Data are
representative of three independent experiments with eight cell lines of each genotype.

yses of H&E-stained sections of primary breast tumors showed no
remarkable difference between control and PTPN12-deficient
mice (Fig. 2A and B). Tumors from either mice exhibited a nod-
ular appearance with large sheets of monomorphous cells and
areas of necrosis. There was also no significant difference in the
number or the type of immune cells infiltrating the tumors,
including T lymphocytes, B lymphocytes, and macrophages
(Fig. 2C).

Breast tumor tissue contains not only transformed epithelial
cells but also stromal cells and immune cells. Therefore, to help
clarify the impact of PTPN12 deficiency, primary epithelial cell
lines were derived from breast tumors that did or did not express
PTPN12. To ensure reproducibility of our findings, multiple cell
lines were generated from multiple mice. Both in control and in
PTPN12-deficient mice, cell lines had an epithelium-like mor-
phology (Fig. 2D). No significant difference in morphology was
noted. Immunoblot analyses confirmed that cells from control
mice expressed PTPN12, whereas those from Ptpn12"" mice did
not (Fig. 2E). Both still expressed ErbB2. They also had equal levels
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of Fyn, the expression of which is not affected by PTPN12 defi-
ciency and which was used as loading control.

Hence, lack of PTPN12 did not provoke any obvious alteration
in the histological appearance of primary tumors or tumor-de-
rived cell lines.

Breast cancer cells lacking PTPN12 display enhanced ty-
rosine phosphorylation of Cas, Pyk2, and paxillin but not
ErbB2, FAK, and Shc. To identify the targets of PTPN12 in breast
cancer, the tyrosine phosphorylation substrates hyperphosphory-
lated in cell lines lacking PTPN12 were detected by immunoblot-
ting of total cell lysates with antiphosphotyrosine antibodies (Fig.
3A). In contrast to cells expressing PTPN12, cells devoid of
PTPN12 displayed prominently augmented tyrosine phosphory-
lation of one or more proteins migrating at ~120 to 130 kDa.
Other substrates, including polypeptides of 90, 70, and 55 kDa,
were less reproducibly affected. This difference was seen in mul-
tiple independent cell lines.

Known phosphotyrosine-containing targets of PTPN12 or
ErbB2 were immunoprecipitated with specific antibodies and
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FIG 3 Biochemical impact of PTPN12 deficiency in tumor-derived cell lines. The impact of PTPN12 on protein tyrosine phosphorylation and downstream
kinase activation was examined using tumor-derived cell lines. Representative data are depicted. WT, wild-type mice (MMTV-NIC Ptpni2*/*); PTPN12 KO,
PTPN12-deficient mice (MMTV-NIC Ptpn12%%). (A) Overall protein tyrosine phosphorylation was determined by immunoblotting of total cell lysates with
antiphosphotyrosine (P.tyr) antibodies. The positions of the dominant polypeptides displaying enhanced tyrosine phosphorylation are shown on the left, while
those of prestained molecular mass markers are on the right. Lysates from six cell lines of each genotype were analyzed. (B) Tyrosine phosphorylation of the
indicated substrates was ascertained by immunoprecipitation with substrate-specific antibodies, followed by antiphosphotyrosine immunoblotting. Reprobing
of the immunoblot membranes confirmed equal expression levels of the indicated proteins. Quantitation of relative protein tyrosine phosphorylation is shown
at the bottom. (C) As for panel B, except that tyrosine phosphorylation of the indicated substrates was assessed by immunoblotting of total cell lysates with
phospho-specific antibodies. (D) As for panel B, except that activation of the indicated downstream kinases was assessed by immunoblotting of total cell lysates

with phospho-specific antibodies. Data are representative of at least three independent experiments with five cell lines of each genotype.

probed by antiphosphotyrosine immunoblotting (Fig. 3B). Ty-
rosine phosphorylation of the adaptor Cas, the PTK Pyk2, and the
adaptor paxillin was augmented in cells lacking PTPN12, in
comparison to control cells. In contrast, there was no differ-
ence in the phosphotyrosine content of ErbB2, FAK, and Shc.
These results were confirmed by immunoblotting of total cell lysates
with phosphospecific antibodies available against some of these tar-
gets (Fig. 3C). There was no augmentation of the extent of tyrosine
phosphorylation of Src, a known effector of transformation in the
ErbB2-driven mouse breast cancer model (28). Immunoblotting
with phospho-specific antibodies showed small increases in the activ-
ity of GSK3 and p70S6 kinase but not of Erk, Akt, and p38 (Fig. 3D).

To ensure that these changes were due to PTPN12 deficiency
rather than clonal variation, PTPN12 was reintroduced in
PTPN12-deficient cells, by infection with a green fluorescent pro-
tein (GFP)-based retroviral vector and subsequent cell sorting
(Fig. 4). Cells expressing GFP alone were produced as controls.
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Moreover, cells from mice expressing PTPN12 were infected in
parallel. After cell sorting, ~40% and ~80% of cells infected with
PTPN12-encoding-retroviruses and with GFP-encoding retrovi-
ruses were GFP positive, respectively (Fig. 4A). These findings
suggested that retroviral transduction was not very efficient or
stable, especially if the retroviruses encoded PTPN12. Nonethe-
less, introduction of PTPN12 in PTPN12-deficient cells resulted
in appreciable suppression of overall protein tyrosine phosphor-
ylation, as well as of tyrosine phosphorylation of Cas and Pyk2
(Fig. 4B). A small decrease in tyrosine phosphorylation was also
seen in cells from PTPN12-expressing mice.

We also examined protein tyrosine phosphorylation in primary
breast tumors (Fig. 5). Compared to tumors from control mice, tu-
mors from mice lacking PTPN12 demonstrated augmented tyrosine
phosphorylation of polypeptides migrating at 130 kDa (Fig. 5A). Im-
munoblotting with phospho-specific antibodies revealed hyperphos-
phorylation of Cas and Pyk2 but not ErbB2 (Fig. 5). This is shown for
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a green fluorescent protein (GFP)-encoding retroviral vector and sorting for GFP-positive cells. Cells expressing GFP alone (—) were generated as controls. (A) After
sorting, infected cells were detected by flow cytometry. The percent GFP-positive cells is shown in the right bottom corner. SSC, side scatter. (B) Overall protein tyrosine

phosphorylation (left) and tyrosine phosphorylation of Cas and Pyk2 (right) were determined as outlined for Fig. 3A and C, respectively. Quantitation of relative
phosphorylation is shown at the bottom. Data are representative of three independent experiments using three different tumor-derived cell lines.

6 different tumors of each genotype. There was no increase in tyrosine Therefore, lack of PTPN12 in ErbB2-driven breast cancer
phosphorylation of Shc. Of note, protein tyrosine phosphorylation  cells resulted in hyperphosphorylation of Cas, Pyk2, and pax-
was quite variable between tumors of the same genotype, presumably  illin but not FAK, ErbB2, Shc, or Src. It also induced modestly

reflecting tumor heterogeneity. elevated activity of GSK3[ and p70S6 kinase. These changes
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FIG 5 Biochemical impact of PTPN12 deficiency in primary breast tumors. (A) The impact of PTPN12 on protein tyrosine phosphorylation was examined using
three independent primary tumors of each genotype. The position of the dominant polypeptide displaying enhanced tyrosine phosphorylation is shown on the
left, while those of prestained molecular mass markers are on the right. ErbB2 phosphorylation was assessed by immunoblotting using phospho-specific
antibody. WT, wild-type mice (MMTV-NIC Ptpn12*/"); PTPN12 KO, PTPN12-deficient mice (MMTV-NIC Ptpn12"%). (B and C) Tyrosine phosphorylation
of the indicated substrates was assessed by immunoblotting of total cell lysates with phospho-specific antibodies (Cas and Pyk2), or immunoprecipitation with
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FIG 6 Impact of PTPN12 deficiency on breast cancer cell proliferation and survival. (A) Expression of Ki67 in primary tumors (top) or tumor-derived cell lines
(bottom) was analyzed by immunofluorescence. Staining of representative samples with DAPI, which marks nuclei, and a merged image are shown. Bars, 25 pm.
The graphs show mean fluorescence intensity in 10 different fields from 3 tumor samples per genotype, with standard deviations. ns, not significant (for tumor
tissues, P = 0.4986; for cell lines, P = 0.7062). WT, wild-type mice (MMTV-NIC Ptpn12"/*); PTPN12 KO, PTPN12-deficient mice (MMTV-NIC Ptpn121%),
(B) Quantitative real-time PCR analysis of Ki67 expression in tumor-derived cell lines or primary tumor tissues. RNA samples from four epithelial cell lines or
tumor tissues of each genotype were analyzed for quantitative PCR. Ratios of relative expression in KO compared to WT are depicted. Average values with
standard deviations are shown. (C) Proliferation of multiple tumor-derived cell lines over 6 days was analyzed using the cell proliferation dye WST1. Absorbance
at 450 nm was measured. Average values from triplicates with standard deviations are shown. (D) Activated (cleaved) caspase 3 was measured in primary tumors
using immunohistochemistry. Representative samples are shown on the left. Bars, 60 pm. Percentages of cells positive for activated caspase 3 in 25 fields of six
tumor samples per genotype are depicted on the right. Average values with standard deviations are shown. **, P = 0.0032. (E) Susceptibility of tumor-derived cell
lines to anoikis was determined by staining with annexin V and propidium iodide (PI) and flow cytometry. Representative samples are shown on the left. Annexin
V- and PI-positive cells (circled, with percentages) correspond to apoptotic cells. The bar graph shows data for four independent cell lines of each genotype.
Values are averages from 3 independent experiments, with standard deviations. *, P = 0.0161.

were seen both in tumor-derived cell lines and in primary tu-
mors.

To test the possibility that loss of PTPN12 promoted cell sur-
vival, tumor tissues were stained with antibodies recognizing ac-

PTPN12-deficient breast cancer cells display unaltered pro-
liferation but enhanced survival. To understand how loss of
PTPNI12 resulted in earlier development of breast cancer, the impact
on cell proliferation and survival was examined, using both primary
tumor tissues and cell lines (Fig. 6). Control and PTPN12-deficient
tumors or cell lines showed no difference in expression of Ki67, a
proliferation marker (Fig. 6A). Similar results were obtained by real-
time PCR of RNA (Fig. 6B). Likewise, there was no consistent differ-
ence in cell proliferation between the two types of tumor-derived cell
lines in vitro, although there was generally a marked variation in pro-
liferation rates (Fig. 6C).
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tivated (or cleaved) caspase 3, a marker of apoptosis (Fig. 6D).
Tumors derived from PTPN12-deficient mice displayed a marked
diminution in the proportion of activated caspase 3-positive cells,
in comparison to tumors from control mice. We also tested the
susceptibility of tumor cell lines to anoikis, a form of apoptosis
triggered by detachment of anchorage-dependent cells from the
extracellular matrix (29) (Fig. 6E). To this end, cell lines were
trypsinized, and plated in ultralow-attachment culture dishes
containing serum-free medium. Apoptotic cells were detected by
staining with annexin V and propidium iodide (PI). Compared to
control cells, cells from PTPN12-deficient mice showed a reduc-
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FIG 7 Migration and invasiveness of PTPN12-deficient breast cancer cells.
(A) Migration of tumor-derived cell lines was determined using a Transwell
migration assay. Cells were placed in the upper chamber, while serum was
added to the lower chamber as chemoattractant. After 24 h, migration was
quantitated by staining cells on the lower surface of the insert membrane.
Representative images are shown. Bars, 0.5 mm (top) and 100 wm (bottom).
The graph shows data from multiple independent cell lines. Values are aver-
ages with standard deviations. *, P = 0.0368. WT, wild-type mice (MMTV-
NIC Ptpni2*™"); PTPN12 KO, PTPNI12-deficient mice (MMTV-NIC
Ptpn12"M), (B) Invasiveness was measured as for panel A, except that the insert
membrane was precoated with Matrigel. **, P = 0.0091. All panels are repre-
sentative of at least three independent experiments.

tion of annexin V- and PI-positive cells, implying that they under-
went reduced anoikis.

Thus, lack of PTPN12 in breast cancer cells had no appreciable
impact on cell proliferation but prevented activation of caspase 3
in vivo and anoikis in vitro.

PTPN12-deficient breast cancer cells have enhanced migra-
tion and invasiveness. The increased frequency of lung metasta-
ses in PTPN12-deficient animals raised the possibility that migra-
tion, invasiveness, or both were enhanced by loss of PTPN12.
However, previous studies in various nontransformed cell types
demonstrated that PTPN12 was a positive regulator, rather than
an inhibitor, of cell migration. But it was plausible that the situa-
tion was different for transformed cells. To address this possibility,
Transwell migration assays were performed (Fig. 7). In the first
assay aimed at analyzing migration, tumor cells were loaded in the
upper chamber of a Transwell apparatus, and serum was placed in
the lower chamber as a chemoattractant (Fig. 7A). Migration of
cells through the porous membrane of the apparatus was then
quantitated. In comparison with control cell lines, tumor cells
devoid of PTPN12 had markedly increased migration across the
membrane.

To ascertain the impact of PTPN12 deficiency on the invasive
potential of breast cancer cells, similar experiments were per-
formed using a Transwell apparatus in which the porous mem-
brane was precoated with Matrigel, which contains a mixture of
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laminin, collagen, and heparan sulfate proteoglycans (Fig. 7B).
Invasion of tumor cells from the upper chamber into the mem-
brane was then evaluated. These analyses indicated that the ability
of breast cancer cells to invade the Matrigel-coated filter was aug-
mented by PTPN12 deficiency.

Together, these findings indicated that loss of PTPN12 in
breast cancer cells increased cell migration and invasiveness. This
is in striking contrast to normal cells, in which loss of PTPN12
typically results in reduced migration (5-11).

Evidence for a critical role of Pyk2 in enhanced migration of
PTPN12-deficient breast cancer cells. Pyk2 is a cytoplasmic PTK
promoting cell migration, at least in part by phosphorylating pax-
illin (30). Given that loss of PTPN12 resulted in augmented ty-
rosine phosphorylation of Pyk2 and paxillin, we examined if Pyk2
was implicated in the altered migration properties of PTPN12-
deficient cells (Fig. 8). For this purpose, cell lines from PTPN12-
deficient mice were briefly treated with a pharmacological inhib-
itor of Pyk2, PF431396 (26). This inhibitor is known to inactivate
Pyk2 and FAK but not Src family kinases. PF431396 caused a
dose-dependent inhibition of the extent of tyrosine phosphoryla-
tion of Pyk2 and its substrate, paxillin (Fig. 8A). No effect on Src
was seen. Importantly, it also triggered a dose-dependent reduc-
tion of cell migration in the Transwell migration assay (Fig. 8B).
No effect on cell viability was seen (Fig. 8C). However, the inhib-
itor also caused an inhibition of cell proliferation (Fig. 8D).

These data implied that Pyk2 and, possibly, paxillin played a
pivotal role in the augmented migratory properties of PTPN12-
deficient breast cancer cells.

Loss of PTPN12 increases expression of markers of basal-
type breast cancer and epithelial-to-mesenchymal transition.
The MMTV-NIC mouse model has many properties of luminal-
type breast cancer, a less aggressive form of breast cancer in hu-
mans (27, 31, 32). It has only limited features of the more aggres-
sive basal-type breast cancer. To analyze if loss of PTPN12 had an
impact on one or the other subtype of breast cancer, expression of
various markers linked to these subtypes was analyzed (Fig. 9).
First, immunoblot analyses were performed using lysates from
multiple tumor-derived cell lines of control or PTPN12-deficient
mice (Fig. 9A; also data not shown). Compared to cells from con-
trol mice, cells from mice lacking PTPN12 often exhibited in-
creased expression of smooth muscle actin (SMA) and keratin 5,
two markers of basal-type cancer (25, 26). In contrast, they fre-
quently had decreased expression of keratin 8, a marker of lumi-
nal-type cancer. As noted earlier for protein tyrosine phosphory-
lation, there was marked variation between cell lines of the same
genotype, whether from control mice or from PTPN12-deficient
mice. This likely reflected tumor heterogeneity. Moreover, the
differences were not absolute, i.e., control and PTPN12-deficient
cells often expressed markers of both subtypes, albeit in different
relative amounts. Similar analyses were also performed on pri-
mary tumors, using immunoblot analyses (Fig. 9B), real-time
PCR (Fig. 9C), or immunofluorescence (Fig. 9D). In all assays,
expression of SMA and keratin 5 was enhanced in PTPN12-defi-
cient tumors. Moreover, expression of keratin 8 was diminished,
although this effect did not reach statistical significance in the
real-time PCR assay.

Aggressive breast cancer is also typically associated with fea-
tures of EMT, a process in which epithelial cells reduce their po-
larity and ability to adhere, thereby becoming more migratory and
invasive (33, 34). This transformation contributes to the more
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FIG 8 Impact of Pyk2 inhibition on PTPN12-deficient tumor cells. PTPN12-deficient tumor-derived cells were treated for 3 days with the indicated concen-
trations of PF431396, a Pyk2 inhibitor, or left untreated. (A) Tyrosine phosphorylation of the indicated substrates was ascertained by immunoprecipitation with
substrate-specific antibodies, followed by antiphosphotyrosine (P.tyr) immunoblotting. c-Src phosphorylation at the activating tyrosine, tyrosine 416, was
determined by immunoblotting with a phospho-specific antibody. Reprobing of the immunoblot membranes confirmed equal expression levels of the indicated
proteins. Quantitation of relative protein tyrosine phosphorylation is shown at the bottom. (B) Migration was assessed as described for Fig. 7A. Representative
images are shown. The graph shows ratios of migration in treated cells to that in untreated cells in multiple independent experiments. Values are averages with
standard deviations. Data are representative of four independent experiments with four cell lines. *, P = 0.0139 (1 wM versus 0 uM) and 0.0167 (3 M versus
0 pM). (C) Survival of cells treated with the indicated concentrations of Pyk2 inhibitor was measured by staining with 7-AAD and detection of stained cells by
flow cytometry. Representative images are shown. The percent viable cells is shown at the top left of each scatter plot. SSC, side scatter. The bar graph shows
average survival with standard deviations for three cell lines in three independent experiments. ns, not significant. (D) Proliferation of cells treated with the
indicated concentrations of Pyk2 inhibitor was analyzed as detailed for Fig. 6C. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

invasive and aggressive behavior of basal-type breast cancer, in Thus, lack of PTPN12 in ErbB2-induced breast cancer pro-
comparison to luminal-type breast cancer. To ascertain if loss of moted partial acquisition of markers of basal-type breast cancer
PTPN12 promoted EMT, expression of EMT markers was exam-  and EMT. This was accompanied by a partial loss of markers of
ined using real-time PCR (Fig. 10A). Compared to control cell luminal-type breast cancer.

lines, cell lines from PTPNI12-deficient tumors had statistically
signiﬁcan’t incr§ases in levels of R'NAS encoding several EMT DISCUSSION
markers, including the EMT transcription factors Zeb1 and Zeb2, . .
N-cadherin (Cdh2), cyclin D2 (Ccdn2), and matrix metallopro- Thﬁ res.ults presented he.relp Showed thatloss (.)f PTPNI12 in breast
tease 2 (MMP-2) (Mmp2) (34). Paradoxically, there was little or epithelial cells' resulted in significant acceleration of breast cancer
no alteration of E-cadherin (Cdhl), an epithelial marker. The development in a mouse model Qf ErbB?-dependent breast can-
change in expression of N-cadherin but not E-cadherin was con- ~ ¢et» MMTV-NIC. P TPN12-deficient animals developed detect-
firmed by immunoblotting of total cell lysates with the relevant able breast tumors ~4 weeks earlier than PTPN12-expressing
antibodies (Fig. 10B). Similar analyses were performed on pri- ~mice. Their tumors were also larger and more numerous. They
mary breast tumors (Fig. 10C and D). Tumors from PTPN12- were associated with a greater frequency of lung metastases.
deficient mice also showed increased RNA expression for several =~ Heterozygous PTPN12-deficient mice had a phenotype interme-
EMT markers, in comparison to tumors from control mice (Fig. ~diate between those of PTPNI12-expressing and homozygous
10C). They also had increased expression of N-cadherin at the PTPNI12-deficient mice, implying that the tumor-suppressing ef-
protein level (Fig. 10D). fect of PTPN12 was dose dependent. Thus, as suggested for hu-
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FIG 9 Altered expression of basal-type and luminal-type markers in PTPN12-deficient breast tumors and cell lines. (A and B) Lysates from tumor-derived cell
lines (A) or primary breast tumors (B) were analyzed by immunoblotting with the indicated antibodies. (A) Data from representative cell lines; (B) data from
three independent primary tumors. Krt8, keratin 8; SMA, smooth muscle actin; Krt5, keratin 5; WT, wild-type mice (MMTV-NIC Ptpn12*/*); PTPN12 KO,
PTPN12-deficient mice (MMTV-NIC Ptpn12ﬂ/ Y. Quantitation of relative protein expression is shown at the bottom. (C) RNA samples from 4 tumor tissues of
each genotype were analyzed for real-time PCR. Ratios of relative expression in KO compared to WT are depicted. Average values with standard deviations are
shown. **, P < 0.01; %, P < 0.05. (D) Expression of the indicated markers in primary tumors was analyzed by immunofluorescence. Staining with DAPI, which
marks nuclei, and a merged image of representative samples are shown. Bars, 25 um. The graphs show mean fluorescence intensities in 10 different fields,
determined by average optical density (AOD). Values are averages for 3 tumor samples per genotype, with standard deviations. *, P = 0.0125 (Krt8), 0.0106
(SMA), and 0.0299 (Krt5). All panels are representative of at least 3 experiments.

man breast cancer (14, 16, 17), PTPN12 is a suppressor of breast
cancer development and progression in the MMTV-NIC model.

Histological analyses of primary breast tumors showed that
PTPN12 deficiency had no appreciable impact on the morpholog-
ical appearance of tumors. It also had no effect on the infiltration
of tumors by T cells, B cells, and macrophages, which are known to
influence tumor progression. Likewise, cell lines established from
primary tumors of PTPN12-deficient mice displayed an unaltered
epithelial morphology compared to cell lines from PTPN12-ex-
pressing animals. Despite similar morphological appearances,
however, PTPN12-deficient tumors and cell lines displayed in-
creased expression of markers associated with the more aggressive
basal-type breast cancer, i.e., SMA and keratin 5, and had de-
creased expression of the marker of the less aggressive luminal-
type breast cancer, keratin 8. They also exhibited increased levels
of several markers associated with EMT, such as Zebl, Zeb2, N-
cadherin, MMP-2, and cyclin D2. Aggressive tumors are known
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often to display features of EMT. Therefore, while not affecting the
morphological appearance of tumors, loss of PTPN12 in ErbB2-
dependent breast tumors elicited the appearance of features of
more aggressive breast cancer.

Since primary tumors and lung metastases developed faster in
mice lacking PTPN12, we tested whether this was due to enhanced
cell proliferation, survival or both. While no effect on prolifera-
tion was observed, PTPN12-deficient primary tumors displayed a
reduced frequency of cells having activated caspase 3, a marker of
apoptosis. Similarly, cell lines devoid of PTPN12 had decreased
susceptibility to anoikis, a form of anchorage-independent cell
death. The latter finding is consistent with the observation that
PTPN12 displayed enhanced features of EMT, which helps pre-
serve survival of cells once they detach from their substratum.
Thus, it is likely that loss of PTPN12 accelerated breast cancer
development at least in part by preventing apoptosis and enhanc-
ing cell survival.
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FIG 10 Expression of EMT markers in PTPN12-deficient tumors. (A) Expression of RNAs encoding the indicated epithelial-to-mesenchymal transition (EMT)
markers was determined by real-time PCR. RNA samples from four different cell lines of each genotype were analyzed. Values were normalized using the
housekeeping gene Gapdh. Average fold changes with standard deviations in PTPN12-deficient cells (knockout [KO]) compared to control cells (wild type [WT])
are depicted. **, P < 0.01; *, P < 0.05; ns, not significant. (B) Expression of EMT markers in tumor-derived cell lines was determined by immunoblot analyses.
Representative cell lines are shown. Relative expression levels are shown at the bottom. (C) As for panel A, except that RNAs from primary tumors were analyzed.
RNA samples from four tumors of each genotype were analyzed. (D) As for panel B, except that multiple independent primary tumors were analyzed. All panels

are representative of at least three independent experiments.

The increased frequency of lung metastases in PTPN12-defi-
cient animals also raised the possibility that loss of PTPN12
facilitated cell migration, invasiveness, or both. Compared to
PTPN12-expressing breast cancer cells, cells lacking PTPN12 ef-
fectively demonstrated markedly increased migration and inva-
siveness. Whereas it is likely that the increased frequency of lung
metastases was in part due to more rapid tumor development in
PTPN12-deficient mice, these findings suggested that an aug-
mented capacity to migrate and invade also played a role. In-
creased migration and invasiveness are typical features of basal-
type breast cancer and EMT (33, 34).

Insights into the molecular mechanisms by which loss of
PTPN12 promoted migration, invasiveness, resistance to anoikis,
and partial EMT were gained by analyses of protein tyrosine phos-
phorylation. PTPN12-deficient breast cancer cells exhibited an
increase in tyrosine phosphorylation of Cas, Pyk2, and paxillin,
three known substrates of PTPN12 (4). No effect on ErbB2 was
seen. These changes were seen both in primary tumors and in
tumor-derived cell lines and were corrected by reexpression of
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PTPN12. A small increase in the activity of the downstream ki-
nases p70S6K and GSK33 was also noted. While these kinases are
not direct substrates of PTPN12, they are known downstream
effectors of PTPN12-regulated substrates, including Cas (35).
Consequently, we postulate that loss of PTPN12 promoted mi-
gration, invasiveness, resistance to anoikis, and EMT in the
MMTV-NIC model by deregulating Cas, Pyk2, and paxillin. In
particular, Pyk2 is a cytoplasmic PTK that regulates migration
through its capacity to phosphorylate substrates such as paxillin
(30). Unfortunately, we were not able to address the role of Pyk2
(or Cas and paxillin) using small interfering RNAs, given the in-
efficiency of transduction of primary mouse breast cancer cell
lines (data not shown). Nonetheless, when added to PTPN12-
deficient breast cancer cells, a pharmacological inhibitor of Pyk2
caused a dose-dependent decrease in migration, as well as in ty-
rosine phosphorylation of Pyk2 and paxillin. Thus, deregulation
of Pyk2 and, perhaps, paxillin likely played a role in the altered
migration of PTPN12-deficient breast cancer cells. Although it
remains to be clarified if Pyk2 and paxillin or, possibly, Cas played
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a role in the increased resistance to anoikis and EMT caused by
PTPN12 deficiency, it is noteworthy that previous work showed
that Cas has a role in EMT (36, 37).

Whereas our findings generally supported those previously ob-
tained by Sun et al. using human mammary epithelial cells (14),
one noticeable difference was that we did not observe any impact
of PTPN12 deficiency on tyrosine phosphorylation of ErbB2. One
possibility is that the lack of an effect on ErbB2 in our study was
due to the fact that a constitutively activated form of ErbB2 was
used, whereas wild-type endogenous ErbB2 was studied by Sun et
al. It is also possible that loss of PTPN12 has a more prominent
effect on tyrosine phosphorylation of other receptors PTKs, such
as EGFR and Met, which were not tested here. However, it should
be pointed out that in most cell types studied so far, PTPN12
primarily acted on cytoskeletal regulators, such as Cas, Pyk2, and
paxillin, rather than on receptor PTKs.

Although our findings and those of others collectively provide
compelling evidence that PTPN12 is a tumor suppressor in hu-
man cancer, it is noteworthy that this conclusion was not sup-
ported by a study performed by Harris et al. (38). The latter group
found that PTPN12 RNA was more frequently elevated in TNBCs
than other subtypes of human breast cancer. Others observed the
opposite when PTPN12 protein expression was analyzed (14, 16,
17). In addition, Harris et al. observed that shRNA-mediated
downregulation of PTPN12 expression caused diminished tu-
morigenicity and metastatic potential in established breast cancer
celllines. The opposite was found by us in the MMTV-NIC model
and by Sun et al. (14) in human mammary epithelial cells. One
issue with the study by Harris et al. is that expression of PTPN12
was studied only at the RNA level, not at the protein level. Perhaps
PTPNI12 RNA levels are not predictive of the levels of PTPN12
protein in breast cancer cells, due to translational regulation or
changes in protein stability. Moreover, Harris et al. examined the
impact of loss of PTPN12 expression in established cell lines. It is
conceivable that removal of PTPN12 has different impacts on tu-
mor progression in vivo or in primary mammary epithelial cells
compared to established tumor cell lines.

Combined, our findings suggest a possible mechanism by
which loss of PTPN12 in humans would be associated with more
aggressive breast cancer subtypes, such as TNBCs (14, 16, 17). We
propose that loss of PTPN12 in breast cancer, which is initiated by
oncogenic receptor PTKs (such as ErbB2), promotes tumor pro-
gression by shifting the profile of tumors toward that of more
aggressive tumors. As the latter tumors frequently lose depen-
dence on oncogenic receptor PTKs, such an evolution could ex-
plain why loss of PTPN12 is more commonly seen in TNBCs in
humans. This could also be the case for other types of human
cancer in which loss of PTPN12 is more often seen in aggressive
subtypes. These include lung cancer, nasopharyngeal cancer,
esophageal cancer, and hepatocellular carcinoma (14, 18, 20, 21).

In summary, we found that PTPN12 is a suppressor of breast
cancer development and progression in an ErbB2-dependent
mouse model of breast cancer. This function correlates with the
ability of PTPN12 to dephosphorylate Cas, Pyk2, and paxillin, as
well as its capacity to suppress EMT, migration, and cell survival.
These findings support the idea that PTPN12 is a tumor suppres-
sor in human breast cancer and, possibly, other types of human
cancer. They enhance our understanding of the cellular and mo-
lecular mechanisms of action of PTPN12 in this setting. Lastly,
they raise the possibility that targeting effectors of PTPN12-de-
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pendent tumor progression, such as the kinase Pyk2, using phar-
macological inhibitors could be a useful modality in the treatment
of certain types of human cancer.
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