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INTRODUCTION

Metastasis, a multistep process in which cancer cells acquire invasive, migratory characteristics that enable them to escape the primary site and colonize secondary organs, is the main cause of death in breast cancer patients.
Several studies have brought to light the enormous impact that the factors
secreted by cancer cells—the secretome—has on both the local environment and distant sites to promote metastasis (1–4). Compared with their
normal counterparts, cancer cells have a vastly different secretome (5, 6) that
can act in both an autocrine and paracrine manner to bring about a favorable
outcome for the cancer cell. Tumor cells can secrete proangiogenic factors
that promote the formation of new blood vessels, factors that recruit bone
marrow–derived cells, which also contribute to promoting angiogenesis,
and factors that promote extracellular matrix (ECM) remodeling through
the activation of fibroblasts (7). It is also becoming clear that the cancer cell
secretome can act distally to precondition secondary sites for colonization
long before the cancer cells arrive (3, 4). Furthermore, there is also evidence
1
Centre for Cancer Biology, an Alliance between SA Pathology and University of South
Australia, Adelaide, South Australia 5000, Australia. 2Discipline of Biochemistry,
School of Molecular and Biomedical Science, The University of Adelaide, Adelaide,
South Australia 5005, Australia. 3Cancer Research Program, Garvan Institute
of Medical Research, Darlinghurst, New South Wales 2010, Australia. 4Department of Medicine, The University of Adelaide, Adelaide, South Australia
5005, Australia. 5 Cancer Research Program, The Kinghorn Cancer Centre,
Garvan Institute of Medical Research, Darlinghurst, New South Wales 2010, Australia. 6Division of Tissue Pathology, SA Pathology, Adelaide, South Australia
5000, Australia. 7School and Molecular and Biomedical Science, The University of
Adelaide, Adelaide, South Australia 5005, Australia. 8Department of Biochemistry
and Molecular Biology, Monash University, Clayton, Victoria 3800, Australia.
*These authors contributed equally to this work.
†Corresponding author. E-mail: yeesim.khew-goodall@health.sa.gov.au

to support a role for the cancer cell secretome in influencing secondary-site
tropism (3). Although the aberrant expression of genes encoding specific
transcription factors (8, 9) or microRNAs (10, 11) has been considered as
a contributing factor, the mechanisms regulating the cancer cell secretome
are currently poorly characterized. A deeper understanding of the mechanisms used by tumor cells to convert their secretome profile from that of a
nonmalignant cell to one that favors tumor progression and metastasis is
therefore likely to be critical in combating metastatic disease.
PTPN14 (also known as Pez, PTPD2, PTP36) is a developmentally
regulated nonreceptor protein tyrosine phosphatase (PTP) (12). Deficiency
or loss of PTPN14 gives rise to developmental defects in zebrafish (13) and
Drosophila (14) and to lymphedema in mice and humans (15). In addition,
mutations in PTPN14 are found in colorectal, breast, and liver cancers
(16–18). However, the biological functions of PTPN14 and especially its
substrates remain poorly characterized. To date, three PTPN14 substrates
have been identified: b-catenin (19), YAP (Yes-associated protein) (20),
and the docking protein p130Cas (21). We previously showed that PTPN14
localizes to either the nucleus or the cytoplasm in a cell density–dependent
manner; in confluent endothelial cells, where it localizes to the adherens
junctions, it regulates the Tyr phosphorylation status of these junctions, at
least in part through its substrate b-catenin (19). When overexpressed in polarized MDCK (Madin-Darby canine kidney) epithelial cells, PTPN14 enhances transforming growth factor–b (TGFb) secretion and, through the
autocrine action of TGFb, promotes an epithelial-to-mesenchymal transition
(EMT) (13). In HeLa cells, overexpression of the mouse ortholog of
PTPN14 altered cell morphology and the actin cytoskeleton and reduced
cell-matrix adhesion (22). Drosophila Pez has been found to interact with
KIBRA (kidney and brain expressed protein) as a component of the Hippo
signaling pathway, restricting intestinal stem cell (ISC) proliferation (14),
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Factors secreted by tumor cells shape the local microenvironment to promote invasion and metastasis, as
well as condition the premetastatic niche to enable secondary-site colonization and growth. In addition to
this secretome, tumor cells have increased abundance of growth-promoting receptors at the cell surface.
We found that the tyrosine phosphatase PTPN14 (also called Pez, which is mutated in various cancers) suppressed metastasis by reducing intracellular protein trafficking through the secretory pathway. Knocking
down PTPN14 in tumor cells or injecting the peritoneum of mice with conditioned medium from PTPN14deficient cell cultures promoted the growth and metastasis of breast cancer xenografts. Loss of catalytically
functional PTPN14 increased the secretion of growth factors and cytokines, such as IL-8 (interleukin-8), and
increased the abundance of EGFR (epidermal growth factor receptor) at the cell surface of breast cancer
cells and of FLT4 (vascular endothelial growth factor receptor 3) at the cell surface of primary lymphatic
endothelial cells. We identified RIN1 (Ras and Rab interactor 1) and PRKCD (protein kinase C-d) as binding
partners and substrates of PTPN14. Similar to cells overexpressing PTPN14, receptor trafficking to the cell
surface was inhibited in cells that lacked PRKCD or RIN1 or expressed a nonphosphorylatable RIN1 mutant,
and cytokine secretion was decreased in cells treated with PRKCD inhibitors. Invasive breast cancer tissue
had decreased expression of PTPN14, and patient survival was worse when tumors had increased expression of the genes encoding RIN1 or PRKCD. Thus, PTPN14 prevents metastasis by restricting the trafficking
of both soluble and membrane-bound proteins.
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Fig. 1. Reducing the abundance of PTPN14 promotes invasiveness and metastasis in breast cancer. (A) Quantitative RT-PCR of PTPN14 relative to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA in tissue
macrodissected from IDC and DCIS of the breast. n = 24 (IDC) or n = 8 (DCIS)
patients. *P < 0.05, Mann-Whitney U test. Red lines, median with interquartile
range. (B) Western blotting for PTPN14 in whole-cell lysates from MDA-MB231 (LM2) cells stably expressing a control vector (shCon) or shRNA to
PTPN14 (shPTPN14). (C to F) Invasive capacity of control LM2 cells (LM2shCon) and PTPN14-knockdown LM2 cells (LM2-shPTPN14) assessed by
3D organotypic collagen I invasion assays. (C) Hematoxylin and eosin
(H&E) staining of invasion assays at day 10. Scale bars, 100 mm. Images
are representative of three experiments. (D to F) Quantification of invasion
(D) and proliferation (E and F) as measured by Ki67 staining of cells within
or on top of the matrix. Data are means ± SEM from three independent
experiments. ***P < 0.001, **P < 0.01, Student’s t test. (G to I) Analysis of
primary tumors (G) and lung or bone metastases (H and I) formed from LM2shCon or LM2-shPTPN14 xenografts 4 to 5 weeks after orthotopic injection
into the mammary fat pads of NOD/SCID mice. Top panels show representative bioluminescence images. Bottom panels show mass of primary
tumors and quantitation of metastases as ex vivo bioluminescence normalized
to primary tumor mass. Data are from ≥20 mice each. **P < 0.05, ***P < 0.001,
Mann-Whitney U test. Red lines, median with interquartile range.
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RESULTS

Mutations in PTPN14 have been found in multiple cancers (16–18), although a direct role for Pez in cancer has yet to be shown. Because
PTPN14-null humans, albeit a small cohort, do not appear to have a higher
incidence of cancer (15), we reasoned that should PTPN14 play a role in
breast cancer, it would most likely be in its progression rather than in tumor
initiation. We investigated the possibility of a link between PTPN14 expression and the progression from noninvasive to invasive tumors by comparing
PTPN14 mRNA abundance between ductal carcinomas in situ (DCIS) and
invasive ductal carcinomas (IDC). We carefully macrodissected (26) the epithelial cells from both DCIS and IDC samples to minimize contamination
with stromal cells lacking PTPN14 expression. Although there was a
40-fold spread in PTPN14 expression within the IDC cohort, the
median PTPN14 expression was significantly lower (3-fold) in IDC compared to DCIS (Fig. 1A), suggesting a loss of PTPN14 expression as the
cancer becomes invasive. This was somewhat surprising in light of our earlier finding that PTPN14 overexpression in epithelial cells induced an EMT
(13) that would make the cells more invasive. Noting, however, the large
range of PTPN14 expression in IDC and that the signals for inducing
EMT are non–cell-autonomous in many cancers, we asked whether reducing the amount of PTPN14 would have an effect on the invasiveness of
cells that were already “mesenchymal” but had high PTPN14 abundance.
The MDA-MB-231 breast cancer cell line exhibits a mesenchymal phenotype and a basal B gene expression signature (27) and has a basal abundance
of PTPN14 (Fig. 1B). For ease of translation into a mouse cancer model, we
used the LM2 derivative of this line (which is more metastatic and also
expresses a luciferase reporter) (28). We introduced a short hairpin RNA
(shRNA) that targets PTPN14 mRNA (shPTPN14) or control shRNA
(shCon) into the LM2 cells and generated stable pools of LM2-shPTPN14
or LM2-shCon cell lines (Fig. 1B). The effect of PTPN14 knockdown on the
invasiveness of LM2 cells was evaluated using an in vitro three-dimensional
(3D) organotypic invasion assay (29), in which LM2-shPTPN14 or LM2shCon cells were layered over a contracted collagen gel that was embedded
with human mammary fibroblasts. Invasion into the collagen mimics the
invasion of breast cancer cells through the mammary stroma in the early
stages of cancer progression. PTPN14 knockdown significantly increased
the number of cells that invaded into the matrix (Fig. 1, C and D). PTPN14
knockdown caused a small increase in the proliferation of cells sitting on top
of the matrix but had no effect on cells that had invaded into the matrix (Fig. 1,
E and F). A similar outcome was also obtained in MDA-MB-231 cells
expressing shPTPN14 or shCon (fig. S1). Together with our finding that
PTPN14 expression is lower in invasive than in noninvasive breast cancer, these
data suggest that loss of PTPN14 drives invasive breast cancer.
In breast cancer, the acquisition of invasive properties is a precursor to
metastasis. We therefore investigated whether the abundance of PTPN14
affected metastasis in an orthotopic xenograft model of breast cancer using
nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice.
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and human PTPN14 inhibits the oncogenic function of YAP (20, 23–25),
another member of the Hippo signaling pathway. Although some of the
known functions of PTPN14 such as regulating the phosphorylation status
of endothelial adherens junctions (19) are dependent on its phosphatase activity, others such as its role in restricting ISC proliferation are not (14).
Here, we investigated the role of PTPN14 in breast cancer and used an unbiased approach to identify PTPN14 substrates.
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Four to five weeks after injection of LM2-shPTPN14 or LM2-shCon
cells into the mammary fat pad, the sizes of primary tumors were assessed by weight, and the presence of metastases in the lungs and long
bones was analyzed by ex vivo bioluminescence imaging. There was a
small but significant increase in the mass of the primary tumors arising
from LM2-shPTPN14 cells compared with those arising from control
cells (Fig. 1G), consistent with an increase in the proliferative capacity
of PTPN14-deficient cells (Fig. 1F). The influence of primary tumor
growth on metastasis was accounted for by quantifying the metastasis
index (ratio of bioluminescence in secondary tumors to primary tumor
mass) for each mouse. A modest but statistically insignificant increase in
the median metastasis index was observed in lung metastasis (Fig. 1H),
but a highly significant increase in bone metastasis was observed when
PTPN14 was reduced (Fig. 1I). These data suggest that PTPN14 acts as a
suppressor of metastasis, particularly to the metastatic niche in the bone.

to favor colonization by cancer cells (3, 28, 31), both of which promote metastasis. This led us to examine whether the secretome of LM2-shPTPN14
cells can influence metastasis to secondary sites. Mice were given daily intraperitoneal injections of cell-free conditioned medium from either
LM2-shPTPN14 or LM2-shCon cultures daily starting 3 days before
injection of LM2-shCon cells until termination of the experiment (fig.
S5). At 4 to 5 weeks after injection, no significant difference in the average
A

MDA-MB-231

MDA-MB-468
Vector
1

PTPN14

2 3

shCon shPTPN14 shCon
1

1 2 3

2 1

2 3 4 3 4

PTPN14
Tubulin

PTPN14 suppresses the secretion of
prometastatic factors
Secreted factors produced by cancer cells can modify the local microenvironment to facilitate invasion or they can modify distant naïve sites

B

shPTPN14/shCon ratio

PTPN14/EV ratio

C

IL-6

468

468

231

231

IL-8

PT E
PN V
1
sh shC 4
PT o
PN n
14

PT E
PN V
sh sh 14
PT Co
PN n
14

VEGF

PT E
PN V
sh shC14
PT o
PN n
14

Concentration (pg/ml)

Crosstalk between solid cancers and the surrounding tumor microenvironment through the production of growth factors, ECM proteins, proteases, and proangiogenic factors can have a profound influence on tumor
growth and metastatic spread [reviewed in (30)]. Our previous findings that
overexpression of PTPN14 increased the secretion of TGFb from MDCK
epithelial cells (13), which was recapitulated in breast cancer cell lines in
this study (fig. S2), prompted us to investigate whether PTPN14 had a
broader role in regulating protein trafficking and the secretion of soluble
proteins other than TGFb. To assess this, we overexpressed PTPN14 in
MDA-MB-468 cells and knocked down PTPN14 in MDA-MB-231 cells
(Fig. 2A). The relationship between PTPN14 abundance and protein secretion was determined in conditioned media from MDA-MB-468 cells
expressing an empty vector (EV) or PTPN14 (468-EV and 468-PTPN14,
respectively) or MDA-MB-231 cells expressing a control shRNA or
PTPN14 shRNA (231-shCon and 231-shPTPN14, respectively) for 19 cytokines and growth factors that were arbitrarily selected using an antibodybased cytokine array (fig. S3). Eleven cytokines displayed reciprocal
changes of greater than 20% from the respective controls both upon
PTPN14 overexpression and upon PTPN14 knockdown, whereas the remaining eight cytokines either were unaltered or did not exhibit reciprocal
changes upon manipulation of PTPN14 abundance (Fig. 2B). Confirmatory
quantification of three arbitrarily selected cytokines [interleukin-6 (IL-6),
IL-8, and vascular endothelial growth factor (VEGF)] with the Bio-Plex
multiplex assay (Fig. 2C) showed good concordance with data obtained
using the cytokine antibody array (Fig. 2B), and with the exception of
VEGF in MDA-MB-468 cells, manipulating PTPN14 abundance resulted
in about twofold changes in secreted protein for these cytokines. Quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis
showed no significant changes in the transcript abundance of the cytokines
examined except MCP-1, IL-6, and angiogenin, whose mRNA abundance
mirrored the changes in protein detected in the conditioned medium upon
manipulation of PTPN14 (fig. S4). This indicated that, in general, PTPN14
did not regulate de novo synthesis of the cytokines examined; therefore, the
changes in extracellular amounts of cytokines brought about by altering
PTPN14 are most consistent with increased or decreased secretion of preexisting protein. For most of the cytokines that were affected by manipulating PTPN14 abundance, their secretion appeared to be suppressed by
PTPN14.

468

231

Fig. 2. Changes in PTPN14 abundance influence secretome composition.
(A) Western blotting for PTPN14 in lysates from MDA-MB-468 and
MDA-MB-231 clones. Blots are representative of at least three experiments.
(B) Abundance of cytokines in pooled conditioned media (CM) from 468-EV
relative to 468-PTPN14 (three independent clones each) and 231-shCon relative to 231-shPTPN14 clones (four independent clones each), determined
by a cytokine antibody array. Fold change for MCP-1 could not be
calculated; the amount of MCP-1 in 468-EV cells was below detection (raw
data in fig. S3). P = 0.002, comparing ratios in the left panel with ratios in the
right panel for 18 cytokines, by Wilcoxon matched pair analysis. (C) Abundance of IL-6, VEGF, and IL-8 in pooled CM from 468-EV, 468-PTPN14,
231-shCon, or 231-shPTPN14 clones, quantified using a multiplexed cytokine bead enzyme-linked immunosorbent assay (ELISA). Data show the
mean from two independent clones from each cell line.
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PTPN14 modulates the secretome of breast cancer cells
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mass of primary LM2-shCon tumors was observed between mice injected
with conditioned medium from PTPN14-deficient cells or control cells, but
there was an increase in lung metastases and a significant increase in bone
metastases of LM2-shCon cells when the mice were treated with LM2shPTPN14–conditioned medium compared with that from LM2-shCon
cells (Fig. 3, A to C). This suggests that the conditioned medium from
PTPN14-deficient cells injected into the peritoneum enhanced the metastasis of the control LM2 cells, which express endogenous amounts of
PTPN14. Together, our data are consistent with the notion that the altered
secretome of PTPN14-deficient cells drives their enhanced metastatic
potential.

Quantitative phosphoproteomics identifies candidate
PTPN14 substrates
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Fig. 3. PTPN14 depletion enhances metastatic potential by altering the
cancer cell secretome. (A to C) Mass of primary tumors (A) and quantitation of metastases to the lung (B) or bone (C) from LM2-shCon xenografts 4 to 5 weeks after implantation. Each dot represents one mouse.
*P < 0.05, Mann-Whitney U test.

Loss of PTPN14 catalytic activity or overexpression of
candidate substrates RIN1 and PRKCD enhances
IL-8 secretion
To ascertain whether the catalytic activity of PTPN14 was essential for suppressing the secretion of prometastatic factors, we overexpressed a catalytically inactive mutant of PTPN14 (C1121S) in MDA-MB-468 cells
(fig. S8A) and saw increased secretion of IL-8, a representative cytokine
from the pool of PTPN14-inhibited cytokines (Fig. 5A). This increase
caused by loss of the catalytic function of PTPN14 phenocopied that caused
by loss of total PTPN14 (Fig. 2C), whereas overexpression of wild-type
PTPN14 suppressed IL-8 secretion (Figs. 2C and 5A and fig. S8A). Overexpressing the PTPN14 substrates RIN1 and PRKCD, which have known
roles in receptor trafficking (33–36, 39, 40), in MDA-MB-468 cells
increased IL-8 secretion, whereas overexpressing IRS1 (a putative substrate
with no known role in protein trafficking) had no effect on IL-8 secretion
(Fig. 5A and fig. S8A). In contrast, IL-8 secretion was suppressed by the addition of GF109203X, which predominantly inhibits classical and novel (including PRKCD) PRKCs, but not Go6976, an inhibitor of classical PRKCs
(Fig. 5B). These data demonstrated novel roles for RIN1 and PRKCD in regulating the secretion of soluble proteins and, furthermore, indicated that the
catalytic activity of PRKCD is most likely also essential for regulating secretion. That an inhibitor of PRKCD activity phenocopied the effect of PTPN14
overexpression further suggests that PTPN14 inhibits the activity of PRKCD
to suppress secretion. This conclusion could potentially also extend to RIN1
because overexpression of RIN1 also increased IL-8 secretion (Fig. 5A).

PTPN14 and its substrates PRKCD and RIN1 regulate
trafficking of receptors
Given the previously reported links between PRKCD and RIN1 and
receptor trafficking (33–36, 39, 40), we tested whether PTPN14 and
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The functional diversity of the three PTPN14 substrates identified to date
[b-catenin (19), YAP (20), and p130Cas (21)] indicates that there may be
more unidentified substrates. On the basis of the rationale that the inhibition
of phosphatases causes increased phosphorylation of their substrates, we
identified additional PTPN14 substrates using an unbiased approach [differential SILAC (stable isotope labeling with amino acids in cell culture)
followed by nano-LC–MS/MS (nano-liquid chromatography–tandem mass
spectrometry)] in which we isolated proteins that were differentially Tyrphosphorylated in cells with low abundance of PTPN14 (231-shPTPN14)
compared with controls (231-shCon) (fig. S6, A and B). We identified 15
proteins (17 phosphosites) that had increased Tyr phosphorylation when
PTPN14 was reduced (table S1), implicating them as candidate PTPN14
substrates. Another essential feature of a PTP substrate is its ability to interact, and thus coimmunoprecipitate, with the phosphatase; however, substrates that bind solely to the catalytic site of the phosphatase through
their target phospho-Tyr residues are less readily isolated by coimmunoprecipitation because the substrate is released after catalysis. To overcome this,
we used a substrate-trapping PTPN14 mutant [reviewed in (32)], in which
the proton donor Asp and the nucleophile Cys are mutated to Ala and Ser,
respectively, to generate a catalytically inactive mutant (D1079A/C1121S)
that retains the ability to bind the substrate. We performed immunoprecipitations in human embryonic kidney (HEK) 293T cells coexpressing a selection
of candidate substrates identified by our SILAC screen with Flag-tagged
D1079A/C1121S-PTPN14 (ST-PTPN14, for substrate-trapping PTPN14)
or an EV. Western blot analysis of the immunoprecipitates revealed that
each of the candidate substrates tested [INPPL1 (SH2-containing inositol

5-phosphatase 2), RIN1 (Ras and Rab interactor 1), IRS1 (insulin receptor
substrate 1), eEF1A1 (elongation factor 1 a1), TYK2 (tyrosine kinase 2),
and PRKCD (protein kinase C-d)] coimmunoprecipitated differentially with
ST-PTPN14 (Fig. 4A). Western blot analysis of lysates from 231-shCon and
231-shPTPN14 cells indicated that, for these candidate substrates, there was
no overt increase in protein abundance in PTPN14-deficient cells (fig. S7),
indicating that the increase in amount of phosphopeptides detected by MS
was due to an increase in degree of Tyr phosphorylation. Increased Tyr phosphorylation of specific residues within these proteins in cells that are hypomorphic for PTPN14, together with their ability to interact with PTPN14, suggests
that INPPL1, RIN1, IRS1, eEF1A1, TYK2, and PRKCD are strong candidates
for PTPN14 substrates.
Although none of the putative substrates identified have documented
roles in regulating secretion, RIN1 [a Rab5 guanine nucleotide exchange
factor implicated in receptor endocytosis (33–36)] and PRKCD [a functionally diverse Ser/Thr kinase (37–40)] have roles in receptor trafficking. We
further investigated whether RIN1 and PRKCD are bona fide substrates
using a number of other criteria. First, we demonstrated through coimmunoprecipitation that an active site competitive inhibitor, vanadate, could
out-compete RIN1 or PRKCD for ST-PTPN14 binding (Fig. 4B). This observation also suggests that binding of RIN1 and PRKCD to PTPN14 may
occur at the catalytic site of PTPN14 (32). We also validated the differential
phosphoproteomic data: when PTPN14 was knocked down, the phosphorylation of both RIN1 and PRKCD was increased (Fig. 4, C and D). Finally, we
were also able to show that PRKCD bound to ST-PTPN14 significantly better
than it did to wild-type PTPN14, and that mutating Tyr374 of PRKCD to a
nonphosphorylatable Phe abolished its enhanced binding to ST-PTPN14
(Fig. 4, E and F), strongly indicating that PRKCD bound to the active site
of PTPN14 and that this binding was dependent on phosphorylation of Tyr374.
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experiments. (B) Immunoprecipitations using the Flag antibody performed as in (A) in the presence or absence of 10 mM vanadate (VO4) in HEK 293T cells coexpressing ST-PTPN14 and either RIN1 (left) or PRKCD
(right). (C) Immunoprecipitations from MDA-MB-231 cells transfected with shCon or shPTPN14, using either
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(F). AU, arbitrary units. Data are means ± SD from three blots; *P < 0.05, **P < 0.01, Student’s t test.
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its substrates affected the trafficking of receptors implicated in cancer progression.
It has previously been shown that PTPN14
interacts with FLT4, a receptor critical for
lymphatic development (15). We therefore investigated the relationship between
PTPN14 and cell surface FLT4 in primary
lymphatic endothelial cells. Knocking
down PTPN14 increased the cell surface
elaboration of FLT4, whereas knocking
down PRKCD or RIN1 suppressed the cell
surface elaboration of FLT4 (Fig. 5, C and
D, and fig. S8B). Similar to its effect on protein secretion, PTPN14 suppressed the cell
surface elaboration of FLT4, whereas its
substrates PRKCD and RIN1 had the opposite effect. We also examined whether
this effect extended to other receptors and
other cell types by examining the effect of
PTPN14 and RIN1 on EGFR (epidermal
growth factor receptor) trafficking in the
triple-negative breast cancer cell line BT549
using immunofluorescence to quantify cell
surface EGFR (Fig. 5, E and F, and fig.
S8C) as well as by biotinylation of cell surface proteins, isolation of the latter by
Neutravidin pull-down, and detection by
Western blotting (Fig. 5, G and H, fig.
S8D). We found that wild-type PTPN14
suppressed the abundance of cell surface
EGFR, but the catalytically inactive mutants, C1121S-PTPN14 and ST-PTPN14,
acted as dominant negatives and promoted
the cell surface presentation of EGFR, as
did RIN1 overexpression (Fig. 5, F to H).
The observation that the catalytically deficient mutants of PTPN14 acted as dominant
negatives suggested that Tyr dephosphorylation by PTPN14 may be important in
inhibiting the cell surface presentation of
EGFR. In the case of RIN1, MS analysis revealed increased phosphorylation at Tyr36
in PTPN14-deficient cells compared to controls, suggesting that the phosphorylation
state of RIN1 may determine the degree
of EGFR present on the cell surface. Consistent with this hypothesis, overexpression
of a nonphosphorylatable mutant of RIN1
(Y36F-RIN1) failed to promote cell surface
EGFR presentation (Fig. 5H).
These data suggested that PTPN14 and
its substrates PRKCD and RIN1 regulate
one or more common pathways used for
trafficking subsets of soluble proteins and
receptors to the plasma membrane. Together, these data also indicated that the extent of phosphorylation at Tyr36 on RIN1,
which is reduced in the presence of PTPN14,
is instrumental in regulating such trafficking
of cell surface receptors.
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Because PTPN14 is mutated in a number of cancers (16–18) and our data
indicate that PTPN14 inhibited metastasis (Figs. 1, G to I, and 3), we analyzed whether its substrates RIN1 and PRKCD also affect cancer progression using the The Cancer Genome Atlas (TCGA) breast cancer data set. We
found that increased RIN1 expression significantly correlated with decreased overall survival for all breast cancer patients analyzed, whereas
increased PRKCD expression correlated with decreased overall survival
of luminal A breast cancers (Fig. 6).
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Fig. 5. PTPN14 and its candidate substrates alter secretion and receptor
trafficking in a phosphorylation-dependent manner. (A and B) ELISA, normalized to number of cells, of the IL-8 abundance in CM from MDA-MB468 cells that (A) expressed EV, wild-type (WT) PTPN14, or mutant
PTPN14, or candidate PTPN14 substrates, or (B) were treated with vehicle, Go6976, or GF109203X. Data are means ± SD from at least three
independent experiments; *P < 0.05 by one-way analysis of variance
(ANOVA) with Bonferroni’s multiple comparisons test; **P < 0.01, ***P <
0.001 by ANOVA with post hoc Tukey’s test; ns, not significant. (C and
D) Immunofluorescence (C) and quantification (D) of cell surface
FLT4 on nonpermeabilized primary lymphatic endothelial cells transfected with the indicated small interfering RNA (siRNA). Scale bars,
0.02 mm. Data are means + SD of at least two transfections; *P <
0.05, **P < 0.01 by Student’s t test. (E and F) Immunofluorescence
(E) and quantification (F) of cell surface EGFR on nonpermeabilized,
transfected BT549 cells. Scale bars, 0.05 mm. Data are means ± SD
from a representative experiment, each with ≥300 cells. (G and H)
Neutravidin-biotin analysis of cell surface EGFR on BT549 cells overexpressing either (G) WT or mutant PTPN14 or (H) WT or mutant RIN1. Data
are means ± SD from three independent experiments; *P < 0.05, **P <
0.01, Student’s t test.
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patients (n = 689 patients) or (B) PRKCD in luminal A patients (n = 175
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Our data demonstrated a direct effect of PTPN14 on cancer progression that
is backed by clinical data showing that PTPN14 expression is reduced in
invasive compared to noninvasive breast cancer. We found that PTPN14 acts
to reduce the secretion of a suite of prometastatic factors to suppress metastasis, most likely through regulating the activities of its substrates, PRKCD
and RIN1. In so doing, we have uncovered novel functions for PRKCD and
RIN1 that, although previously shown to function in receptor trafficking,
had no known roles in regulating trafficking of soluble proteins. Of particular interest then is our finding that high expression of the PTPN14 substrates RIN1 and PRKCD correlated with poor patient survival in breast
cancer, which concurs with previously published reports that PRKCD negatively correlates with survival in breast cancer patients (41) and RIN1 negatively correlates with survival in melanoma (42), gastric adenocarcinoma
(43), bladder urothelial carcinoma (44), and non–small cell lung cancer
(45). Recognizing that the trafficking of prometastatic factors and growth
factor receptors is inhibited by PTPN14, and that it is promoted by PRKCD
and RIN1, our findings reveal potential strategies for simultaneously reducing the mobilization of soluble factors and cell surface receptors that promote tumor cell growth and survival.
The role that tyrosine phosphorylation pathways play in regulating
trafficking processes is not well characterized. Our mass spectrometry data
suggested that PTPN14 dephosphorylates PRKCD at Tyr374 and RIN1 at
Tyr36. How the phosphorylation of Tyr374 affects PRKCD activity and
which tyrosine kinase phosphorylates it is unknown, but it is noteworthy
that this tyrosine is just two amino acids away from the ATP (adenosine
triphosphate)–binding site. Recent studies indicate that PRKCD regulates
the balance between targeting receptors for degradation versus recycling
to the cell surface (40), and it will be of interest to determine whether
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interaction, which leads to EGFR down-regulation, and the phospho-Tyr36–
dependent RIN1-Abl interaction, which inhibits macropinocytosis, that
determines the net amount of receptors present on the cell surface (36).
Our data would suggest that PTPN14 inhibits the RIN1-Abl interaction
by keeping Tyr36 dephosphorylated, thereby maintaining a steady rate of
macropinocytosis. Overexpressing RIN1 in the absence of growth factor
stimulation increases the total amount of phosphoTyr36-RIN1 (36), and this
could shift the balance toward inhibiting macropinocytosis without
perturbing the Rab5-mediated functions and thereby leading to an overall
increase in cell surface receptor presentation. On the basis of these data, we
propose a model whereby PTPN14 regulates receptor trafficking through
PRKCD and RIN1 (Fig. 7). Because both the secretion of soluble proteins
and the cell surface presentation of receptors appear to be inhibited by
PTPN14, we propose that the suite of soluble proteins whose secretion is
inhibited by PTPN14 must traffic through the endosomal compartments
controlled by PRKCD and RIN1 during export.

MATERIALS AND METHODS
RTK
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Plasmids, transfection, and generation of stable cell lines
The N-terminal Flag-tagged PTPN14 expression plasmid has been previously described (19). The C1121S mutation was introduced into an existing
Flag-tagged PTPN14 D1079A mutant construct (19) using site-directed
mutagenesis to generate the substrate-trapping mutant of PTPN14. RIN1
(SC 122674), IRS1 (SC 124032), and TYK2 (SC 128128) plasmids were
purchased from OriGene. Hemagglutinin (HA)–tagged INPPL1 plasmid
was a gift from C. Mitchell, HA-tagged eEF1A1 plasmid was a gift from
S. Pitson, green fluorescent protein (GFP)–tagged PRKCD was a gift from
J.-W. Soh, and PRKCD was a gift from C. Larsson.
To generate PTPN14-knockdown cell lines, MDA-MB-231 cells or a derivative [(MDA-MB-231 LM2 (28)] were transduced with the pLMP retroviral
vector expressing an shRNA targeting human PTPN14 (shPTPN14) or a nontargeting control shRNA (shCon). After selection in puromycin, individual
clones were screened for amount of PTPN14 protein, and pools of four individual clones were used for the analyses. PTPN14-overexpressing MDA-MB-468
cells were generated by transfecting adherent MDA-MB-468 cells with
N-terminal Flag-tagged human PTPN14 complementary DNA (cDNA) (19)
in pEF-IRES-purovector using FuGene HD transfection reagent (Roche). After
selection, three individual clones were used for subsequent studies.

Analysis of primary human breast cancer samples

Fig. 7. Regulation of receptor trafficking by PTPN14 and its substrates. Model
showing potential mechanism through which PTPN14 and its substrates,
PRKCD and RIN1, regulate receptor trafficking, combining the data reported
in this study with published data on PRKCD and RIN1 (36, 40, 52). Cell surface receptors internalized into early endosomes can be recycled through
the recycling endosomes or be directed to lysosomes for degradation.
PRKCD when activated can increase cell surface receptor numbers by promoting recycling or inhibiting trafficking to lysosome or both. We propose that
PTPN14 regulates this trafficking by keeping Tyr374 on PRKCD dephosphorylated to decrease its activity and thereby decrease the cell surface
presentation of receptors. Receptors can also be internalized by macropinocytosis followed by degradation in the lysosomes, which may be
inhibited when RIN1 is phosphorylated on Tyr36. PTPN14 dephosphorylates Tyr36 to de-repress macropinocytosis, leading to decreased cell surface receptor numbers.

PTPN14 expression in primary human breast cancers was determined as previously described (26). Briefly, formalin-fixed, paraffin-embedded (FFPE)
de-identified sections from DCIS or invasive ductal breast cancer samples
were obtained from the Department of Tissue Pathology at SA Pathology.
Access to patient tumor samples was approved by the appropriate institutional
human ethics review boards. Sections were H&E-stained, and regions that
contained primarily tumor cells were marked for further analysis. Using
duplicate unstained sections, marked areas of the tumor were scraped into
tubes where total RNA was isolated using an miRNeasy FFPE Kit (Qiagen).
cDNA was specifically primed, and then real-time PCR analysis for mRNA
was performed using TaqMan assays (Applied Biosystems); results were
expressed relative to GAPDH. Samples were obtained from one to two distinct regions from each patient specimen. Each was separately assayed, and
the triplicate values were averaged and then treated as individual data points.

3D organotypic invasion assay
Organotypic assays were performed as described previously (29). Briefly, collagen I was extracted under acidic conditions from rat tails and polymerized in

www.SCIENCESIGNALING.org

17 February 2015

Vol 8 Issue 364 ra18

7

Downloaded from http://stke.sciencemag.org/ on November 11, 2015

Tyr374 phosphorylation shifts the balance to recycling. Because cells with
higher PRKCD also had higher cell surface FLT4, it suggests that this could
indeed be due to higher overall PRKCD activity tipping the balance toward
receptor recycling. Tyr36 on RIN1 is phosphorylated by the Abl tyrosine
kinase, which in turn creates a binding site for Abl through its SH2 domain
and thereby relieves autoinhibition (46, 47) of its kinase activity. In the same
work (46), the authors showed that phosphorylation of Tyr36 stabilizes the
RIN1 interaction with Abl and promotes the activation of Abl kinase, which
is known to promote cancer cell motility and invasion. It is therefore possible that a strong decrease in PTPN14 phosphatase activity could promote an
invasive phenotype by signaling via RIN1 Tyr36 phosphorylation to Abl.
Studies on the interaction of FLT4 with RIN1 have not been reported,
and the role of RIN1 in receptor trafficking is best understood with EGFR.
A consequence of stable binding of Abl to RIN1 is the inhibition of macropinocytosis and the clathrin-independent internalization of receptors and
their delivery to the lysosome for degradation (36). Thus, it has been proposed that it is the balance between the phospho-Tyr36–independent RIN1-Rab5
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the presence of about 3 × 104 fibroblasts. Detached collagen discs (35 mm in
diameter) were allowed to contract to a diameter of less than 15 mm when 1 ×
105 cells of interest were seeded on top of each submerged matrix. After
4 days, these matrices were transferred to metal grids and exposed to an airliquid interface to trigger invasion. MDA-MB-231 (LM2) cells were
allowed to invade for 10 days, whereas MDA-MB-231 cells were allowed
to invade for 12 days. All incubations were performed in Dulbecco’s modified Eagle’s medium (DMEM) + 10% serum + 1% penicillin and streptomycin at 37°C and 5% CO2. Subsequently, matrices were fixed in formalin
and processed for H&E staining and Ki67 immunohistochemistry. Representative pictures were taken with a Leica DMI 6000 at ×20 magnification.
Cell invasion was quantified by normalizing the number of cells that invaded into the matrix to the total number of cells (total number = invaded
cells + cells on top of the matrix with immediate contact to the collagen).
Cell proliferation was quantified by normalizing the number of Ki67+ cells
to the total number of cells.

The mouse orthotopic (mammary fat pad) tumor metastasis model was essentially as described (48), except that MDA-MB-231 LM2 cells expressing
PTPN14 or control shRNAs were used. For the conditioned medium experiments, conditioned medium was injected intraperitoneally daily, beginning 3 days before engraftment of the shCon cells into mammary fat pad.

Cytokine antibody arrays
Individual clones from each of 468-EV (three clones), 468-PTPN14 (three
clones), 231-shCon (four clones), or 231-shPTPN14 (four clones) were
seeded at 2 × 105 cells per well in 24-well plates. After 24 hours, cells were
washed and placed into low-serum medium [DMEM with 0.1% fetal bovine
serum (FBS) and 1× nonessential amino acids (NEAAs)], and equal
amounts of conditioned medium collected from each clone were pooled.
Conditioned medium was centrifuged at 1000g for 15 min at 4°C, and
the supernatant was collected for use. Each pool of conditioned media
was analyzed for relative cytokine content, using RayBio Human Cytokine
Antibody Array C Series 1000 membranes (RayBiotech) according to the
manufacturer’s instructions. Multi Gauge software (Fujifilm) was used for
quantitation of signal intensities for each hybridization position on the array
membranes. Raw data were collected as total pixels per position, with two
hybridization positions for each cytokine, and normalized using a normalization factor derived for each membrane by calculating the average pixel
value across six positive control positions. Normalized values were averaged to determine fold change in cytokine abundance with PTPN14
overexpression (468-PTPN14/468-EV) or PTPN14 knockdown (231shPTPN14/231-shCon).

Bio-Plex bead suspension analysis
VEGF, IL-6, and IL-8 present in the conditioned medium of PTPN14overexpressing or PTPN14-knockdown cell lines were also measured by
a multiplex bead antibody array, using Bio-Plex Pro Human Cytokine
Panel (Bio-Rad) according to the manufacturer’s instructions.

Stable isotope labeling with amino acids in cell culture
shCon and shPTPN14 MDA-MB-231 cells were cultured in DMEM supplemented with puromycin (1 mg/ml), 10% dialyzed FBS (Sigma-Aldrich),
and either “light” (C12N14) or “heavy” (C13N15) arginine and lysine (0.199
and 0.798 mM, respectively) (Cambridge Isotopes). Cells were labeled over
the course of five doublings, using two biological replicates of each cell line
with inversed labeling between biological replicates. Complete heavy isotope incorporation was confirmed by mass spectrometry, and no heavy proline conversion was detected.

Subconfluent cells were collected in lysis buffer (8 M urea, 20 mM Hepes,
2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM sodium
orthovanadate, 1 mM EDTA, and 1 mM TCEP, pH 8.0) and cleared by sonication and centrifugation. Twenty milligrams of each lysate (heavy/light) was
mixed, diluted to a final concentration of 1 M urea with 20 mM Hepes, and
digested with trypsin at room temperature overnight. Peptides were then desalted and concentrated using C18 Sep-Pak columns (Waters) and lyophilized.
Phosphotyrosine peptides were immunoprecipitated using a PhosphoScan
Kit (Cell Signaling Technology) with pY100 antibodies as previously described (49). Unbound sample flow-through from the pY100 antibodies
was further immunoprecipitated with pY20 antibodies (BD Scientific)
overnight at 4°C. Immunoprecipitated peptides were dried using a vacuum
centrifuge and stored at −80°C before analysis by nano-LC–MS/MS.

Nano-LC–MS/MS data acquisition
Phosphotyrosine peptides were resuspended in 15 ml of MS buffer
containing 1% formic acid, 2% acetonitrile (ACN), and 0.05% heptafluorobutyric acid and subjected to nano-LC–MS/MS. Peptides were
separated by nano-LC using an Ultimate 3000 HPLC and autosampler
system (Dionex). Samples were concentrated and desalted onto a micro C18
pre-column (500 mm x 2 mm, Michrom Bioresources) with H2O/ACN
(98:2, 0.05% trifluoroacetic acid) at 15 ml/min for 4 min. The pre-column
was then switched on-line with a nano-C18 column (75 mm x ~10 cm, 5 mm,
200 Å Magic, Michrom), and the reverse-phase nano-eluent was subjected
to positive nano-flow electrospray analysis in an information-dependent acquisition mode (IDA) (250 nl/min over 30 min). Mass spectra were acquired
on an Orbitrap Velos mass spectrometer (Thermo Electron). In IDA mode,
survey scans in the range m/z (mass/charge ratio) 350 to 1750 were acquired
with lockmass enabled. Up to the 15 most abundant ions (>5000 counts)
with charge states >+2 were sequentially isolated and further subjected to
MS/MS fragmentation within the linear ion trap using collisionally induced
dissociation. MS/MS spectra were accumulated with an activation time of
30 ms at a target value of 30,000 ions and a resolution of 60,000. m/z ratios
selected for MS/MS were dynamically excluded for 30 s.

Protein identification and quantitation
The nano-LC–MS/MS raw files were processed with MaxQuant software
(version 1.1.1.36), which uses the Andromeda algorithm for data processing, database searching, and protein identification (50). Extracted peak
lists were searched against the UniProtKB/Swiss-Prot Homo sapiens
database (version 2010_10) containing 35,052 entries (including common
contaminants) and a proportionally sized decoy database for false discovery
rate (FDR) generation. The following search parameters were selected:
fixed cysteine carbamidomethylation modification, variable methionine oxidation modification, variable protein N-acetylation, and variable phosphorylation of serine, threonine, and tyrosine; a minimum peptide length of six
amino acids and up to two missed cleavages were allowed. For SILAC quantitation, SILAC multiplicity was set to 2 and heavy +10-dalton Arg, +8-dalton
Lys were selected. The initial first search mass tolerance was 20 ppm for precursor ions and 0.5 dalton for fragment ions; the “match between runs” (with
default settings) and “re-quantify” options were enabled. The FDR was
limited to 1% for both protein and peptide identifications.

Selection criteria and data filtering
Strict criteria were used to select high-quality phosphotyrosine peptides for
subsequent quantitative analysis: (i) phosphotyrosine peptides must be identified with an FDR of <1% and an Andromeda score >60, (ii) phosphotyrosine peptides must contain a phosphorylated tyrosine residue with a
site localization probability confidence ≥0.75, and (iii) phosphotyrosine
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peptides must be identified from both technical and biological replicates,
resulting in a minimum of four quantified SILAC pairs. Phosphotyrosine
peptides were considered unique on the basis of amino acid sequence
and phosphorylation site.

Quantitative analysis of SILAC ratios
After selection filtering, SILAC ratios between heavy and light isotopelabeled phosphotyrosine peptides were determined. To assess the effects
of PTPN14 knockdown, the ratios of phosphopeptides were obtained by
comparing shPTPN14 to shCon samples. For samples that were inversely
labeled, 1/ratio was used. The ratios were converted to fold changes by
calculating their deviation from 1 (for example, a ratio of 0.5 is equal to
−2-fold change, and a ratio of 2.0 is equal to +2-fold change). Phosphotyrosine peptides that exhibited a fold change of ±1.2 were considered to
be differentially abundant.

Briefly, PTPN14-knockdown and control cells were labeled with heavy and
light amino acid isotopes, respectively, and after mixing of cell lysates and
tryptic digestion, phosphotyrosine-containing tryptic peptides were isolated
by serial immunoprecipitation with pY100 and pY20 anti-phosphotyrosine
antibodies. Analysis by nano-LC–MS/MS was then undertaken, with two
technical replicates. A second experiment was also performed with the isotope labels switched, providing a biological replicate experiment.
Three hundred twenty-two nonredundant phosphotyrosine sites were
identified at an FDR of <1%. After application of stringent selection criteria
(see above), 278 high-confidence nonredundant phosphotyrosine sites that
exhibited a phosphorylation site localization probability of ≥0.75 and an
Andromeda score >60 remained for further analysis. A high degree of
overlap was observed between technical replicates for these high-confidence
phosphotyrosine sites from both biological replicates when using either
pY100 or pY20 antibodies (fig. S9, A and D). Correlation coefficients (R2)
were calculated for these technical replicates on the basis of their phosphotyrosine site SILAC ratios (fig. S9, B and D). R2 values between 0.80 and 0.87
were observed, demonstrating a high degree of reproducibility between
replicate MS runs. Of the 278 high-confidence phosphotyrosine sites identified, 111 unique phosphotyrosine sites were consistently identified in both
technical and biological replicates from pY100 immunoprecipitations, and
68 were identified from pY20 immunoprecipitations. These high-confidence
and consistently observed phosphotyrosine sites were filtered to remove
duplicate entries and peptide differences of <1.2-fold in both biological replicates. A significant correlation of SILAC ratios was observed between
biological replicate experiments for the 29 phosphosites displaying altered
phosphorylation in both experiments (R2 = 0.57, P < 0.0001; fig. S9E), indicating reproducibility between independent experiments.

Western blotting
For Western blotting, antibodies were used at the following concentrations:
rabbit antibody against PTPN14 (19) at 1:1000; mouse antibody against the
Flag epitope (M2, Sigma) at 1:2000; goat antibody against RIN1 (sc-1971,
Santa Cruz Biotechnology) at 1:1000; rabbit antibody against IRS1 (#2382,
Cell Signaling Technology) at 1:1000; mouse antibody against INPPL1
(sc-166641, Santa Cruz Biotechnology) at 1:200; mouse antibody against
TYK2 (#610173, BD Transduction Laboratories) at 1:1000; mouse antibody against eEF1A (#05-235, Millipore) at 1:1000; rabbit antibody against
GFP (sc-8334, Santa Cruz Biotechnology) at 1:1000; rabbit antibody
against HA (#3724, Cell Signaling Technology) at 1:1000; mouse antibody
against tubulin (ab7291, Abcam) at 1:5000; goat antibody against actin
(sc-1616, Santa Cruz Biotechnology) at 1:5000.

Generation of pTyr374-PRKCD antibody
An antibody specific to phosphorylated Tyr374 of PRKCD (pTyr374-PRKCD)
was raised using a phosphopeptide encompassing Tyr374 of PRKCD
(H-CKGRGEpYFAIKAL-NH2), where pY is phosphotyrosine (Mimotopes).
The phospho-Tyr374-PRKCD peptide was coupled to keyhole limpet
hemocyanin and injected into New Zealand White rabbits. Test bleeds for
immunoreactivity against nonphosphorylated Tyr374-PRKCD or phosphoTyr374-PRKCD peptides using a dot blot format indicated that the immunoreactive serum was highly selective for the phospho-Tyr374-PRKCD peptides.

IL-8 ELISA
MDA-MB-468 cells were seeded at 1.8 x 105 to 2.0 x 105 cells per well in
24-well plates and transfected with either an EV (pcDNA3), wild-type
PTPN14, C1121S-PTPN14, RIN1, IRS1, or PRKCD, using Xtreme-GENE
HP (Roche) according to the manufacturer’s instructions, or treated with the
protein kinase C inhibitor Go6976 [31 nM, 5× IC50 (half maximal inhibitory
concentration)] or GF109203X (1.05 mM, 5× IC50) (Tocris). After 24 hours,
cells were washed and then incubated in low-serum medium (DMEM with
0.1% FBS and 1× NEAAs) for 24 hours, and then the conditioned media
were collected. The remaining cells were lysed in Triton X-100 lysis buffer
[150 mM NaCl, 1% Triton X-100, 50 mM tris (pH 8)], and lysates were
used for evaluating the overexpression of transfected proteins by Western
blot analysis. IL-8 ELISA was performed using RayBio IL-8 ELISA kit
according to the manufacturer’s instructions.

Coimmunoprecipitation

Staining for cell surface receptor FLT4

HEK 293T cells (1 × 106) were transfected with 2 mg of candidate substrate
plasmid and 2 mg of pCDNA3 (EV) or ST-PTPN14, using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Twenty-four
hours after transfection, cell pellets were washed in cold phosphate-buffered
saline (PBS) and lysed in 1 ml of lysis buffer [20 mM tris-Cl (pH 7.4), 137 mM
NaCl, 10% glycerol, 0.5 to 1% NP40], supplemented with 1× “complete”
mini EDTA-free protease inhibitors (Roche), 10 mM NaF, and 10 mM bglycerophosphate, for 15 min at 4°C and centrifuged 16,000g, 10 min at 4°C
to remove cell debris. Lysate (25 ml) was saved for analysis, and the remainder
was immunoprecipitated with 2 mg of antibody recognizing the Flag epitope
(M2; Sigma) for 2 hours at 4°C, followed by 1-hour capture with protein G–
Sepharose beads [preblocked overnight at 4°C in 50 mM tris-Cl, 200 mM
ethanolamine, 1% Tween 20 (pH 10.6) and washed with PBS before use].

Primary human lymphatic endothelial cells (HMVECdLyAd) (Lonza) were
seeded on fibronectin-coated chamber slides (Nunc-Thermo Scientific) at
1.4 × 104 cells per well. Cells were transfected in suspension with siCon,
siPTPN14, siRIN1, or siPRKCD (Ambion), using RNAiMAX (Invitrogen)
according to the manufacturer’s instructions. After 48 hours, cells were
starved in low-serum medium (EBM2 basal with 0.1% FBS) (Lonza) for
4 hours, followed by incubation with the antibody FLT4-ECD (extracellular
domain–specific; BD Biosciences) for 1 hour at 4°C. Cells were then
washed three times with ice-cold PBS and fixed in 4% paraformaldehyde
(PFA) for 10 min. Cells were then washed three times with tris-buffered saline (TBS), incubated with block buffer (TBS, 2% bovine serum albumin)
for 1 hour at room temperature, incubated with Alexa 488–conjugated antibody against mouse immunoglobulin (Life Technologies), washed three
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Beads were collected by centrifugation at 16,000g for 20 to 30 s and washed
twice in 1 ml of 1% NP40 lysis buffer and once in 1 ml of 0.5% NP40 lysis
buffer; immunoprecipitated proteins were eluted in 40 ml of 2× SDS load
buffer [100 mM tris-Cl (pH 6.8), 4% SDS, 20% glycerol, 0.005% bromophenol blue] by boiling the samples for 5 min at 95°C before analysis by Western
blotting.

RESEARCH ARTICLE
times in immunofluorescence wash buffer (TBS, 0.1% Triton X-100), and
mounted using ProLong Gold with 4′,6-diamidino-2-phenylindole (DAPI)
(Molecular Probes).

EGFR cell surface staining
BT549 cells were seeded on fibronectin-coated chamber slides (Nunc-Thermo
Scientific) at 5 × 104 cells per well. Cells were transfected with an EV, C1121SPTPN14, RIN1, or Y36F-RIN1, using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. After 24 hours, cells were starved
in low-serum medium (DMEM with 0.1% FBS) for 24 hours and then incubated with an antibody recognizing the extracellular domain of EGFR (Thermo
Scientific) for 1 hour at 4°C. Cells were washed three times with ice-cold PBS,
fixed in 4% PFA for 10 min, and then stained with Alexa 488–conjugated
secondary antibody and mounted as described above.

Slides were imaged on an LSM 700 confocal scanning microscope (Zeiss),
and image analysis with Fiji software (51) was done to quantify the amount
of fluorescence on the cell surface as described below. Acquired images
were collated into a stack and converted to 8-bit images. A threshold was
applied to the entire stack to highlight cell surface receptor staining. Percent
cell surface staining under each condition was determined using percent
area function under the “analyze particles” option. This provided the percent
area per field of view. Cell number in each field of view was determined by
counting DAPI-stained nuclei by applying image threshold function to
highlight the nuclei and perform a count using the “analyze particles” option
excluding objects smaller than 5 mm2. The percent area per field of view was
divided by total cell number per field of view. Mean percent area per cell was
calculated for all the fields of view per treatment condition.

Quantifying cell surface EGFR by biotinylation of cell
surface proteins
BT549 cells were seeded on 12-well plates at 2 × 105 cells per well. Cells
were transfected with an EV, wild-type PTPN14, C1121S-PTPN14, ST-PTPN14,
RIN1, or Y36F-RIN1, using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. After 24 hours, cells were starved in lowserum medium (DMEM with 0.1% FBS) for 24 hours. Cells were washed
three times with PBS (pH 8) and then incubated with 0.4 mM EZ-LinkSulfo-NHS-SS-Biotin (Thermo Scientific) in PBS (pH 8) for 1 hour at 4°C.
Cells were then washed three times with ice-cold PBS (pH 8); scraped into
1 ml of lysis buffer [20 mM tris-Cl (pH 7.4), 137 mM NaCl, 10% glycerol,
0.5 to 1% NP40] supplemented with 1× complete mini EDTA-free protease
inhibitors (Roche), 10 mM NaF, and 10 mM b-glycerophosphate; lysed for
15 min at 4°C; and centrifuged at 16,000g for 10 min at 4°C to remove cell
debris. Lysate (25 ml) was saved for analysis, and the remainder was immunoprecipitated with 40 ml of Neutravidin agarose beads recognizing biotinylated proteins (Pierce Biotechnology) for 1 hour at 4°C. Beads were
collected by centrifugation at 16,000g for 20 to 30 s and washed three
times in 1 ml of 1% NP40 lysis buffer. Immunoprecipitated proteins were
eluted in 40 ml of 2× SDS load buffer [100 mM tris-Cl (pH 6.8), 4% SDS, and
20% glycerol].
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/8/364/ra18/DC1
Fig. S1. PTPN14 knockdown promotes invasiveness in MDA-MB-231 cells.
Fig. S2. PTPN14 promotes the secretion of TGFb in human breast cancer cell lines.
Fig. S3. Relative cytokine abundance in conditioned media from breast cancer cells after
PTPN14 overexpression or knockdown.
Fig. S4. Relative abundance of cytokine mRNA transcripts in breast cancer cells after
PTPN14 overexpression or knockdown.
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