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ABSTRACT The ability of cancer cells to invade surrounding tissues requires degradation of
the extracellular matrix (ECM). Invasive structures, such as invadopodia, form on the plasma
membranes of cancer cells and secrete ECM-degrading proteases that play crucial roles in
cancer cell invasion. We have previously shown that the protein tyrosine phosphatase alpha
(PTPa) regulates focal adhesion formation and migration of normal cells. Here we report a
novel role for PTPa in promoting triple-negative breast cancer cell invasion in vitro and in
vivo. We show that PTPa knockdown reduces ECM degradation and cellular invasion of MDA-
MB-231 cells through Matrigel. PTPa. is not a component of TKS5-positive structures resem-
bling invadopodia; rather, PTPa localizes with endosomal structures positive for MMP14, ca-
veolin-1, and early endosome antigen 1. Furthermore, PTPa. regulates MMP14 localization to
plasma membrane protrusions, suggesting a role for PTPa in intracellular trafficking of
MMP14. Importantly, we show that orthotopic MDA-MB-231 tumors depleted in PTPa ex-
hibit reduced invasion into the surrounding mammary fat pad. These findings suggest a nov-
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el role for PTPa in regulating the invasion of triple-negative breast cancer cells.

INTRODUCTION

Breast cancer is the second leading cause of death among women
and accounts for 25% of new cancer diagnoses (Canadian Cancer
Statistics Advisory Committee, 2019). Triple-negative breast cancer
(TNBC), a subtype of breast cancer characterized by loss of proges-
terone receptor (PR), estrogen receptor (ER), and human epidermal
growth factor receptor 2 (HER2) expression, accounts for 10-15% of
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all breast carcinomas (Dawson et al., 2009). Patients diagnosed with
TNBC typically have a poor prognosis, since TNBC is non-respon-
sive to traditional hormone therapies and exhibits an increased like-
lihood of invading the surrounding breast tissue or metastasizing to
lymph nodes, bone, liver, or lungs (Al-Mahmood et al., 2018).
Metastasis is a complex multi-step process during which cancer
cells invade through the surrounding extracellular matrix (ECM), in-
travasate into the blood or lymphatic vessels, survive in circulation,
and extravasate through the vessel endothelium to colonize sec-
ondary sites (Scully et al., 2012; Al-Mahmood et al., 2018). Invasion
through the ECM is partially mediated by the formation of protru-
sive structures (Murphy and Courtneidge, 2011), including invado-
podia and podosomes (collectively referred to as “invadosomes”)
(Paterson and Courtneidge, 2018). These invasive structures are
actin-based dynamic protrusions of the plasma membrane that form
on the ventral surfaces of cells and represent concentrated areas
of proteolytic activity (Murphy and Courtneidge, 2011; Beaty and
Condeelis, 2014; Revach and Geiger, 2014). Invadopodia are
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FIGURE 1: Depletion of PTPo. reduces extracellular matrix degradation. MDA-MB-231 cells were transfected with
nontargeting siRNA (Ctl) or siRNA #1 + #2 (sio) alone or together with siRNA-resistant PTPo-expressing plasmid («WT).
(A) Cell lysates were collected 48 h post siRNA treatment and immunoblotted for PTPa and actin. (B) Cells were plated
onto Oregon Green 488-gelatin—coated coverslips for 24 h and stained with DAPI and phalloidin-594 to detect actin.
Scale bars = 25 pm. The boxed regions are enlarged in the bottom left corner of each image. (C) The area of degraded
matrix per cell per field of view was quantified from four independent experiments as in B, with an average of 80 cells
quantified per experiment. Data are mean + SD (n =4, *p < 0.01, one-way ANOVA with Dunnett post hoc analysis).

characterized by the preferential enrichment of matrix metallopro-
teinases (MMPs), specifically MMP2, MMP9, and MT1-MMP
(MMP14), with MMP function and localization to proteolytically ac-
tive structures being primarily dependent upon endocytic/exocytic
trafficking (Yamaguchi et al., 2009; Frittoli et al., 2011). Invadopodia
have been studied both in vitro and in vivo and are important for
mediating cancer cell intravasation, extravasation and metastasis
(Gligorijevic et al., 2012; Leong et al., 2014; Lohmer et al., 2014,
Williams et al., 2019). A further understanding of the molecular
mechanisms that regulate the formation and function of invasive
plasma membrane structures is crucial for the identification of clini-
cally relevant targets to prevent metastasis.

The receptor-type protein tyrosine phosphatase alpha (PTPo) is a
widely expressed 130-kDa transmembrane PTP with a short extra-
cellular glycosylated domain and two intracellular catalytic domains
(Pallen, 2003). PTPo. belongs to the PTP superfamily, which contains
over 110 other receptor-type and intracellular PTPs, sharing a high
level of homology with the closely related PTPe (Krueger et al., 1990).
Other groups have shown that PTPa. regulates the invasiveness of
colon cancer cells using an ex vivo chicken chorioallantoic mem-
brane (CAM) assay (Krndija et al., 2010). Moreover, PTPa is an acti-
vator of the proto-oncogene c-Src and other Src family kinases
(SFKs), through dephosphorylation of the regulatory C-terminal ty-
rosine site (Tyr*?’) of ¢-Src in vitro and in vivo (Ponniah et al., 1999;
Pallen, 2003). Fibroblasts derived from the embryos of PTPo knock-
out mice display enhanced Src phosphorylation at Tyr’%, accompa-
nied by reduced Src activity (Ponniah et al., 1999; Su et al., 1999).
Moreover, these fibroblasts exhibit impaired cell spreading and mi-
gration, which is associated with a reduction in focal adhesion (FA)
formation (Su et al., 1999; Von Wichert et al., 2003; Zeng et al.,
2003). FAs and invasive structures found in cancer cells are remark-
ably similar structures that share several signaling mechanisms and
structural components (Murphy and Courtneidge, 2011; Beaty and
Condeelis, 2014; Revach and Geiger, 2014). Indeed, invadopodia
formation is initiated by FAs that establish the initial cell-ECM inter-
actions. In invasive cells, Src is released from FAs and localized to
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invadopodia, which then leads to the recruitment of other key inva-
dopodia components required for formation, maturation and func-
tion (Spinardi et al., 2004; Chan et al., 2009; Mader et al., 2011).
Because PTPa has been shown to regulate FA formation and cellular
migration and due to the similarities between focal adhesions and
invadopodia, we sought to investigate the role of PTPo. in regulating
the activity of MMP14-positive plasma membrane protrusions that
promote cellular invasion of TNBC cells.

In this study, we define a novel role of PTPa in regulating MMP14
localization to plasma membrane protrusions and in promoting the
invasive capacity of TNBC cells. These findings indicate that
PTPa plays a central role in mediating breast cancer cell invasion in
vivo.

RESULTS
PTPa mediates matrix degradation
PTPa regulates the migratory abilities of fibroblasts (Von Wichert
et al., 2003; Zeng et al., 2003; Chen et al., 2006); however, the role
of PTPa in cancer cell motility remains relatively unknown. We first
used two small-interfering RNA (siRNA) sequences (sic.1 and sict2) to
transiently knockdown PTPa. expression in MDA-MB-231 cells, a
TNBC cell line widely used to investigate mechanisms of tumor cell
migration and invasion. Both siRNAs were used together to deplete
PTPa, and the introduction of siRNA-resistant wild-type PTPa. into
PTPa-depleted cells rescued the expression of PTPa (Figure 1A).
Notably, siRNA-mediated depletion of PTPa. did not affect prolifera-
tion of the MDA-MB-231 cells (Supplemental Figure S1A). We also
confirmed that depleting PTPa using siRNA did not alter the expres-
sion of PTPe (Supplemental Figure S1B), a transmembrane protein
tyrosine phosphatase that is closely homologous to PTPo. and found
to activate Src and contribute to tumorigenesis in Neu-induced
mammary tumors (Gil-Henn and Elson, 2003; Krueger et al., 1990).
The metastatic cascade is initiated by cancer cells disseminating
from the primary tumor and locally invading the ECM and the
surrounding tissue before entering the vasculature. We sought to
determine if PTPo plays a role in ECM degradation using a matrix
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FIGURE 2: PTPa mediates cellular migration and invasion. MDA-MB-231 cells were stably transfected with non-
targeting shRNA (shCtl), shRNA-PTPo #1 (shai1), or shRNA-PTPa. #2 (sho.2). (A) Cell lysates were collected 48 h
postseeding and immunoblotted for PTPo. and actin. Densitometric quantification of PTPo expression relative to actin
was performed using immunoblots of several such cell lysates and is shown in the graph as mean + SD (n > 3).

(B) Images of cells detected on the top (turquoise) and bottom (purple) surfaces of Transwell inserts at 0, 24, 48, and
72 h of an IncuCyte chemotaxis migration assay. Scale bars = 500 pm. (C) Quantification of migration indices from
experiments shown in B are displayed as cell counts normalized to initial cell number. Data are mean + SD (n=3,

*p < 0.05, two-way ANOVA with Tukey’s post hoc analysis). (D) Images of the cells detected on the top (turquoise) and
bottom (purple) surfaces of Transwell Matrigel inserts at 0, 24, 48, and 72 h of an IncuCyte chemotaxis invasion assay.
Scale bars = 500 um. (E) Quantification of invasion indices from experiments shown in D are displayed as relative cell
counts normalized to initial cell number. Data are mean + SD (n = 3, *p < 0.05, two-way ANOVA with Tukey’s post hoc

analysis).

degradation assay with fluorescently tagged gelatin. Indeed, we ob-
served a decrease in gelatin degradation over a 24 h period upon
PTPa. knockdown, which was restored by the reexpression of
PTPa (Figure 1, B and C). These findings suggest that PTPo is im-
portant for ECM degradation and thus may play a role in the initial
stages of TNBC cell invasion.

Expression of PTPa is important for TNBC invasion

To further investigate the role of PTPo in cancer cell invasion, two
stable MDA-MB-231 cell lines were generated in which PTPa
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expression was silenced using lentiviral vectors encoding short hair-
pin RNA (shRNA). MDA-MB-231 cells were transduced with either a
nontargeting shRNA control (shCtl) or one of two shRNA-PTPo. con-
structs (shal or sha2) targeting unique sequences of the human
PTPo gene, with the resulting cell lines referred to as shCtl-231,
shot1-231, and sha2-231, respectively. PTPoL expression was effec-
tively reduced in sho1-231 cells by 41 £ 15% (n 2 3) and in sha2-231
cells by 38 £ 17% (n = 3) relative to shCtl-231 cells (Figure 2A).
MDA-MB-231 cell migration and invasion were quantified over
time using IncuCyte chemotaxis assays. To determine the role of
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PTPa localizes to endosomes but does not localize to TKS5-positive invadopodial structures. (A) Represen-
tative images of MDA-MB-231 cells expressing GFP-PTPo. and stained for TKS5. (B) Representative images of MDA-
MB-231 cells stably expressing GFP-TKS5 and stained for TKS5. (C) Representative images of MDA-MB-231 cells
coexpressing GFP-PTPo. and mCherry-PTPa. (D) Representative images of MDA-MB-231 cells stably expressing
GFP-TKS5 and transiently transfected with mCherry-PTPo.. Scale bars = 25 um. The boxed region is enlarged to the right
of the merge image. (E, F, G) Representative images of MDA-MB-231 cells expressing GFP-tagged PTPo. and
immunofluorescently stained for (E) MMP14 and cortactin, (F) MMP14 and caveolin-1 (cav-1), and (G) MMP14 and early
endosome antigen 1 (EEA1). Scale bars = 25 um. White dotted lines indicate cell outlines. The boxed areas with
colocalized signals in the merged images are enlarged to the right. The yellow line across an individual puncta marks
where fluorescence pixel intensity was quantified and is displayed in the graphs to the right. (H) Quantification of the
percentage of GFP-PTPo. expressing puncta that colocalize with MMP14 alone, cortactin/cav-1/EEA1 alone, or MMP14
and one of cortactin/cav-1/EEA1 (n = 22-30 cells).

PTPa in TNBC motility, shCtl-231, sha1-231, and sha2-231 cells toward the 10% FBS chemoattractant (Figure 2, B and C). Moreover,
were resuspended in either serum-free medium or growth factor-re- ~ MDA-MB-231 cells depleted of PTPa. showed an even greater re-
duced Matrigel to monitor migration or invasion over time, respec-  duction in invasion through the Matrigel (Figure 2, D and E). These
tively. PTPo depletion resulted in a significant reduction in the ability ~ data suggest that PTPo. expression is important for TNBC cell motil-
of MDA-MB-231 cells to migrate through the transwell membrane ity and particularly critical for invasion.
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PTPa localizes to endosomal structures but is not present in
TKS5-positive invadopodia

The formation of invadopodial structures occurs in three stages: ini-
tiation, assembly, and maturation (Artym et al., 2006; Beaty and
Condeelis, 2014). The initiation and assembly stages form invado-
podial precursor structures, which are non-degradative structures
containing actin, cortactin, cofilin, N-WASP, Arp2/3, TKS5, and vari-
ous other proteins (Eddy et al., 2017). Mature invadopodia are
marked by the recruitment and activation of matrix metalloprotein-
ases (MMPs), specifically MMP2, MMP9, and MMP14 (Beaty and
Condeelis, 2014). MMP14 is a membrane-bound protein, while
both MMP2 and MMP? are soluble, secreted proteins (Artym et al.,
2006; Beaty and Condeelis, 2014; Eddy et al., 2017). The accumula-
tion of proteinases at invadopodia is critical for mediating ECM deg-
radation and cancer cell invasion (Chen and Wang, 1999; Mazzone
et al., 2004).

Because PTPa was found to influence ECM degradation and cel-
lular invasion, we sought to determine if PTPo is a component of
invadopodia by investigating its colocalization with TKS5, a protein
considered a definitive marker of invadopodia (Abram et al., 2003;
Seals et al., 2005). GFP-tagged PTPa expressing MDA-MB-231 cells
were first stained for TKS5. Immunofluorescence analysis of 20 cells
revealed 108 GFP-PTPo. positive puncta, of which 105 (97%) were
negative for TKS5 (e.g., Figure 3A). We found that very few of the
MDA-MB-231 cells expressing GFP-PTPa. contained endogenous
TKS5-positive invadopodia despite expressing cytoplasmic TKSS5.
To better visualize TKS5-positive invadopodia, MDA-MB-231 cells
stably expressing exogenous GFP-tagged TKS5 were stained with
the TSK5 antibody, confirming that this antibody was able to detect
TKS5-positive invadopodial structures in TKS5 overexpressing cells
and these invadopodia are identified by the GFP-TKS5 (Figure 3B).
In subsequent experiments, we found that when the GFP-tagged
and mCherry-tagged forms of PTPo. were coexpressed, the tagged
forms of PTPa. colocalized to the membrane and intracellular puncta,
validating that the cellular location of either form of exogenous
PTPa was not uniquely affected by the tag or plasmid involved
(Figure 3C). Finally, to confirm whether PTPa. colocalizes with TKS5,
mCherry-tagged PTPo was transfected into MDA-MB-231 cells sta-
bly expressing GFP-tagged TKS5 before the cells were plated onto
gelatin. We found that PTPa—positive puncta were distinct from
TKS5-positive structures, indicating that PTPa. did not colocalize
with TKS5 in invadopodia (Figure 3D). While PTPa-positive puncta
formed in close proximity to TKS5-positive invadopodia, only 7.9%
(8/101) of GFP-TKS5-positive invadopodia (n = 16 cells) were also
positive for mCherry-PTPa: (e.g., Figure 3D). Together, these data
strongly suggest that PTPo-positive structures are distinct from
TKS5-positive invadopodia.

To further characterize the PTPao-positive puncta observed in
Figure 3A, we investigated the colocalization of PTPa. with cortactin
and MMP14, noting that these proteins are present in, but not re-
stricted to, invadopodia. MDA-MB-231 cells transfected with GFP-
tagged PTPa were stained for MMP14 and cortactin (Figure 3E, left
panel). An analysis of 30 cells revealed 204 GFP-PTPo-positive
puncta, and the colocalization of PTPa with cortactin and MMP14
was then analyzed along linear tracks across individual puncta
(Figure 3E, right panel). Of these puncta, 48.4% contained
PTPa. alone, 17.4% were positive for both PTPa. and MMP14, 4.3%
were positive for both PTPa and cortactin, and 29.5% were positive
for PTPa,, MMP14, and cortactin together (Figure 3H, left column).
Together, these data indicate that PTPa is not present within TKS5-
positive invadopodia, but that PTPa. is found in cortactin-positive
structures that are also positive for MMP14.
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Caveolae are a type of lipid raft that regulate endocytic traffick-
ing within the cell (Liu et al., 2002; Poincloux et al., 2009). Given that
MMP14 localizes to caveolae (Annabi et al., 2001), that PTPo has
been shown to localize to lipid rafts (Maksumova et al., 2005), and
that we found that PTPa localizes with non-invadopodial cortactin-
positive MMP14-positive structures, we investigated if PTPa is pres-
ent within caveolae. MDA-MB-231 cells expressing GFP-tagged
PTPa. were stained for MMP14 and caveolin-1 (cav-1; Figure 3F),
and 130 GFP-PTPo-positive puncta were detected in a population
of 22 cells. We found that 30.6% of these puncta were positive for
PTPo alone, 26.2% for both PTPa and MMP14, 6.1% for both
PTPo and cav-1, and 37.1% for PTPo, MMP14, and cav-1 together
(Figure 3H, middle column).

Cav-1 also localizes to multiple intracellular compartments and
vesicles including the Golgi (Fridolfsson et al., 2014), secretory vesi-
cles, as well as exosomes and endosomes (Mundy et al., 2012; Pelk-
mans et al., 2004). Based on the size of the observed PTPa/MMP14/
cav-1 triple-positive vesicles (>100 nm) in comparison with the
known size of caveolae (<100 nm), and since cortactin is also known
to colocalize to endosomes (Kaksonen et al., 2000), we stained GFP-
PTPa transfected cells with a marker of early endosomes (early en-
dosome antigen 1; EEA1). Indeed, we found that PTPo colocalized
with MMP14 in EEAT-positive structures (Figure 3G). More specifi-
cally, a total of 78 GFP-positive puncta within 22 cells were analyzed
to determine the percentages of MMP14- and EEA1-positive puncta
that were also positive for PTPo.. We found that 28.6% of the puncta
were positive for PTPo alone, 5.2% for both PTPo. and MMP14,
7.4% for both PTPa and EEA1, and 58.8% of the puncta exhibited
PTPo, MMP14, and EEA1 together (Figure 3H, right column). These
analyses indicate that PTPa preferentially localizes to puncta con-
taining both MMP14 and EEA1. Together, these data suggest that
PTPa. localizes to endosomal structures within the cell.

PTPa depletion inhibits MMP14 localization to plasma
membrane protrusions

Because we found that PTPa localizes to early endosome antigen 1,
caveolin-1, and MMP14-positive endosomal structures, we then
asked if PTPa is involved in trafficking MMP14 to and/or from inva-
dopodial structures. The localization and activity of MMP14 on the
plasma membranes of cancer cells is regulated by various mecha-
nisms, including endocytic and exocytic trafficking. Once MMP14
exits the trans-Golgi network (TGN) and reaches the cell surface, the
majority of MMP14 is internalized via caveolin- or clathrin-mediated
pathways, and MMP14 is first shuttled to early endosomes or shut-
tled to lysosomes for degradation (Wang et al., 2004). A fraction of
the internalized MMP14 residing in non-degradative endosomal
compartments in tumor cells is then delivered to invadopodia at the
plasma membrane (Gélvez et al., 2004; Poincloux et al., 2009,
Williams and Coppolino, 2011; Jacob and Prekeris, 2015; Castro-
Castro et al., 2016; Planchon et al., 2018). We investigated if the
decrease in matrix degradation observed upon PTPa knockdown is
associated with altered levels of MMP14 at the plasma membrane
or in invadopodia-like membrane structures.

We found that total MMP14 protein levels were not impacted
upon PTPa. knockdown, as determined by Western blot analysis
(Figure 4A). Using flow cytometry, we did not detect an altered level
of membrane-bound MMP14 in PTPo. knockdown versus control
cells (unpublished data). Given that MMP14 is a plasma membrane—
bound protein that may be present within protrusions on the plasma
membrane or elsewhere on the cell membrane, we then asked
whether PTPa plays a role in the localization of MMP14 to actin- and
cortactin-positive plasma membrane protrusions resembling
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invadopodia. To address this, shCtl-231,
sho1-231, and sho2-231 cells were plated
onto polycarbonate membranes with 0.3
pm-diameter pores to allow the cells to
form plasma membrane protrusions through
the pores toward a chemoattractant. Cells
were fixed, stained for cortactin/actin/
MMP14, and visualized using confocal mi-
croscopy (Figure 4B). Consistent with results
obtained via immunoblotting, we did not
observe a difference in cellular MMP14 ex-
pression upon depletion of PTPa (Figure
4C). We then created z-stack images to visu-
alize the plasma membrane structures ex-
tending downwards through the pores
(Figure 4D; Supplemental Figure S2). Impor-
tantly, the z-stack images revealed that the
number of protrusions extending through
the pores remained similar among equal
numbers of control and PTPo knockdown
cells (Figure 4E). However, the proportion of
plasma membrane protrusions containing
MMP14 was significantly lower in cells lack-
ing PTPa. (Figure 4F). These results demon-
strate that PTPo. is important for the localiza-
tion of MMP14 to plasma membrane
protrusions.

PTPa regulates the growth and

invasion of TNBC cells into the

surrounding mammary fat pad

Our in vitro data demonstrate that PTPa. is
an important player in the localization of
MMP14, ECM degradation, and tumor cell
migration and invasion. We next investi-
gated whether PTPa regulates breast can-
cer cell invasion in vivo. PTPa. knockdown
was confirmed via immunoblotting (Figure
5A) before implantation of shCtl-231, sha.1-
231, and shoi2-231 cells expressing GFP
into the fourth mammary fat pad of immu-
nodeficient mice. We observed nearly a
twofold reduction in tumor weight upon
PTPo. knockdown in comparison with con-
trol tumors two weeks after implantation
(Figure 5B). We sought to determine if the
decrease in tumor weight upon depletion of
PTPo was due to disparities in proliferation
or apoptosis in vivo, as determined by im-
munohistochemical staining of Kié7 or

and extend through the pores below

the membrane (white dotted line).

(E, F) Quantification of (E) the total number
of cellular protrusions observed and (F) the
percentage of cellular protrusions containing
MMP14. Data are mean = SD. (C, E, F) An
average of 145 cells were imaged per cell
type (=4, *p < 0.05, **p < 0.01, one-way
ANOVA with Tukey's post hoc analysis).

Molecular Biology of the Cell



cleaved caspase 3 (CC3), respectively. There was no difference in
the fraction of proliferative cells between mice bearing shCtl, sha1,
and sha2 tumors (Figure 5, C and D). We did observe a significant
increase in the percentage of the CC3-positive area in PTPo knock-
down tumors compared with the control tumors (Figure 5, C and E),
indicating that reduced PTPo expression correlates with increased
in vivo apoptotic signaling. However, depletion of PTPa. did not in-
duce apoptotic signaling in vitro, as observed by immunoblotting
lysates of cultured cells for PARP cleavage (Supplemental Figure S3),
indicating that the shRNA-expressing cells were not apoptotic be-
fore implantation and thus suggesting that PTPa: may be involved in
protecting tumor cells from apoptosis in vivo.

We then analyzed local invasion of shCtl-231, sha1-231, and
sha2-231 cells in vivo and observed a striking reduction in the ability
of PTPa. knockdown tumor cells to invade the surrounding mam-
mary fat pad. We found that control tumors often had diffuse tumor
margins that extended several hundred ym away from the primary
tumor mass, with invasive tracks of tumor cells extending into the fat
tissue (Figure 5F). In contrast, the majority of tumors lacking
PTPa had clearly delineated tumor margins with minimal extension
into the surrounding fat pad (Figure 5F). The area of the invasive
tumor was calculated by subtracting the area of the solid tumor
(black dotted line) from the total (i.e., solid and invasive) tumor area
(yellow dotted line; Figure 5F). We found a decrease in the total area
of shal and sha2 MDA-MB-231 tumors compared with control tu-
mors (Figure 5G), consistent with the reduced tumor weights (Figure
5B). Importantly, tumors grown from cells lacking PTPo displayed
significantly less invasion into the surrounding mammary fat pad
(Figure 5H). Notably, the degree of tumor cell invasion into the
mammary fat pad was not associated with overall tumor size, as we
observed a wide range of solid and invasive tumor areas between
mice (Supplemental Figure S4). These data indicate that tumor cell
invasion is not dependent on tumor size and that PTPo. knockdown
decreases both primary tumor growth and tumor cell invasiveness
N VIVO.

DISCUSSION

The local invasion of breast cancer cells into surrounding tissue is an
important step in breast cancer metastasis that can eventually result
in the formation of distant metastases. Finding new and innovative
ways to stop cancer cells from infiltrating surrounding healthy tis-
sues is key for preventing the cancer from spreading locally and
throughout the rest of the body. Our overall objective was to deter-
mine if PTPa is involved in breast cancer cell invasion. In this work,
we describe a novel role for PTPa in mediating ECM degradation
(Figure 1) and MDA-MB-231 breast cancer cell invasion in vitro
(Figure 2) and in vivo (Figure 5). We found that PTPo. is a component
of early endosome antigen 1, caveolin-1, and MMP14-positive en-
dosomal structures in the cell (Figure 3), and determined that PTPo.
regulates the localization of MMP14 to plasma membrane protru-
sions resembling invadopodia (Figure 4). Importantly, we show that
stable depletion of PTPa: inhibits primary tumor growth and invasion
of breast cancer cells into the surrounding mammary fat pad (Figure
5). Together, these data indicate an important role for PTPo.in TNBC
cell invasion and suggest that inhibition of PTPa in vivo may abro-
gate further metastasis.

Very few studies have investigated the role of PTPa. in cancer
progression and metastasis. Ardini et al. (2000) reported that PTPa.
expression varies greatly among tumors; however, high PTPo ex-
pression in a subset of ER-positive breast cancer correlates with low-
grade tumor status and reduced tumor growth and metastasis. Con-
versely, high mRNA levels of PTPo correlated with late-stage
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colorectal carcinoma and with increased squamous-cell lung carci-
noma tumors, lymph node metastasis, and depth of tumor invasion
(Tabiti et al., 1995; Gu et al., 2017). PTPa has also been shown to
regulate colon cancer cellular invasion using an ex vivo chicken cho-
rioallantoic membrane (CAM) assay (Krndija et al., 2010). Therefore,
the role of PTPa in the progression of cancer appears to be tissue-
specific and thus PTPo. may be tumor-promoting or tumor-limiting,
depending on the tissue of origin. Our work and others recognize
PTPa. as a potential oncogene (Zheng et al., 1992; Meyer et al.,
2014) and suggest that it may be an attractive drug target for the
treatment of TNBC, with the added attributes that PTPa depletion
is nonlethal (Ponniah et al., 1999; Su et al., 1999), it is accessible as
a transmembrane receptor-type protein (Pallen, 2003), and it func-
tions as an upstream activator of the proto-oncogene Src (Zheng
et al., 1992; Ponniah et al., 1999; Su et al., 1999).

Notably, PTPa. is closely homologous to PTPe, which can act as
an oncogene in certain contexts such as in Neu-induced mammary
tumor cells (Gil-Henn and Elson, 2003). Due to the structural and
functional similarities between PTPo. and PTPe (Krueger et al., 1990),
we confirmed that PTPe expression is not altered in MDA-MB-231
cells depleted of PTPa; however, this does not rule out the possibil-
ity of some, albeit incomplete, functional compensation by PTPe.

The proteolytic activity of MMP14 at invadopodia is tightly reg-
ulated by endocytic/exocytic trafficking mechanisms (Beaty and
Condeelis, 2014; Castro-Castro et al., 2016; Poincloux et al., 2009).
We found that PTPo within MMP14-positive structures that resem-
ble endosomes (marked by EEA1 and cav-1) and MMP14 expres-
sion within plasma membrane protrusions decreased upon PTPa,
knockdown. We also showed that ECM degradation and cellular
invasion were reduced following PTPo depletion with no change in
total MMP14 expression. Together, these data raise the possibility
that PTPo may be involved in endocytic signaling mechanisms.
MMP14 is either expressed homogenously on the plasma mem-
brane of cancer cells, or targeted specifically to invadopodia struc-
tures. Several studies have shown that upon MMP14 internaliza-
tion via endocytosis, a fraction of MMP14 is recycled back to the
plasma membrane and distributed to invadopodia structures (Cas-
tro-Castro et al., 2016; Monteiro et al., 2013; Poincloux et al.,
2009). Among other players, it has been reported that the Rho
GTPases RhoA and Cdc42 are critical regulators of MMP14 deliv-
ery to invadopodia and ECM degradation (Sakurai-Yageta et al.,
2008; Jacob and Prekeris, 2015; Eddy et al., 2017). Previous work
from our laboratory has shown that PTPa regulates Cdc42 activa-
tion in a variety of signaling and cell contexts, notably including
integrin-induced signaling in fibroblasts (Samayawardhena and
Pallen, 2008; Wang et al., 2009, 2012; Sun et al., 2012). While the
role of PTPa. in regulating Rho GTPase signaling in cancer cells
remains unknown, perhaps the depletion of PTPo in TNBC cells
disrupts Cdc42 activation, thus reducing the accumulation of
MMP14 at invadopodia. Rab GTPases, most notably Rab5 and
Rab7, are other known negative regulators of MMP14 surface
expression (Linder and Scita, 2015). Recently, flotillin-induced en-
docytosis of plasma membrane-bound MMP14 to Rab5-positive
endolysosomes was found to be critical for the subsequent tar-
geted delivery of MMP14 to sites of ECM degradation (Planchon
et al., 2018). This raises the question of whether PTPa-MMP14-
EEAT-positive endosomes are also involved in flotillin-induced en-
docytosis of MMP14, and if depletion of PTPa down-regulates
flotillin expression, resulting in decreased targeted delivery of
MMP14 to invadopodia. Future work is also required to elucidate
the precise pathways linking PTPa, caveolin-1, and EEAT to endo-
cytic trafficking of MMP14 in TNBC cells.
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FIGURE 5: Depletion of PTPo. induces apoptosis and decreases invasion of breast tumor xenografts. (A) Cell lysates of
shCtl, sha1, and sha2 GFP-expressing MDA-MB-231 cells were probed for PTPo. and actin expression. (B) MDA-MB-231
tumor cells (1.0 x 10°) were orthotopically injected into the fourth mammary fat pads of immunodeficient mice. Total
weight (g) of the mammary fat pad and tumor was evaluated 14 d after implantation. (C) Control (shCtl) or PTPa-
knockdown (sho1 and sha2) mammary tumors were analyzed via immunohistochemistry (scale bars = 200 pm). Tumors
were stained with hematoxylin and eosin (H&E, tumor cell nuclei marker), Kié7 (proliferative cell marker), and cleaved
caspase 3 (CC3, apoptotic cell marker). (D, E) Quantification of the percentage of Ki67-positive cells (D) and the
percentage of the CC3-positive area (E) within the mammary tumors normalized to total cell number as determined by
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In 2012, Wang and McNiven (2012) described a mechanism by
which MMP14 is targeted to FAs by associating with a focal adhe-
sion kinase (FAK)-p130Cas complex in pancreatic cancer cell lines.
The physical interaction between MMP14 and the FAK-p130Cas
complex required for FA-dependent ECM degradation is depen-
dent upon Src-mediated phosphorylation of MMP14 at tyrosine resi-
due 573 on the cytoplasmic tail of MMP14. Previous work in our
laboratory identified a role for PTPa in Src-signaling mechanisms
that regulate actin stress fiber assembly, FA dynamics, and fibroblast
migration (Zeng et al., 2003; Chen et al., 2006; Boivin et al., 2013).
Upon integrin stimulation, PTPa. dephosphorylates Src at the Tyr>?
residue to promote Src activation (Zeng et al., 2003; Chen et al.,
2006). Active Src associates with FAK and phosphorylates FAK at
various tyrosine residues. The Src-FAK complex can then phosphor-
ylate PTPa at Tyr’®, identifying PTPa as both an upstream activator
and a downstream effector of Src (Zeng et al., 2003; Chen et al.,
2006). PTPa-phospho-Tyr’®? was later shown to bind BCAR3 and
subsequently Cas to recruit Cas to FAs, where it can regulate down-
stream signaling (Sun et al., 2012). Due to this relationship between
PTPa and the Src signaling pathway in fibroblasts, it seems plausible
that PTPa could act through a similar BCAR3-Cas-Src axis to regu-
late MMP14 recruitment to plasma membrane structures and influ-
ence tumor cell invasion. However, whether Src or other SFKs are
involved in the PTPa-mediated regulation of TNBC invasion remains
to be elucidated.

Importantly, using an orthotopic xenograft model, we assessed
the role of PTPa in mediating TNBC tumor growth and cellular inva-
sion in vivo. We found that tumors lacking PTPo. were significantly
smaller and exhibited less invasive tumor margins than the control
MDA-MB-231 tumors, supportive of our in vitro data. Notably, other
groups have shown that depletion of invasion-associated proteins
limits tumor growth in vivo. Reduced expression of TKS5, an invado-
podia scaffold protein, results in decreased mammary tumor growth
accompanied by reduced proliferation and increased apoptosis
(Blouw et al., 2008, 2015). Similarly, loss of cortactin and MMP14
profoundly reduced the growth of head and neck squamous cell
carcinoma (HNSCC) and squamous cell carcinoma (SCC-1) tumors,
respectively (Hotary et al., 2003; Clark et al., 2009). In addition to
decreased invasive potential, we also observed an induction of
apoptosis in vivo upon the suppression of PTPa in TNBC tumors,
which mimics the phenotype observed upon TKS5 depletion. Previ-
ous work showed that depletion of PTPa had no significant effect on
cellular proliferation or apoptosis, as determined by IHC staining of
Her2-positive mammary tumors (Meyer et al., 2014). Interestingly,
oligodendrocyte progenitor cells (OPCs) isolated from PTPo-null
mouse embryonic brains and cultured in vitro displayed increased
proliferation and decreased apoptosis compared with OPCs from
WT brains (Wang et al., 2012). Other groups have reported that sup-
pression of PTPa. activity induced apoptosis in ER-negative breast
cancer and colon cancer cells, but not ER-positive breast cancer
cells (Zheng et al., 2008). We found no difference in apoptosis in
vitro, but observed increased CC3 expression in tumors formed by
PTPo-depleted TNBC cells in vivo, suggesting that PTPo. protects

tumor cells from apoptosis induced within the solid tumor
microenvironment.

Taken together, our data identify a novel relationship between
PTPo and MMP14, with PTPa. acting as an important mediator of
MMP14 localization in breast cancer cells. Our findings also identify
PTPa. as a potential target to reduce triple-negative breast cancer
invasion in vitro and in vivo.

MATERIALS AND METHODS

Cell lines

MDA-MB-231 cells (American Type Culture Collection, ATCC HTB-
26) were maintained in DMEM (Hyclone) and supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. GFP-
TKS5 expressing MDA-MB-231 cells were a kind gift from Karla Wil-
liams (UBC). Cell lines were confirmed to be mycoplasma-free using
the a LookOut Mycoplasma PCR detection kit (Sigma-Aldrich, Cat.
No. MP0035).

Antibodies

Rabbit anti-PTPo antiserum 2205 has been described previously
(Lim et al., 1998; Chen et al., 2006). Primary antibodies against the
following proteins were used: anti-PTPe (Abcam, Cat. No. ab126788),
anti-actin (Sigma, Cat. No. A2066), anti-cortactin (Millipore, Cat. No.
05-180), anti-MT1-MMP (MMP14; Millipore, Cat. No. ab38898),
anti-TKS5 (Santa Cruz, Cat. No. sc-30122), anti-EEA1 (Abcam, Cat.
No. ab2900), and anti-PARP (Cell Signaling Technology, Cat. No.
9542). Secondary antibodies used were anti-rabbit IgG peroxidase
conjugate (Sigma, Cat. No. A4914), anti-mouse IgG peroxidase an-
tibody (Sigma, Cat. No. A4416), Alexa Fluor 594-conjugated to
phalloidin (ThermoFisher, Cat. No. A12381), Alexa Fluor 488-conju-
gated goat anti-mouse IgG (Molecular Probes, Cat. No. A11001),
Alexa Fluor 647-conjugated goat anti-rabbit IgG (Life Technologies,
Cat. No. A21245), Alexa Fluor 594-conjugated goat anti-mouse IgG
(Life Technologies, Cat. No. A11032), and Alexa Fluor 405-conju-
gated goat anti-mouse IgG (Life Technologies, Cat. No. A31553).
Control normal mouse (Cat. No. 12-371) and normal rabbit (Cat.
No. 12-370) IgG antibodies were purchased from Millipore.

siRNA transfection and plasmids

MDA-MB-231 cells were transfected with siRNA to transiently knock
down PTPa. Sequences for the siRNAs used to target PTPa are as
follows: sia1, 5-GCAUUACAAUUUCACCAAA-3; sio2, 5-CG-
GCAGAACCAGUUAAAGA-3” (Thermo Scientific, J-004519-06 and
J-004519-08, respectively). Control nontargeting siRNA was pur-
chased from Dharmacon. Cells were transfected with 20 nM siRNA
using Lipofectamine RNAIMAX reagent (Invitrogen) and grown for
48 h before further experimentation. The pXJ41-neo-hPTPa siRNA-
resistant plasmid was cotransfected with siRNA using Lipo-
fectamine-2000 reagent (Invitrogen) to restore wild-type PTPo
expression, and cells were grown for 48 h before further experimen-
tation. The pXJ41-neo-EGFP-PTPa. and pXJ41-neo-mCherry-
PTPo plasmids were generated by replacing the Pacl-flanked nucle-
otide sequence encoding a VSVG tag (located in the extracellular

H&E staining (n = 6-11 shCtl tumors, n=9 sha1 tumors, n =7 sha2 tumors,*p < 0.05, Student's t test). (F) Left:
representative sections of control (shCtl) or PTPa-knockdown (sha1 and she:2) mammary tumors and fat pads stained
with H&E (yellow dotted line, total tumor area; black dotted line, solid tumor area; scale bar, 500 um). Right: higher-
magnification images of the white boxed areas (ST, solid tumor; IT, invasive tumor; FP, fat pad; black dotted line, solid
tumor margin; yellow dotted line, total tumor margin; scale bars = 200 pm). (G, H) Quantification of (G) total and

(H) invasive tumor area (um?) in H&E sections from 5-11 shCtl, 9 sha1, and 7 shai2 tumors per group (*p < 0.05,

Student’s t test).
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domain of PTPa) in the plasmid pXJ41-neo-VSVG-PTPo. (Bhandari
et al., 1998) with PCR-generated Pacl-flanked sequences encoding
EGFP or mCherry. These plasmids were transfected into MDA-
MB-231 cells with Lipofectamine-2000 reagent (Invitrogen) accord-
ing to the manufacturer’s instructions.

Generation of stable cell lines

For stable depletion of PTPa in MDA-MB-231 cells, shRNA con-
structs were transduced using lentivirus per the manufacturer’s in-
structions. Two shRNA-expressing constructs against PTPo. and one
control sequence were purchased from Sigma Aldrich (Cat. No.
SHCLNV-NM_002836, Cat. No. SHCLNV-NM_002839, and Cat. No.
shCOO5YV, respectively). Briefly, MDA-MB-231 cells were seeded at a
density of 9000 cells per well in a 96-well plate. After 24 h, 8 ug/ml
hexadimethrine and the viral particles at a multiplicity of infection
(MOI) of 1 per well were added. Transduced cells were selected us-
ing 0.5 pg/ml puromycin and maintained in puromycin-containing
culture medium.

IncuCyte chemotaxis migration and invasion assays

In brief, control and shRNA-expressing MDA-MB-231 cells were se-
rum-starved overnight before being resuspended in serum-free me-
dium (migration assay) or 5.0 mg/ml Matrigel (Corning, Cat. No.
356231, invasion assay) and plated into a ClearView 96-well cell
migration plate (Essen Biosciences, Cat. No. 4582). Chemotactic mi-
gration and invasion were monitored at 2 h intervals for 72 h using
IncuCyte analysis software (Essen BioScience, Ann Arbor, MI, USA).
Cellular migration and invasion were quantified as changes in cell
count over time normalized to the initial cell counts (0 h).

Immunoblotting

MDA-MB-231 cells were lysed with RIPA buffer (50 mM Tris Cl pH
7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% NaDOC,
10 pg/pl Aprotinin, 10 pug/ul Leupeptin, T mM phenylmethylsulfonyl
fluoride, and 2 mM sodium orthovanadate) and total protein con-
centration was determined using BioRad Protein Assay Dye. The cell
lysates were prepared using reducing conditions, and 20 ug (PTPa,
MMP14) or 30 pg (PARP) of protein was resolved by SDS-PAGE. The
proteins were transferred to polyvinylidene difluoride (PVDF) mem-
branes, blocked in 3% BSA-PBS with 0.1% Tween-20, and immu-
noblotted with the indicated antibodies. The immunoblots were vi-
sualized using ECL detection methods.

Matrix degradation assay

This protocol was adapted from Martin et al. (2012). In brief, 13-mm
glass coverslips were washed in 20% H,SO4 for 30 min and washed
with dH,O before use. The coverslips were placed in wells of a ster-
ile 24-well plate, coated with 50 pg/ml Poly-L-Lysine for 20 min at
room temperature (RT), washed with phosphate-buffered saline
(PBS), incubated in 0.5% glutaraldehyde for 15 min on ice, and then
washed with PBS. Each coverslip was incubated for 10 min in 100 pl
of 125 pg/ml Oregon Green 488-conjugated gelatin (Molecular
Probes) at RT. The excess gelatin was then removed, and the cover-
slips were washed in 5 mg/ml sodium borohydride for 15 min,
washed with PBS, and incubated in 70% ethanol for 30 min at RT.
The coverslips were washed with sterile PBS and 7.5 x 10 cells were
added per well. After 24 h, the cells were fixed with 4% PFA and
permeabilized with 0.2% Triton X-100 in PBS for immunofluorescent
analysis. Approximately 90 to 120 cells were imaged (~15 FOVs) at
63x magnification per condition per experiment. Gelatin degrada-
tion was quantified using ImageJ. ECM degradation was analyzed
by quantifying the area of gelatin degradation as a percentage of
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the total area per field of view and normalized to the number of cells
per field.

Immunofluorescence

Glass coverslips were coated with 1 mg/ml gelatin, and 7.5 x 10*
MDA-MB-231 cells were seeded per coverslip in a 24-well plate for
24 h. The cells were fixed with 4% PFA for 15 min, washed three
times in PBS, permeabilized in 0.2% Triton X-100/PBS for 10 min,
and blocked with 3% bovine serum albumin (BSA) in 0.2% Triton
X-100/PBS for 1 h at RT. The blocking solution was removed, and
the samples were incubated with primary antibodies overnight at
4°C and with secondary antibodies and/or phalloidin for 2 h at RT.
Post washes, the coverslips were mounted with mounting medium
with or without DAPI (Molecular Probes). For colocalization analysis,
MDA-MB-231 cells were transfected with either mCherry-PTPa. or
GFP-PTPa, stained with comarkers, imaged at 100x magnification
using a Leica SP5 confocal microscope, and analyzed using ImageJ
software. The percentage of colocalization was quantified across
22-30 PTPo-positive cells that formed between 78 and 204 PTPo.-
positive puncta in total. To visualize MMP14 |ocalization to plasma
membrane protrusions, cells were seeded (2.5 x 10 onto 0.3 um
membranes (Costar) in serum-free medium. The bottom chamber
was filled with medium containing 10% FBS as the chemoattractant,
and the plasma membrane protrusions could extend overnight at
37°C/5% CO5. Cells were fixed onto the membrane, permeabilized,
blocked, and stained as described above.

Orthotopic xenograft tumor model

Female immunodeficient mice aged 8-19 wk [NSG (NOD scid
gamma) mice used for shCtl vs. sho1 experiments and NRG (NOD.
Cg-Rag'tm!Mom 1 2rgtmWil/SzJ) mice used for shCtl vs. sha2 experi-
ments] were bred in-house in the Animal Resource Centre at the BC
Cancer Research Centre under specific pathogen-free conditions.
Either shCtl, sha1, or sha2 GFP-expressing MDA-MB-231 (1.0 x
10%) cells were resuspended in complete culture medium and
mixed with an equal volume of high-concentration Matrigel
(Corning). Mice were anesthetized by 2% isoflurane inhalation and
randomly divided into two groups, and the cell-Matrigel mixture
was injected into the fourth mammary fat pad in a total volume of
100 pl. Tumors and surrounding fat pads were harvested 2 wk
post-implantation for further analysis. Animal experiments were
performed in accordance with Institution and Canadian Council on
Animal Care guidelines.

Immunohistochemistry

The mammary fat pads containing tumors were isolated, weighed,
and then fixed in 10% formalin. The samples were paraffin-embed-
ded, processed, and stained with hematoxylin/eosin (H&E; Bio-
care, Cat. No. CATHE), Ki67 (Springer Bioscience, Cat. No. M3062),
and/or cleaved caspase-3 (Cell Signaling, Cat. No. 9661S) by the
BC Cancer Agency’s Molecular and Cellular Immunology Core Fa-
cility (Victoria, BC, Canada). Images were captured using a Zeiss
Axioplan 2 microscope and Northern Eclipse software and pro-
cessed using Fiji (Fiji is Just ImageJ) software. H&E staining was
used to differentiate mammary fat pad cells from tumor cells, and
the density of H&E stained nuclei was used to distinguish between
the solid tumor mass and the invasive front of the tumor. The aver-
age area of invasive tumor (um?) was calculated as the difference
between the total tumor area and the solid tumor area in five step
sections (100 pm apart) per mouse. The expression of proliferation
and apoptosis markers (Ki67 and CC3, respectively) were quanti-
fied from three randomly imaged FOVs (one section per mouse)
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using Fiji and normalized to total tumor cell number in the section
as determined by quantification of hematoxylin staining.

Statistical Analysis

Statistical comparisons were made using unpaired, two-tailed Stu-
dent’s t tests with Welch’s correction. When more than two groups
were analyzed, either a one-way (single time point) or a two-way (time
course analysis) ANOVA was performed. Significance was defined as
p < 0.05 and all data represent at least three independent experi-
ments. Experimental values are presented as the mean + SD (SD).
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