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A Protease Storm Cleaves a Cell-Cell Adhesion Molecule in
Cancer: Multiple Proteases Converge to Requlate PTPmu in
Glioma Cells
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ABSTRACT

Cleavage of the cell-cell adhesion molecule, PTPp, occurs in human glioblastoma multiforme brain tumor tissue and glioma cell lines. PTP
cleavage is linked to increased cell motility and growth factor independent survival of glioma cells in vitro. Previously, PTPu was shown to be
cleaved by furin in the golgi to generate membrane associated E- (extracellular) and P- (phosphatase) subunits, and by ADAMs and the gamma
secretase complex at the plasma membrane. We also identified the presence of additional extracellular and intracellular PTPw fragments in
brain tumors. We set out to biochemically analyze PTPw cleavage in cancer cells. We determined that, in addition to the furin-processed form
of PTP, a pool of 200 kDa full-length PTP . exists at the plasma membrane that is cleaved directly by ADAM to generate a larger shed form of
the PTPp extracellular segment. Notably, in glioma cells, full-length PTP is also subject to calpain cleavage, which generates novel PTPw
fragments not found in other immortalized cells. We also observed glycosylation and phosphorylation differences in the cancer cells. Our data
suggest that an additional serine protease also contributes to PTP shedding in glioma cells. We hypothesize that a “protease storm” occurs in
cancer cells whereby multiple proteases converge to reduce the presence of cell-cell adhesion molecules at the plasma membrane and to
generate protein fragments with unique biological functions. As a consequence, the “protease storm” could promote the migration and
invasion of tumor cells. J. Cell. Biochem. 115: 1609-1623, 2014. © 2014 Wiley Periodicals, Inc.
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P roteolysis of the cell-cell adhesion molecule PTPw is
implicated in regulating the motility and growth of an
aggressive type of brain tumor, glioblastoma multiforme (GBM)
[Burgoyne et al., 2009a,b]. PTP is a type I transmembrane protein
with cell adhesion molecule motifs in its extracellular segment, a
single pass transmembrane domain and an intracellular segment
with tyrosine phosphatase activity [Gebbink et al., 1991; Brady-
Kalnay and Tonks, 1993; Gebbink et al., 1993a]. PTP. is a member of
both the immunoglobulin superfamily of cell-cell adhesion
molecules and the receptor protein tyrosine phosphatase (RPTP)
IIb subfamily [Brady-Kalnay and Tonks, 1995]. PTPp. is produced as
a single polypeptide chain that is glycosylated to produce a mature

protein with a molecular weight (MW) of 200 kDa. PTP . is processed
by a furin-like protease in the golgi to yield two non-covalently
associated fragments, the extracellular (E) subunit (100 kDa MW),
and the intracellular phosphatase (P) subunit (100 kDa MW, Fig. 1A)
[Brady-Kalnay and Tonks, 1994; Gebbink et al., 1995; Campan et al.,
1996]. Both the 200kDa and the furin-processed forms are present
at the cell surface [Gebbink et al., 1995; Burgoyne et al., 2009b].
PTPu is expressed in the lung, heart, vasculature and nervous
system [Gebbink et al., 1991; Brady-Kalnay et al., 1995; Campan
et al., 1996; Burden-Gulley and Brady-Kalnay, 1999; Ensslen et al.,
2003]. PTP . associates with members of the cadherin family of cell
adhesion molecules [Brady-Kalnay et al., 1995; Brady-Kalnay

Abbreviations: GBM, glioblastoma multiforme; PTP., receptor protein tyrosine phosphatase mu.

Grant sponsor: NIH; Grant number: R0O1-NS06397 1; Grant sponsor: Tabitha Yee-May Lou Endowment Fund for Brain

Cancer Research.

*Correspondence to: Susann M. Brady-Kalnay, PhD, Department of Molecular Biology and Microbiology, School of
Medicine, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, OH 44106-4960. E-mail: susann.

brady-kalnay @case.edu

Manuscript Received: 1 May 2013; Manuscript Accepted: 24 April 2014

Accepted manuscript online in Wiley Online Library (wileyonlinelibrary.com): 28 April 2014

DOI 10.1002/jcb.24824 e © 2014 Wiley Periodicals, Inc.



A

=
o
o
=
@)
[

E-Subunit

i

1 - PM
= s
3 w
— S — E —) Nucleus
Furin-like Z o-secretase y-secretase
protease (ADAM) v =)
o
100 kDa 81 kDa
B + - - 4+ - - DMSO C 119 kDa
- s + -  GMB001 200 kDa
= = 4 = -+ FurinInh
5§ B & + + + lonomycin
N
4
&ﬁ - -t «—119
<< - <«—100 (E)
O - «—78
=
. 55 PM
w
D . - — «+—200 — P ——— Nucleus
» 5) a-secretase y-secretase
Q
g5 MM A= 0 (ADAM) 8
>
o N T

Fig. 1.

PTPp is proteolytically processed by a Notch-like paradigm in Mv 1 Lu cells. Schematic of PTPp. proteolytic processing at the plasma membrane. Full-length (200 kDa)

PTPu. is sequentially processed by a furin-like protease into two tightly associated fragments, the E-subunit (100 kDa) and the P-subunit (100 kDa). PTPp. is further processed by
an a-secretase/ADAM to shed the E-subunit, resulting in a membrane tethered PAE fragment (81 kDa) consisting of the entire intracellular segment and a few residues of the
remaining extracellular segment. The PAE fragment is a substrate for y-secretase, which cleaves PTPp within the transmembrane domain to release an intracellular fragment
(ICD) capable of translocating to the nucleus (A). Mv 1 Lu cells were treated with ionomycin, after a 17-24 h pre-incubation with DMSO, GM6001 or furin Inhibitor. Shed
proteins were recovered from the culture supernatant by TCA precipitation and cell lyates were made as described in the Methods. Protein samples were resolved by SDS-PAGE
and PTPp. was detected by immunoblotting with either the BK2 extracellular antibody or the SK18 intracellular antibody (B). Numbers indicate molecular weights in kDa. In this

study we demonstrate that full-length PTPp. at the plasma membrane is a substrate for a-secretase/ADAM-induced ectodomain shedding in the absence of furin processing;

producing a shed fragment of 119 kDa, and containing most of the extracellular segment (C).

et al., 1998; Sui et al., 2005] as well as with various regulators of
the actin cytoskeleton, including RACK1 [Mourton et al., 2001]
IQGAP1 [Phillips-Mason et al., 2006], and p120 catenin [Zondag
et al., 2000]. PTP. is stabilized at the plasma membrane at high cell
density [Brady-Kalnay et al., 1995; Gebbink et al., 1995], where it
mediates cell-cell adhesion [Brady-Kalnay et al., 1993; Gebbink
et al., 1993b].

Full-length and furin-processed cell surface forms of PTPw are
absent in GBM tissue and glioma cell lines [Burgoyne et al., 2009a,b].
The loss of cell surface PTPw observed in GBM is due to A Disintegrin
And Metalloproteases (ADAM) metalloprotease or matrix metal-
loprotease (MMP)-mediated ectodomain shedding following furin
processing (Fig. 1A). Ectodomain shedding results in a membrane
associated fragment, PAE [Burgoyne et al., 2009b]. y-secretase then
cleaves PAE to generate the membrane-free intracellular domain
(ICD) of PTPw (Fig. 1A).

By using ADAM and y-secretase inhibitors as well as short hairpin
(sh)RNA knockdown of PTPp., it was demonstrated that the PAE and

the ICD fragments promoted migration and growth factor indepen-
dent survival of glioma cells, suggesting that cleaved PTP . functions
as an oncogene [Burgoyne et al., 2009b]. Conversely, reduction of
full-length PTPw using shRNA knockdown in the non-migratory
glioma U-87 MG cell line induced migration and invasion,
suggesting that full-length, plasma membrane associated PTPp
functions as a tumor suppressor [Burgoyne et al., 2009a].
Proteolysis of full-length cell-cell adhesion molecules is often
observed in cancers [Craig and Brady-Kalnay, 2011a,b]. The high
level of proteases in the tumor microenvironment combined with the
presence of activating stimuli, such as constitutive growth factor
signaling, induce shedding via calcium influx and Protein Kinase C
activation [Reiss et al., 2006; Rucci et al., 2011]. Just as has been
observed with PTPw proteolysis, when other cell-cell adhesion
molecules are cleaved and released from the plasma membrane they
no longer act as cell-cell adhesion molecules and instead induce
cancer cell motility and invasion. This may lead to the loss of contact
inhibition observed in cancer [Craig and Brady-Kalnay, 2011a].
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Exploiting the presence of novel fragments generated from the
cleavage of cell-cell adhesion molecules has been proposed as a
means of diagnosing and treating cancers [Craig and Brady-
Kalnay, 2011b].

Among the proteases observed to proteolyze cell-cell adhesion
molecules are metalloproteases (MMPs), ADAMs, caspases, rhom-
boid proteases and calpains [Gil-Henn et al., 2001; Reiss et al., 2006;
Craig and Brady-Kalnay, 2011a,b; David and Rajasekaran, 2012].
MMPs and ADAMs are known as sheddases, as MMPs are found in
the extracellular space while ADAMs are transmembrane proteases.
Both MMPs and ADAMs proteolyze proteins outside of the cell
membrane, resulting in the release or “shedding” of the protein’s
extracellular segment [Reiss et al., 2006]. Rhomboid proteases cut
adhesion molecules in eukaryotic parasites, such as Toxoplasma and
Plasmodium species [Urban and Dickey, 2011] as well as the
mammalian ephrin B cell surface guidance protein [Pascall and
Brown, 2004]. Rhomboid proteases are serine proteases that cut
within the plasma membrane [Urban and Dickey, 2011], thus also
generating shed extracellular protein fragments.

Calpains are calcium-dependent cytoplasmic cysteine proteases
that proteolyze cytoskeletal-associated proteins, phosphatases and
cell adhesion molecules, including B-integrin and receptor PTPs
[Gil-Henn et al., 2001; Chakraborti et al., 2012]. Because calpains are
intracellular, when they cleave transmembrane proteins it does not
result in shedding of the extracellular fragment from cell
membranes. Instead calpain cleavage results in the generation of
unique, membrane disassociated, cytosolic fragments.

In this study of PTP proteolysis, we demonstrate that additional
PTP. fragments exist in glioma cell lines besides the full-length
(200kDa), P (100kDa), E (100 kDa), PAE (81 kDa), and ICD (78 kDa)
fragments previously identified [Burgoyne et al., 2009a,b]. In order
to identify the additional cleavage products and analyze any related
post-translational modifications to the PTP protein, we conducted
biochemical analyses in the Mv 1 Lu immortalized, non-transformed
cell line that expresses high levels of PTPu and in which PTPp has
been well characterized. In this study, the Mv 1 Lu cell line simulated
“normal” cells. We compared the Mv 1 Lu results to those obtained in
the LN-229 human glioma cell line in which full-length PTP is lost
due to proteolysis. PTPu. was exogenously expressed in LN-229 cells.
Then, proteolysis was preferentially induced with ionomycin stimula-
tion, which promotes calcium influx and is analogous to constitutive
growth factor activation observed in tumor cells. We determined that
although some of the same processing occurs in the immortalized and
the glioma cell lines following ionomycin stimulation, additional
post-translational modifications including differential glycosylation
and phosphorylation occur in the tumor cell line. Importantly,
we determined that the ADAM protease cleaves full-length PTP
directly to generate a larger shed extracellular fragment. Furthermore,
we determined that the calcium activated protease calpain cleaves
at three different sites within the PTPw cytoplasmic domain only in
glioma cells to generate distinct PTPp fragments. Finally, we
demonstrated that simultaneous inhibition of furin, ADAM, calpain
and another serine protease is required to block proteolysis of PTPw
in glioma cells. Together these data suggest that distinct proteolytic
cascades occur in tumor cells to generate novel PTPu fragments. The
insights gained from this study reinforce the theory of a “protease

storm” occurring in cancer cells which proteolyzes cell-cell adhesion
molecules such as PTPu to promote tumorigenesis by reducing
adhesion and generating biologically active fragments that can
function in new, potentially oncogenic, ways.

CELLS AND LENTIVIRAL INFECTION

LN-229 human glioma cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA) and maintained in
Dulbecco’s modified Eagle medium (DMEM; Invitrogen, Carlsbad,
CA) supplemented with 5% fetal bovine serum (HyClone, Logan, UT)
at 37°C, 5% CO,. Mv 1 Lu mink cells were obtained from ATCC and
maintained in DMEM supplemented with 10% fetal bovine serum at
37°C, 5% CO,. Where indicated, LN-229 and Mv 1 Lu cells were
infected with lentiviral particles to express exogenous full-length
PTP as previously described [Burgoyne et al., 2009b].

Lentiviral shRNA constructs to ADAM 10 (TRCN 0000006672),
ADAM 17 (TRCN0000294262) and a PLKO vector control were
purchased from Sigma-Aldrich (St. Louis, MO) and used to make
lentiviral particles which were used to infect cells as previously
described [Burgoyne et al., 2009a].

CHEMICAL REAGENTS AND ANTIBODIES

The following chemicals were purchased from EMD Millipore (San
Diego, CA) and used at the concentrations indicated in parenthesis:
ionomycin (5 wM), furin inhibitor I (30 wM), GM6001 (25 M), DAPT
(1 wM), and proprotein convertase inhibitor (PPCI, 25 pwM). Calpain
inhibitor I (ALLN) was purchased from Sigma-Aldrich and used at
20 uM. The serine protease inhibitors 3,4-dicholoroisocoumarian
(DCI), N-p-tosyl-L-phenylalanine ketone (TPCK) and aprotinin were
purchased from Sigma and used at 100 M, 25 pM, and 10 pg/ml,
respectively. All inhibitors were made up in DMSO with the
exception of calpain inhibitor I, which was made up in methanol. A
methanol control behaved similarly to DMSO and was not included
in the figures (data not shown). The SK18 monoclonal antibody,
directed to the intracellular domain, and the BK2 monoclonal
antibody, directed to the MAM domain of PTPp, have been described
previously [Brady-Kalnay et al, 1993; Brady-Kalnay and
Tonks, 1994]. Polyclonal antibodies to ADAM 10 and ADAM 17
were obtained from Calbiochem and Millipore, respectively. A
monoclonal antibody to vinculin was obtained from Sigma-Aldrich.

PRECIPITATION OF SECRETED PROTEINS FROM THE TISSUE CULTURE
MEDIA

Mv 1 Lu and LN-229 cells were plated in 100 mm dishes. Two days
after plating, the cells were washed twice with basal DMEM (serum-
free without further additions) and the media was replaced with basal
DMEM overnight. The following day, cells were either untreated or
treated with 5 M ionomycin for 30 min. The culture supernatant
was collected and centrifuged to pellet any floating cells. Culture
supernatants were incubated on ice with 20% trichloroacetic acid
(TCA) for 1-2h to precipitate out all proteins. Precipitated protein
was then recovered by centrifugation at 16,000 rpm for 15 min.
Protein pellets were washed once with ice cold acetone, briefly
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allowed to dry, resuspended in 2x SDS sample buffer with the
addition of 1 N NaOH to neutralize the acid and heated at 95°C for
5min. TCA precipitated proteins were analyzed by immunoblot as
described below. For deglycosylation studies, TCA precipitated
proteins were incubated with PNGase F or Protein Deglycosylation
Mix, both purchased from New England Biolabs (NEB, Ipswich, MA).
Deglycosylation of TCA precipitated protein was carried out
according to the protocols supplied by NEB.

IMMUNOPRECIPITATIONS AND IMMUNOBLOTTING

Mv 1 Lu and LN-229 cells were plated and treated with or without
ionomycin as described above. Cellular proteins were isolated in
RIPA buffer (10mM Tris-HCl, pH 7.5, 140mM NaCl, 0.5%
deoxycholate, 1% Triton X-100, 0.1% SDS, 2mM benzamidine,
10 ug/ml aprotinin and leupeptin, 2 pg/ml pepstatin, 40 mM
B-glycerol phosphate, 1 mM sodium orthovanadate, and 1 mM
sodium fluoride). After brief sonication, protein lysates were cleared
by centrifugation at 10,000 rpm for 5 min. Protein concentration was
determined using a bicinchoninic acid protein assay (Pierce,
Rockford, IL). 4x SDS sample buffer was added to the lysates and
heated at 95°C for 5 min. Proteins were resolved on low cross-linking
8% SDS-PAGE gels and immunoblotted with PTP. antibodies BK2
or SK18. For immunoprecipitations, protein lysates were made in
RIPA buffer without phosphatase inhibitors (3-glycerol phosphate,
sodium orthovanadate and sodium fluoride) to perform dephos-
phorylation reactions. Equal amounts (400 p.g) of protein were added
to protein A/G agarose (Roche Applied Science, Indianapolis, IN)
pre-loaded with SK18 monoclonal antibody or mouse IgG control
antibody. Immunoprecipitated proteins were washed and either
untreated or treated with calf intestinal phosphatase (CIP, New
England Biolabs) for 30 min at 37°C or treated with PNGase F for
30min at room temperature. After enzyme treatments, 4x SDS
sample buffer was added to the samples and heated at 95°C for 5 min.
Immunoprecipitated proteins were resolved on 8% SDS-PAGE gels
and immunoblotted with the PTPp antibody SK18.

SEQUENCE ANALYSIS

To determine the approximate expected molecular weight of PTPu
extracellular fragments, we needed to take into consideration the
fact that PTPp. is a glycosylated protein. Using NetNGlyc 1.0 (http://
www.cbs.dtu.dk/services/NetNGlyc/) we identified 12 potential
N-linked glycosylation sites in PTPp. Using NetOGlyc 4.0 (http://
www.cbs.dtu.dk/services/NetOGlyc/) we identified one potential
O-linked glycosylation site in PTP ..

To determine sites of calpain cleavage in PTP protein, the online
cleavage site predictor program at CaMPDB(calpain.org) was
employed. PTPp. amino acid sequence was input with FASTA
formatting, and the location of potential calpain cleavage sites were
identified.

PTPp. PROCESSING IN MV 1 LU IMMORTALIZED CELLS
In our previous studies of PTPu cleavage, we analyzed intracellular
PTPw fragments, but did not analyze extracellular shed forms of

PTPw [Burgoyne et al., 2009b]. In unstimulated Mv 1 Lu cells, very
little shed PTP . is TCA precipitated from culture media (Fig. 1B). This
was expected since very little shedding should occur in cells in the
absence of a stimulus. To induce shedding experimentally in vitro,
cells can be treated with phorbol esters (PMA or TPA) or the calcium
ionophore, ionomycin [Reiss et al., 2006]. These methods are
commonly used to mimic constitutive growth factor stimulation by
activating PKCs and inducing calcium release from intracellular
stores. We tested the ability of both PMA and ionomycin to induce
shedding of PTPw in Mv 1 Lu cells. Full-length PTPp and PTPp
fragments were identified using the PTPu-specific antibodies BK2
and SK18, directed against the extracellular segment and the
intracellular segment of PTPu, respectively [Brady-Kalnay
et al, 1993; Brady-Kalnay and Tonks, 1994]. As detected by
immunoblot using the BK2 antibody, stimulation of Mv 1 Lu cells
with ionomycin, but not PMA (data not shown), resulted in the
shedding of PTP extracellular bands with MW of 119, 100, 78, and
55 kDa (Fig. 1B), demonstrating that ionomycin induced shedding of
four different PTPu fragments. The predominant bands observed
were the 119 and 100 kDa bands, whereas the lower MW bands were
fainter and more difficult to observe consistently.

We hypothesized that if ADAM cleaved full-length PTPw
directly, the only difference in ectodomain shedding between
furin-processed and the full-length forms of cell surface PTPp
would be the size of the shed fragments. In the furin-processed
case, the shed fragment is predicted to be 100kDa E-subunit
(Fig. 1A). However, if full-length PTPp. is processed by ADAM, the
shed fragment is predicted to be 119 kDa (Fig. 1C). This is because
the ADAM shed fragment from full-length PTPp contains
additional amino acid residues that are retained in the P-subunit
if PTPw is first cut by furin (Fig. 1A,C). In the presence of the
furin inhibitor, we observed a block of the 100kDa band,
demonstrating that this band is the previously identified
E-subunit of PTPu (Fig. 1B+ ionomycin + furin inh). We also
observed the predicted 119kDa band, demonstrating that full-
length PTPp exists at the plasma membrane and is processed by
ADAM (Fig. 1B+ ionomycin+ DMSO0). Since furin inhibition
increases the full-length precursor pool (Fig. 1B, lysates+ furin
inh), more 119kDa fragment could be generated when furin is
inhibited. We observe an increase in the 119kDa band (Fig. 1B
TCA ppt 4 ionomycin + furin inh), which confirms that full-length
PTPp. is a direct substrate for ADAM cleavage (Fig. 1C).

The broad spectrum ADAM inhibitor GM6001 eliminated nearly
all PTP in the TCA precipitates indicating that all shedding in Mv 1
Lu cells is ADAM-dependent (Fig. 1B + ionomycin + GM6001), as
predicted.

Using the SK18 PTP. antibody directed against the intracellular
segment of PTPw, we evaluated PTPp expression in Mv 1 Lu
immortalized cell lysate preparations in unstimulated cells. We
observed the full-length cell surface form of PTPw (200kDa) in
addition to the P-subunit (100kDa) in the cell lysates (Fig. 1B,
lysates + DMSOQ). By treating the cells with the furin inhibitor, we
confirmed earlier findings that the P-subunit is generated by
cleavage of the 200kDa protein into 2-100kDa fragments, P- and
E- (Fig. 1B lysate+ furin inh only lane [Brady-Kalnay and
Tonks, 1994; Gebbink et al., 1995]).
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Following ionomycin stimulation, smaller fragments with MWs of
93 and 81kDa are generated in the cell lysates (Fig. 1B lysate +
ionomycin). These intracellular fragments are generated by ADAM
cleavage from both full-length PTPw and furin processed PTPp., as
use of GM6001 results in an increase in the presence of both the
200kDa full-length and 100 kDa P-subunit band and the disappear-
ance of the 93 and 81kDa (PAE) bands (Fig. 1B lysate + ionomycin
+ GM6001). Furin inhibition stabilizes some 200 kDa PTP. but does
not affect the generation of the 93 and 81kDa bands, again
confirming that these bands are produced as a result of ADAM, not
furin, cleavage (Fig. 1B + ionomycin + furin inh). The identity of the
93 kDa band is unclear since it is bigger than PAE but smaller than
the P-subunit. Furthermore, neither dephosphorylation nor degly-
cosylation alters the size of this band (data not shown).

Based upon these findings, we observe that there is one pool of cell
surface PTPp that is furin processed (Fig. 1A) and one that remains
full-length in the immortalized Mv 1 Lu cell line (Fig. 1C). lTonomycin
induces ADAM-dependent shedding of PTPp from both full-length
and furin-cleaved PTP. The ratio of full-length to furin-processed
(based on the amount of P subunit detected by an intracellular
antibody) is 1:2.7 in cellular lysates in the absence of ionomycin
stimulation in Mv 1 Lu cells. In the presence of the furin-inhibitor,
there is a shift to full-length protein in the absence of ionomycin. In
the presence of ionomycin, both the full-length and furin-processed
forms are shed in approximately the same ratio as they are present on
the cell surface (1:2.3 compared to 1:2.7 based upon the detection of
the E-subunit in TCA precipitations and immunoblotting with an
extracellular antibody). Therefore, we conclude that the two
proteolytic pathways are relatively balanced. Furthermore, ADAM
cleavage generates the intracellular 81 kDa PAE fragment, which in
turn is processed by y-secretase (Fig. 1A,C) [Burgoyne et al., 2009b].

PTP. GLYCOSYLATION

Based on the 1,452 amino acids present in PTPw, we predict that
PTP should migrate at a MW of 165, yet full-length cell surface
PTPp. migrates at 200kDa. Likewise, the shed PTPu fragments
should be 69 and 81kDa based on the sites of furin and ADAM
cleavage, but they migrate at 100 and 119 kDa, respectively (Fig. 2A,
B). N-linked glycosylation could be responsible for this difference as
both the full-length and furin-processed forms of PTPu are
susceptible to glycosylation as they are trafficked to the cell surface
via the ER and Golgi of Mv 1 Lu cells [Gebbink et al., 1995; Burgoyne
et al., 2009b]. To determine whether glycosylation is the reason for
the difference in the predicted MW and observed MW of PTP and its
fragments, we used NetNGlyc 1.0 (see Materials and Methods
section) to identify potential N-linked glycosylation sites. There are
12 potential N-linked glycosylation sites in PTPw (Fig. 2A). Based on
the size shift observed when full-length PTP . is treated with PNGase
F [Gebbink et al., 1995], we calculated an increase in size of 3.16 kDa
per N-linked glycan if all sites are occupied. Using the amino acid
sequence and the 12 potential N-linked glycosylation sites within
the PTPw extracellular segment, we predicted the size of the PTPu
fragment shed in response to ionomycin-treatment to be 119 kDa for
the ADAM cleaved fragment (Fig. 2A). In the absence of N-linked
glycosylation, the size of the ADAM cleaved fragment is predicted to
be 81kDa (119kDa — 3.16kDa per glycan x 12 glycosylation sites

=81). Using a similar calculation, we predicted the MW of all of the
PTPp fragments identified in Figure 1B based on their predicted
glycosylation patterns (Fig. 2A). The predicted MWs of 119, 100, 78,
and 55 are consistent with the observed MWs (Fig. 2B, left panel,
control) indicating that most of the potential glycosylation sites are
utilized. Deglycosylation of the TCA precipitated proteins with
PNGase F to remove all N-linked oligosaccharides confirmed our
predictions (Fig. 2B, left panel + PNGase F). Two major bands are
observed on the immunoblots from TCA precipitations of ionomycin
stimulated cells treated with PNGase F (DMSO -+ PNGase F), one at
81kDa and one at 69 kDa (Fig. 2B, left panel, DMSO + PNGase F and
right panel).

The identity of the 69kDa band was confirmed as the
deglycosylated E-subunit by subjecting TCA precipitates from cells
treated with furin inhibitor (FI) with PNGase F. In the 4+ PNGase
F +FI lane, very little of the 69kDa band is observed while the
81kDa remains, demonstrating that the 69 kDa fragment is furin-
dependent (Fig. 2B, left panel). The identity of the 81kDa band as
the deglycosylated 119kDa fragment was confirmed when we
deglycosylated the TCA precipitates from cells treated with GM6001.
In the +PNGase F+ GM6001 lane, only a faint 69kDa band is
observed while the 81 kDa band is eliminated (Fig. 2B, left panel). The
deglycosylated forms of the 78 and 55kDa bands, which should
migrate at 57 and 43 kDa, are difficult to detect on immunoblots
(Fig. 2B). These two lower MW deglycosylated bands were slightly
increased when exogenous PTPw was expressed in ionomycin
stimulated Mv 1 Lu cells (Fig. 2D).

Treatment of the TCA precipitates from culture media of
ionomycin stimulated cells with a deglycosylation mix of enzymes
that removes all N-linked, simple O-linked and some complex
O-linked glycans, generated the same pattern shift in the PTPw
immunopositive bands, from 119 to 81kDa and 100 to 69 kDa as
treatment with PNGase F alone did (Fig. 2B, right panel). We
conclude from this data that in Mv 1 Lu cells most, if not all, of
PTP glycosylation is N-linked.

PTPp. SHEDDING IN GLIOMA CELLS

Previous studies demonstrated the presence of a shed 55 kDa PTP
fragment in human GBM tumor tissue [Burden-Gulley et al., 2010].
We wanted to evaluate whether any shed fragments of PTPw are
observed in human glioma cells in vitro. To do this, we treated
LN-229 glioma cells with ionomycin to induce PTPw shedding.
LN-229 cells contain PTPp. mRNA, but because PTP is constitu-
tively processed in these cells [Burgoyne et al., 2009b], there is very
little endogenous PTP. protein (Fig. 2C). Therefore, exogenous PTPu
was expressed in LN229 cells (hereafter abbreviated Ex PTPu) to
conduct the subsequent experiments. All of the bands observed in Ex
PTP cells were also present on darker exposures of immunoblots
from endogenous PTPw in LN-229 cells (Fig. 3A).

In the Ex PTPu LN-229 cells, ionomycin induced the shedding of
four PTPp fragments with MWs of 127, 108, 78, and 55 kDa (Fig. 2C),
similar in size to those observed in Mv 1 Lu cells (119, 100, 78, and
55kDa, Fig. 2B). The shed PTPu fragments from LN-229 cells
appeared as smears on the immunoblots instead of discrete bands as
they did in Mv 1 Lu cell precipitations. The smears suggest
differential glycosylation of PTPw may occur in LN-229 cells to yield
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Fig.2. PTPp is differentially glycosylated in Mv 1 Lu and LN-229 cells. Extracellular fragments of PTPL. generated by furin and ADAM cleavage and the predicted PTPp domains
included in the 78 and 55 kDa fragments, induced by ionomycin, are drawn based on size and antibody recognition. Meprin/PTP/A5 (MAM), immunoglobulin (lg), fibronectin
type Il repeat (FNIII) and transmembrane (TMD) domains are indicated. Potential N-linked glycosylation sites based on NetNGlyc 1.0 are represented by yellow diamonds.
Differential glycosylation was observed to “mark” the RPTP PTPkappa for proteolysis. Based on sequence homology, a similar site is present in PTPp. and is indicated by the red
diamond. An O-linked glycosylation site predicted by NetOGlyc 1.0 exists in PTPp. as marked by a green diamond. The numbers indicate the observed sizes of the fragments when
they are completely glycosylated or deglycosylated (asterisks). Numbers in burgundy represent the sizes of fragments observed in LN-229 cells that differ from those seen with Mv
1 Lu (A). Mv 1 Lu cells were treated with ionomycin, after a 17-24 h pre-incubation with DMSO, GM6001 or furin inhibitor. Shed proteins were recovered from the culture
supernatant by TCA precipitation. Protein samples were divided in half; one half was untreated, one half was subjected to deglycosylation by PNGase F. Proteins were resolved by
SDS-PAGE and PTP. fragments were detected using the BK2 antibody (B). TCA-precipitated shed proteins from Mv 1 Lu cell culture supernatant treated with ionomycin, was
divided and either untreated, subjected to deglycosylation by PNGase F or to deglycosylation with a Deglycosylation Mix. Proteins were resolved by SDS-PAGE and PTPp
fragments were detected using the BK2 antibody (B, right panel). Parental LN-229 cells or LN-229 cells expressing exogenous PTPu. were either untreated or treated with
ionomycin (C). Shed proteins were recovered from the culture supernatant by TCA precipitation and resolved by SDS-PAGE then detected by the BK2 antibody (C). Parental Mv 1
Lu cells, Mv 1 Lu cells expressing exogenous PTPp. and LN-229 cells expressing exogenous PTPp. were treated with ionomycin (D). Shed proteins were recovered from the culture
supernatant by TCA precipitation and were subjected to deglycosylation by PNGase F or by a Deglycosylation Mix. Protein samples were resolved by SDS-PAGE and shed PTPp
detected by immunoblotting with BK2 (D). Numbers indicate molecular weights in kDa.

protein fragments that migrate at slightly different rates. The 78 and
55kDa bands migrate at the same MW as they do in Mv 1 Lu cells
(Fig. 2D, compare + Ex PTP. lanes). The presence of the 55 kDa band
is in agreement with earlier observations of a shed PTPu fragment of
this size in human GBM tumors [Burden-Gulley et al., 2010].
Deglycosylation of TCA precipitated extracellular fragments from
ionomycin stimulated Ex PTPw LN-229 cells yielded expected bands
at 81kDa (deglycosylated 127 kDa fragment), and 69 kDa (deglyco-
sylated 108 kDa band, Fig. 2D). These bands are identical to those
observed in Mv 1 Lu cells (Fig. 2B). An 88 kDa band not detected in
Mv 1 Lu cells was also generated following PNGase F or
Deglycosylation Mix treatment of Ex PTPu LN-229 cells (Fig. 2D).
This may represent a modification that is not susceptible to these

enzymes, such as specific types of O-linked glycosylation (Fig. 2D).
An O-linked glycosylation site predicted by NetOGlyc 1.0 exists in
PTPp. as marked by a green diamond (Fig. 2A). To summarize, these
data suggest there are four major forms of shed PTP. ectodomains in
the Ex PTPp LN-229 glioma cells, some of which migrate differently
from immortalized cells due to differences in glycosylation.

PTPp. PROCESSING IN GLIOMA CELLS

Evaluation of PTPp expression in the unstimulated Ex PTPu cell
lysates with SK18 shows a slightly different pattern of immuno-
positive bands than that observed in the Mv 1 Lu cells (Fig. 3A
compared to Fig. 1B), with two sets of doublet bands, one at 200 and
185kDa and another at 113 and 100kDa (Fig. 3A + ExPTPp).
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Fig. 3. PTPu is a substrate for calpain cleavage in LN-229 cells. Parental LN-229 cells or LN-229 cells expressing exogenous PTPu. were either untreated or treated with
ionomycin for 30 min. Cellular protein lysates were made and proteins were resolved by SDS—PAGE as described in the Methods. Cell associated PTPp. was detected by SK18 (A).
An antibody to vinculin was put on the SK18 immunoblot to show relative protein loading. A darker exposure of PTPw expression in parental LN-229 cells plus and minus
ionomycin is also shown (A). Protein lysates were made from untreated LN-229 cells expressing exogenous PTPw. and used for immunoprecipitations (IPs) with SK18. SK18 IPs
were untreated or treated with CIP or PNGase F as described in Materials and Methods section and then resolved by SDS-PAGE. PTPp. full-length or intracellular fragments were
detected with SK18 (B). LN-229 cells expressing exogenous PTPp. were treated with ionomycin after a 30 min pre-incubation with DMSO, DCl or calpain inhibitor. Cell-associated
intracellular PTPp. was detected with SK18 in cellular protein lysates (C). Cell-associated extracellular fragments were detected with BK2 (D, left panel). Shed proteins were
recovered from culture supernatant by TCA precipitation and resolved by SDS-PAGE and detected with BK2 (D, right panel). Numbers indicate molecular weights in kDa. A model

of calpain cleavage of full-length PTPp illustrates the observed products (E).

Treatment of various cell lines with PMA causes a shift from the
100 kDa P-subunit band of PTP to the 113 kDa band, suggesting the
P-subunit is phosphorylated in response to PMA, presumably due to
PKC activation (unpublished data). To test if phosphorylation was
responsible for producing the doublets observed, we treated PTPu
immunoprecipitates from Ex PTPw LN-229 cells with calf alkaline
intestinal phosphatase (CIP) to remove any phosphorylation. CIP
treatment did convert the 113kDa band to the 100kDa band
(Fig. 3B+ CIP), supporting the hypothesis that phosphorylation
increases the molecular weight of the 100 kDa P-subunit to 113 kDa.
CIP treatment had no effect on the doublet that migrates in the range
of full-length PTP, however (Fig. 3B + CIP).

It has been suggested that the lower band of the higher MW
doublet (approximately 185kDa) is an incompletely glycosylated
form of cell surface PTPu [Gebbink et al., 1995]. We treated

immunoprecipitated PTPw with PNGase F to determine if glycosyl-
ation could account for the difference in size between the 185 and
200kDa. Treatment with PNGase F generated a faster migrating
band, suggesting both bands are differentially glycosylated forms of
cell surface PTPw (Fig. 3B + PNGase F).

Following ionomyvcin stimulation of Ex PTPw LN-229 cells, the
81kDa (PAE) fragment of PTPp is generated, just as in ionomycin
stimulated Mv 1 Lu cells (Fig. 3A+ionomycin+ ExPTPu).
Ionomycin treatment of Ex PTPw LN-229 cells also generated a
triplet of bands previously unobserved in other cell types with the
approximate MWs of 71, 67, and 61kDa (Fig. 3A). Because
ionomycin increases intracellular calcium levels, we wanted to
evaluate whether the calcium-dependent cysteine protease, calpain,
could be generating the additional PTP. fragments. To test this, we
used the CaMPDB tool [duVerle et al., 2010] to identify potential
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calpain cleavage sites. Based on the top scores obtained with
CaMPDB and the sizes of the calpain triplet observed, we predict
calpain cleaves PTPu at amino acids 825, 855, and 911 to generate
fragments of 71, 67, and 61 kDa, respectively (Fig. 3E). We confirmed
that these bands were generated by calpain cleavage by pre-
incubating cells with a calpain inhibitor prior to ionomycin
stimulation and observing the loss of the three bands (Fig. 3C).
We next evaluated the membrane-associated forms of PTPw in
glioma cell lysates using the BK2 antibody. If calpain preferred full-
length PTPp as a substrate, we predicted the calpain generated
plasma membrane associated forms would have MWs of approxi-
mately 129, 133, and 139kDa (ex. 200 kDa full-length PTPw. — 71
kDa fragment = 129 kDa; Fig. 3E). Following ionomycin treatment,
we observed a smear of bands ranging from 129 to 139 kDa in cell
lysates with the BK2 antibody (Fig. 3D, left panel). These bands were
inhibited by the addition of a calpain inhibitor (Fig. 3D, left panel).
Calpain inhibition had no effect on the ionomycin-induced shedding
of 127, 108, 78, and 55 kDa bands of PTPu (Fig. 3D, right panel).
Treatment with a serine protease inhibitor, DCI, did not change the
cleavage or shedding of PTP in response to ionomycin (Fig. 3C,D),

A LN-229 Cells

supporting the conclusion that calpain generates the cell-associated
extracellular segment containing forms of PTP .

A band with the approximate MW of 83 kDa is also detected in
immunoblots of cell lysates using the BK2 antibody (Fig. 3D, left
panel). It is not the 78 kDa shed fragment observed earlier (Fig. 1B),
as the 83 kDa band is observed in cell lysates, not TCA precipitates of
culture media. The 83 kDa band represents a membrane associated
extracellular fragment that exists only in the presence of ionomycin
(Fig. 4A, Lysates, Extra Ab BK2 blot, 4+ ionomycin). It is a discrete
band, not like the “fuzzy” glycosylated bands observed in TCA
precipitates, and it remains unchanged with the addition of any of
the inhibitors (Figs. 3D and 4A, Lysates, Extra Ab: BK2). Therefore,
the mechanism whereby it is generated is currently unknown.

DOWN REGULATION OF ADAM 10 BY SHRNA STABILIZES PTPu

The site of ADAM cleavage in PTPp was determined based on the
ADAM 10 site identified in RPTPk, a closely related type IIb protein
tyrosine phosphatase [Anders et al., 2006]. The ADAM 10 cleavage
site in RPTPk is between amino acids 746 and 747 (KQ/TD), which
results in the shedding of all but 6 amino acid residues of the

B LN-229 Cells
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Fig.4. ADAM 10 regulates PTPp shedding. Lentiviral shRNA constructs to ADAM 10, ADAM 17 and vector control were used to make lentiviral particles and infect LN-229 cells.
Infected cells were either untreated or treated with ionomycin for 30 min. Cellular protein lysates were made and proteins were resolved by SDS-PAGE. Cell associated, full-length
or intracellular fragments of PTPp. were detected in lysates with SK18 (top panel). Cell-associated extracellular fragments were detected in lysates by BK2 (middle panel). Shed
proteins were recovered from the culture supernatant by TCA precipitation and resolved by SDS—-PAGE were detected by the BK2 antibody (bottom panel) (A). Lysates from cells
infected with lentiviral particles as described above, were resolved by SDS-PAGE and immunoblotted with polyclonal antibodies to either ADAM 10 or ADAM 17. The
immunoblots were reprobed with a monoclonal antibody to vinculin to control for protein loading. The ADAM 10 immunoblot shows a reduction in the 85 kDa precursor of ADAM
10 recognized by this antibody. The asterisks on the ADAM 10 immunoblot denotes a non-specific band. The ADAM 17 immunoblot shows a reduction in the 115kDa band
consistent with the expected molecular weight of ADAM 17 (B). Numbers indicate molecular weights in kDa.
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extracellular segment of RPTP«k. PTPp has the same amino acid
sequence N-terminal to its transmembrane domain. We hypothe-
sized that ADAM 10 would cleave PTPu between amino acids 736
and 737 (KQ/TD) (Fig. 2A). To determine whether ADAM 10 was the
a-secretase involved in PTPw shedding, we infected Ex PTPp
LN-229 cells with lentiviral particles containing shRNA to either
ADAM 10 or ADAM 17, another a-secretase implicated in the
shedding of cell-cell adhesion molecules [Dang et al., 2011]. Both
ADAM 10 and ADAM 17 protein levels were significantly reduced in
LN-229 cells infected with shRNA containing lentivirus as
determined by immunoblot (Fig. 4B). In the absence or presence
of ionomycin, cells containing ADAM 10 shRNA stabilized cell-
associated full-length, E- and P-subunits of PTPu as expected,
compared to cells containing ADAM 17 shRNA or vector shRNA
(Fig. 4A). ADAM 10 shRNA had only a minor effect on the
total amount of PAE generated (Fig. 4A, top panel) whereas the

DMSO  GM FI DAPT
o+ -+ .+ s lonomycin
s ] «— 200
B e [ o i85
] » « 113
e ERa. S0P
; - = <— 81 (PAE)
f <} &= &8 Jn.er6

Immunoblot: SK18
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GM6001 inhibitor was effective in altering PAE levels. As discussed
later, there may be additional proteases involved in generating a
band of similar molecular weight. ADAM 10 shRNA had only a small
effect on the amount of PTPp shed (Fig. 4A, bottom panel)
suggesting multiple proteases are involved in mediating the
shedding of PTPp.

PAE is generated by ADAM cleavage in Mv 1 Lu cells (Fig. 1B). It is
further proteolyzed by +vy-secretase to generate ICD (Fig. 1C)
[Burgoyne et al., 2009b]. We next tested whether the PAE fragment
observed in the Ex PTPu LN-229 cell lysates was also sensitive to
GM6001 inhibition and stabilized with the y-secretase inhibitor
DAPT. In the absence of ionomycin stimulation more PAE is
observed with DAPT treatment than in DMSO only lanes (Fig. 5A).
This suggests that DAPT stabilizes PAE. When cells are pre-
incubated with GM6001, the PAE band is eliminated (Fig. 5A),
suggesting it is dependent upon ADAM activity to be generated.
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Inhibition of proteolysis in LN-229 cells. Proposed PTPu. cleavage mechanisms in LN-229 cells with furin and ADAM (A) or calpain (B). LN-229 cells expressing

exogenous PTPu were either untreated or treated with ionomycin with or without a 17-24 h pre-incubation with DMSO, GM6001 (25 M), furin inhibitor (30 .M), or DAPT
(1 M) (A). Cell-associated PTPw. in protein lysates resolved by SDS-PAGE was detected with SK18 (A). In B, LN-229 cells expressing exogenous PTPu were treated with
ionomycin after a 17-24 h pre-incubation with DMSO, GM6001, furin Inhibitor or a 30 min pre-incubation with calpain inhibitor (20 M), as single inhibitor treatments or in
combination. Cell-associated PTPp. in protein lysates resolved by SDS-PAGE was detected with SK18 (B). LN-229 cells expressing exogenous PTPp. were treated with ionomycin
after a pre-incubation with a combination of calpain inhibitor (Cl), GM6001 (GM) and furin inhibitor (FI) or a combination of calpain inhibitor (Cl), GM6001 (GM) and proprotein
convertase inhibitor (PPCI, 25 wM) (C). Cell-associated PTPy. in protein lysates resolved by SDS-PAGE was detected with SK18 (C). Numbers indicate molecular weights in kDa.
PTPy. is a substrate for both furin and ADAM. The furin inhibitor stabilizes full-length PTPp., and the ADAM inhibitor, GM6001, stabilizes the P-subunit (D). We determined full-
length PTPw. is a direct substrate for ADAM cleavage. PAE is generated in the presence of the furin inhibitor and is sensitive to the ADAM inhibitor, GM6001. PAE is a substrate for
constitutive cleavage by y-secretase. Cleavage of PAE by y-secretase generates a labile ICD fragment of 78 kDa. The y-secretase inhibitor, DAPT, can stabilize PAE in the absence

of ionomycin (E).
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These data demonstrate that the 81 kDa band produced in response to
ionomycin stimulation in Ex PTPu. LN-229 cells is PAE. As expected,
pre-incubation with the furin inhibitor did not affect the levels of
PAE in cells treated with or without ionomycin (Fig. 5A). In addition
to the inhibitors discussed above, we used inhibitors of caspase, uPA
and cysteine proteases (E-64). None of these inhibitors affected the
cleavage of PTPu (data not shown). As previously published
[Burgoyne et al., 2009b], the ICD fragment is not detected unless
stabilized by proteasome inhibitors (data not shown).

There are clearly multiple cleavage events going on in glioma
cells. To determine which PTP proteins are cleaved to yield the PAE
and the calpain fragments, we used protease inhibitors singly or
in combination to identify which fragments were eliminated or
stabilized in cell lysates by the treatments (Fig. 5B). In this way, we
could determine the precursors for fragment generation, i.e. the
protease’s substrates. Using the SK18 antibody, we observed that
GM®6001 stabilizes the P-subunit (Fig. 5B + GM6001). This suggests
that the P subunit is a substrate for ADAM cleavage as in Mv 1 Lu
cells. Alternatively, ADAM inhibition may increase the full-length
PTPw pool for subsequent furin processing to generate more
P subunit. In fact, combining the furin inhibitor with GM6001
increases the 200kDa PTPp but yields very little P or PAE
(Fig. 5B 4 GM6001 + furin inh). In the presence of the calpain
inhibitor, both P and PAE are stabilized (Fig. 5B + calpain inh).
This suggests that if full-length PTP. is increased by inhibition of
calpain cleavage, it immediately becomes a substrate for furin
and ADAM cleavage to generate those fragments, and conversely, if
furin and ADAM are inhibited, calpain can cleave P and PAE.
As expected, when GM6001 is added in addition to the calpain
inhibitor, no PAE or calpain fragments are generated, and the
200kDa full-length PTPp. and the 100 kDa P-subunit are stabilized
(Fig. 5B + GM6001 + calpain inh). When the furin inhibitor is added
in addition to the calpain inhibitor, we observe more 200 kDa PTP
and more PAE (Fig. 5B + furin inh + calpain inh). This is likely due to
a shift in the precursor pool to the full-length form of PTP, which is
then cleaved by ADAM. When GM6001, the furin inhibitor and the
calpain inhibitor are all added together, full-length 200 kDa PTP
and 100kDa P-subunit are stabilized (Fig. 5B + GM6001 + furin
inh 4 calpain inh). We hypothesize that the P-subunit is still
generated because the furin inhibitor may not function efficiently
when all three inhibitors are added together. To test this, we used
another inhibitor of furin-like proteases (PPCI) combined with the
calpain inhibitor and GM6001. Addition of the PPCI inhibitor
resulted in the stabilization of the 200kDa PTPw but very
little 100 kDa P-subunit (Fig. 5C), suggesting that in LN-229 cells, the
P-subunit is also generated by furin cleavage. Moreover, the
combination of calpain inhibitor, GM6001 and PPCl blocks nearly all
the cleavage of PTPp based on immunoblot with an intracellular
antibody (Fig. 5C).

We now have a general model of PTPu proteolysis in human
glioma cells; the furin processed PTPw (represented as the 100 kDa
P-subunit in SK18 immunoblots) is present at the cell membrane,
and is cleaved by ADAM to generate PAE (Fig. 5D), just as in Mv 1 Lu
cells (Fig. 1A). In addition, ADAM directly cleaves cell-surface full-
length PTP . to generate PAE, which is stabilized by DAPT (Fig. 5E).
y-secretase cleavage then generates ICD (Fig. 5E).

GENERATION OF NOVEL SHED AND CELL SURFACE ASSOCIATED
PTP. FRAGMENTS IN GLIOMA CELLS

To identify the substrate for calpain cleavage, we evaluated cell
lysates with the BK2 antibody to examine which form of cell surface
associated PTP is stabilized when the calpain fragments are not
generated. As we discussed earlier, when we stimulate Ex PTPp
LN-229 cells with ionomycin, we observe membrane-associated
fragments of approximately 129, 133, and 139kDa MWs using
the BK2PTPp extracellular antibody on immunoblots (Fig. 3D,
left panel and Fig. 6A + DMSO0). These bands correspond in MW to
the extracellular counterparts of the intracellular calpain triplet
we observe: for example, 200 kDa full-length — 129 kDa membrane
associated fragment =71 kDa intracellular fragment, the exact size
of the intracellular calpain fragment generated (see Fig. 3E). When
the furin inhibitor alone was added to the cells, the abundance of the
129-139 kDa bands increased, whereas the amount of the 100 kDa
E-subunit decreased (Fig. 6A + furin inh). Since we know furin
inhibition stabilizes the full-length 200 kDa form of PTP. (Fig. 5A),
we infer that the 200 kDa full-length PTPp must be the substrate for
the calpain-generated fragments. The addition of GM6001 did not
affect the production of the 100 kDa E-subunit or of the 129-139 kDa
bands, suggesting that ADAM cleavage is not involved in the calpain
cleavage cascade (Fig. 6A + GM6001).

When we examine TCA precipitates from ExPTPw LN-229 cells
treated with ionomycin, we observe four PTPp fragments: 127 kDa
(directly ADAM shed), 108 kDa (E-subunit), 78 and 55 kDa (Figs. 2C
and 6B). The shedding of the four bands was partially inhibited by
GM®6001 treatment alone (Fig. 6B). We consistently saw a decrease in
the 127 kDa band when GM6001 was added in combination with the
calpain inhibitor (Fig. 6B). The calpain inhibitor did not block
shedding directly (Fig. 6B). The calpain and furin inhibitors affect the
amount of full-length PTPw that is present at the cell surface
(Figs. 5B and 6A). Since full-length PTP is a substrate for direct
ADAM cleavage, altering the amount of full-length changes the
substrate pool available for shedding. The 127 kDa band is generated
by direct ADAM cleavage of full-length PTP. based upon cleavage
site, observed MW and inhibitor studies (Figs. 2C and 6B). Figures 5
and 6 suggest that the calpain inhibitor stabilizes full-length PTP. at
the cell surface, which is then a substrate for ADAM cleavage.
Therefore, the combination of the ADAM and calpain inhibitor
would block shedding of the 127 kDa band but not effect the 108 kDa
shed E-subunit. The shedding of the extracellular fragments
observed in the TCA precipitates was further blocked with the
combination of GM6001, calpain inhibitor and furin inhibitor,
however, this still did not eliminate the presence of all of the shed
forms of PTP. (Fig. 6B + GM6001 + furin inh + calpain inh) further
implicating another protease. A diagram summarizes the predicted
domain structure of the four shed forms of PTP. (Fig. 6D).

Since we were unable to fully block shedding, even with the
combination of three inhibitors (Fig. 6B), we determined another
protease was involved in PTPw cleavage in glioma cells. We tested
whether inclusion of serine protease inhibitors would have any effect
on PTPp shedding. Addition of aprotinin to the triple combination
had almost no effect on the shedding of PTPp. whereas the addition
of DCI or TPCK further reduced PTP shedding (Fig. 7A). DCI and
TPCK are used as inhibitors of rhomboid proteases since they are
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Fig. 6. Multiple enzymes are involved in generating truncated membrane associated or ectodomain shed forms of PTPu. in LN-229 cells. LN-229 cells expressing exogenous
PTPw were treated with ionomycin after a 17-24 h pre-incubation with DMSO, GM6001, furin inhibitor or a 30 min pre-incubation with calpain inhibitor as single inhibitor
treatments or in combination. Cellular protein lysates were made as described and resolved by SDS—-PAGE. Cell-associated PTP. was detected with the extracellular antibody BK2
(A). Cells were treated as described above and the shed proteins were recovered from the culture supernatant by TCA precipitation. Shed proteins were resolved by SDS-PAGE and
detected by the BK2 antibody (B). Numbers indicate molecular weights in kDa. Schematic of PTPp. membrane associated fragments generated by calpain cleavage induced by
ionomycin (C). Calpain is predicted to cleave PTPy. at residues 825, 855, and 911. This diagram depicts the cell-associated extracellular fragments of PTP. that would result from
calpain cleavage and their predicted size (C). Schematic of the potential mechanisms used to generate the observed extracellular PTPp. fragments shed in response to ionomycin.
PTPw is a substrate for furin and ADAM. ADAM cleavage of furin-processed PTPu generates a shed 100 kDa fragment. ADAM cleavage of full-length PTPw generates a shed
127 kDa fragment in glioma cells. We also observe shed fragments of 78 and 55 kDa. These bands could arise either from full-length, furin-processed or ADAM shed PTPp. (D).

most active on that class of serine proteases [Urban et al., 2001;
reviewed in Urban and Dickey, 2011; Ha et al., 2013]. Intrigued by
the effect TPCK addition had on PTPw shedding we wanted to
investigate whether TPCK in combination with GM6001 could fully
block PTP shedding. Since the shedding of PTP is an independent
event from other cleavage events, we reasoned that shedding
potentially could be blocked by the addition of two inhibitors: one
targeting ADAMs and one targeting serine proteases. Figure 7B
shows that GM6001 and TPCK blocked nearly all PTPp shedding
when added in combination, while each showed a partial effect when
added alone. We consistently observe better reduction of shedding
with GM6001 and TPCK in combination than with any of the other
serine protease inhibitors. These data suggest that both an ADAM
and a serine protease contribute to PTP shedding in glioma cells.
The fact that DCI and TPCK can block the shedding of PTPw. suggests
the involvement of a rhomboid protease, however, we cannot rule
out other serine proteases. Based on the fact that rhomboid proteases
typically cleave close to the outer leaflet of the plasma membrane,

rhomboid cleavage of PTPw should generate a shed extracellular
form of PTPw with a MW of approximately 128kDa and an
intracellular form of PTPw with a MW of approximately 78 kDa
(Fig. 7C). The ADAM cleaved 127 kDa band and the 81 kDa PAE band
may obscure these fragments on BK2 and SK18 immunoblots,
respectively.

This study adds new information regarding furin and ADAM
processing of PTPw in both immortalized but non-transformed cell
lines (i.e., “normal” cells) and in cancer cells. PTPp exists at the cell
surface in two forms: a full-length 200kDa form and a furin-
processed form composed of two 100 kDa non-covalently associated
subunits, the E- and P-subunits. The P-subunit can exist in a
phosphorylated 113kDa and an unphosphorylated 100kDa form.
The E-subunit is glycosylated. These pools of PTPw can both be
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Fig. 7. The combination of ADAM and serine protease inhibitors are required to block PTPu. cleavage. LN-229 cells expressing exogenous PTPu were treated with ionomycin
after a pre-incubation for 24 h with GM6001 (GM), furin inhibitor (FI) combined with a 30 min pre-incubation with calpain inhibitor (CI) and Aprotinin, DCI, or TPCK. The vehicle
control includes amounts of DMSO and methanol equal to the volume used for inhibitor delivery. Cell lysates were made and resolved by SDS-PAGE. Shed proteins were recovered
from the culture supernatant by TCA precipitation, resolved by SDS—-PAGE and detected by the BK2 antibody (A). Numbers indicate molecular weights in kDa. LN-229 cells
expressing exogenous PTPp. were treated with ionomycin after a pre-incubation for 24 h with DMSO or GM6001 (GM) combined with a 30 min pre-incubation with TPCK. Cell
lysates were analyzed for shed PTPu as described above. (B). A model of serine protease cleavage of full-length PTP illustrates the observed products of a 128 kDa shed

extracellular fragment and a 78 kDa intracellular fragment (C).

further processed by ADAM to generate two shed fragments: a
119kDa form when the full-length 200 kDa PTPp is the substrate
and a 100 kDa shed fragment when the furin-processed form of PTPp.
is the substrate in immortalized cells. ADAM proteolysis generates
the membrane associated 81kDa PAE fragment. Further proteolysis
by the +y-secretase complex generates a membrane-freed 78 kDa
fragment that traffics into the nucleus [Burgoyne et al., 2009b].

The model for PTPu proteolysis in glioma cells includes furin,
ADAMI10, and +y-secretase processing as described above but
additional cleavage occurs as discussed extensively below. In
glioma cells, calpain cleavage of cell-surface PTPw produces three
membrane associated extracellular forms of PTPw and three
membrane-free cytoplasmic fragments. A serine protease, such as
a rhomboid protease, proteolyzes cell-surface full-length PTPu to
generate novel shed and cytoplasmic PTPp fragments. In addition,
we demonstrated that differential glycosylation of PTPw occurs in
cancer cells that may contribute to the additional cleavage events
observed.

INDUCERS OF TRANSMEMBRANE PROTEIN SHEDDING

Proteolysis and receptor shedding is generally upregulated in cancer
due to constitutive growth factor signaling, and may be a mechanism
used by cells to lose contact inhibition [Craig and Brady-
Kalnay, 2011a]. Major proteases involved in receptor shedding
include ADAM and the rhomboid proteases [Gil-Henn et al., 2001;
Reiss et al., 2006; Craig and Brady-Kalnay, 2011a,b; David and
Rajasekaran, 2012]. PMA and ionomycin are used in vitro to induce
receptor shedding and to mimic constitutive growth factor signaling
observed in vivo. The mechanism by which PMA or ionomycin
induce shedding is not clear, but is proposed to be via the induction

of post-translational modifications of the cytoplasmic segments of
transmembrane protein substrates [Dang et al., 2011]. Intracellular
modifications, such as phosphorylation, are translated into confor-
mational changes in the extracellular segment or changes in protein
stability, allowing access to proteases. Moreover, the stimuli used to
induce shedding appear to direct which ADAMs are activated [Dang
et al.,, 2011].

Based upon our previous study, MMP/ADAMs were predicted to
be the major inducers of transmembrane shedding [Burgoyne
et al., 2009b]. ADAM 10 and ADAM 17 can be activated by calcium
ionophores such as ionomycin [Horiuchi et al., 2007; Le Gall
et al., 2009]. While ADAM 10 shRNA did stabilize full-length PTP .
as well as the E- and P-subunits, it did not inhibit PAE generation
(Fig. 4A, top panel), whereas the broad spectrum inhibitor for
ADAMs and MMPs, GM6001, was able to block PAE production. This
implies that ADAM 10 is only one of the proteases involved in PTP
shedding. We saw no major changes in any of the PTP. fragments in
the presence of ADAM 17 shRNA, suggesting this a-secretase is not
involved.

POST-TRANSLATIONAL EVENTS SEGREGATING POOLS AND/OR
INDUCING CONFORMATIONAL EFFECTS

PTP processing in glioma cells may be regulated by localization,
glycosylation and/or phosphorylation. For example, in this study,
we determined the 100kDa furin-processed P-subunit of PTPu is
phosphorylated in the LN-229 cells to produce a fragment that
migrates at 113 kDa. This modification could potentially “mark” a
pool of PTP. for cleavage by a particular protease. Furthermore, the
existence of multiple pools of PTP at the cell surface is a curiosity.
Are both forms of cell-surface full-length PTPu present at the same
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location? We hypothesize that in addition to phosphorylation, the
localization within membrane microdomains regulates which
proteases cleave PTPp.

Glycosylation differences may also “mark” certain pools of PTPw
for cleavage. Glycosylation can regulate proper folding, transport
and stability of proteins. Aberrant glycosylation is associated with
disease states including cancer. An increase in 3(1,6)-branching on
N-linked glycans was observed in malignant cells, catalyzed by
N-aceytlglucosaminyl transferase V (GnT-V). RPTPk is a target for
GnT-V in colon cancer cells [Kim et al., 2006], and differential
glycosylation was observed to “mark” RPTPk for proteolysis
(indicated in Fig. 2A by a red diamond). Additional studies suggest
that aberrant glycosylation of RPTPk by GnT-V facilitates its
cleavage by furin [Wang et al., 2009]. Glycosylation reduces RPTPk’s
phosphatase activity towards EGFR, resulting in cell migration.
Based on sequence homology to RPTPk, PTPu also has a site for
potential modification by GnT-V. O-linked glycosylation regulates
Notch cleavage and activity by regulating Notch ligand binding
[Okajima et al., 2003]. Notably, an O-linked glycosylation site exists
in PTPw’s extracellular domain as marked by a green diamond in
Figure 2A.

PTPw. PROTEOLYSIS RESULTS IN FIVE SHED ADHESIVE

FORMS OF PTPw

Earlier studies identified the existence of a shed 55kDa PTPu
fragment in human GBM tumor samples, present at twofold higher
levels in the center and edge of the tumors than in adjacent normal
cortex [Burden-Gulley et al., 2010]. This finding complimented an
earlier study that demonstrated PTP cleavage occurs preferentially
in GBM tissue and generates novel cytoplasmic fragments of PTPu
[Burgoyne et al., 2009b]. Based on size and antibody recognition, the
55kDa shed PTPw fragment likely corresponds to the MAM, Ig and
first fibronectin III repeat of PTP . [Burden-Gulley et al., 2010], and
as such would be capable of binding homophilically to any form of
PTPw containing the homophilic binding site. Because of this
homophilic binding capability, fluorescently tagged PTPu probes
were devised to bind to and detect the shed 55 kDa fragment in tumor
tissue [Burden-Gulley et al., 2010]. These probes, termed SBK probes,
are very effective at labeling tumor cells and highlighting the
boundary of GBM tumor tissue sections in vitro and labeling flank
tumors of glioma cells in vivo [Burden-Gulley et al., 2010]. In
addition, the SBK probes can cross the blood brain barrier and
infiltrate a GBM tumor to label virtually all GFP-positive glioma cells
in a xenograft GBM tumor model even when those cells have
migrated 4 mm away from the main tumor mass [Burden-Gulley
et al., 2010].

In the current study, we identified five shed fragments of PTPp
released from glioma cells, including the 55 kDa form. Based on their
size, our data suggests two of these fragments, the 127 and 108, are
released by ADAM processing of either the full-length form of PTP
or the furin-processed form of PTPp, respectively. In addition, a
serine protease such as a rhomboid could generate shed fragments of
a similar size. We are unable to discern the size difference of ADAM
or serine protease shed fragments by immunoblot but we show that
both ADAM and serine protease inhibitors are needed to fully block
PTPp shedding. The protease(s) that generate the 78 and 55kDa

fragments must be regulated by one of the identified proteases as
the combinations of inhibitors block their shedding although no
individual protease did. The proteases involved may include an MMP
or another serine protease. Given that we now know there are four
additional shed fragments of PTPy, it is possible that the SBK probes
are actually detecting any of the five shed PTPu fragments, since the
homophilic binding site resides in the N-terminal part of the protein,
the immunoglobulin domain [Brady-Kalnay and Tonks, 1994].

CALPAIN CLEAVAGE GENERATES THREE NOVEL CELL SURFACE
FORMS OF PTP. THAT LACK CATALYTIC ACTIVITY AND THREE NOVEL
CATALYTICALLY ACTIVE CYTOPLASMIC FRAGMENTS OF PTP.
Three novel cell-surface forms of PTPu generated by calpain
cleavage were also identified in this study. The calpain cleaved cell-
surface fragments (139, 133, and 129kDa in size) are likely
functional adhesion molecules, as only the extracellular domain
of PTP is required for homophilic cell-cell adhesion [Brady-Kalnay
et al., 1993; Gebbink et al., 1993b]. Unlike the full-length 200 kDa
and the furin-processed forms of PTP, however, these cell-surface
forms of PTPu lack catalytic phosphatase domains, and would
therefore be unable to signal intracellularly in response to adhesion.
Calpain cleavage of cell-surface full-length PTPu also generates
three membrane-released phosphatase domain-containing frag-
ments that are detectable in cell lysate preparations, with MWs of 71,
67, and 61kDa (Fig. 3).

Calpain cleavage has never been demonstrated for type IIb RPTPs.
However, the type IV RPTPs, RPTP«a, and PTPe, are cleaved by
calpain to generate cytoplasmic fragments in primary cortical
neurons following stimulation with CaCl, [Gil-Henn et al., 2001].
Calpain cleavage of RPTPa generates a cytoplasmic PTPa fragment
which is unable to act on the membrane-localized substrates of
RPTPq, including Src and the Kv2.1 potassium channel [Gil-Henn
et al., 2001]. Cleavage, therefore, can have major biological effects
by relocating the catalytic domains of RPTPs away from substrates at
the plasma membrane towards another set of substrates at different
subcellular locations [Phillips-Mason et al., 2011].

Calpains have been implicated in tumor progression as their
expression and activity is up-regulated by oncoproteins including
v-Src, v-Myc, v-Jun, v-Fos and K-Ras [Carragher et al., 2002, 2004].
A role for calpain has been established in tumor cell migration and
invasion [Leloup, 2011; Storr et al., 2011], in glioma cell invasion in
vitro [Jang et al., 2010] and in organotypic mouse brain slices
[Lal et al., 2012]. Calpains also regulate MMP expression
[Popp et al., 2003; Jang et al., 2010] and activity [Lal et al., 2012],
which contribute to invasion via remodeling of the cell surface
and extracellular matrix, and by proteolyzing actin associated
proteins [Lal et al., 2012].

MEMBRANE-FREE PHOSPHATASE DOMAINS THAT ARE NO LONGER
REGULATED BY ADHESION

Four membrane-released cytoplasmic fragments of PTPw are
generated by proteolysis: ICD [Burgoyne et al., 2009b], and
the 71, 67, and 61kDa calpain fragments. These fragments have
the catalytically active membrane proximal phosphatase domain, as
well as the catalytically inactive membrane distal phosphatase
domain [Gebbink et al., 1993a]. They also have varying amounts of
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the juxtamembrane region of PTPw (see Fig. 3E). The membrane
distal phosphatase domain and the juxtamembrane region both
regulate tyrosine phosphatase activity of the membrane proximal
domain [Brady-Kalnay and Tonks, 1993; Gebbink et al., 1993a;
Feiken et al., 2000; Aricescu et al., 2001]. Given that some fragments
have more or less of the juxtamembrane domain, it is likely that the
fragments would bind to different substrates, have alternative
protein-protein interactions and/or could be regulated differentially
by protein folding.

Our data combined with earlier studies suggest that the
membrane-released cytoplasmic fragments have different levels of
stability but may share the same localization and function within
cells. A proteosome inhibitor was needed to stabilize the 78 kDa ICD
fragment in GBM tissue samples [Burgoyne et al., 2009b], but was
not required to visualize the calpain-generated fragments in this
study. The stability of the calpain-generated fragments may result
in longer biological activity than the labile ICD fragment. Finally,
a wedge inhibitor peptide that binds to PTPu near the first
phosphatase domain and inhibits PTPw phosphatase activity
decreased migration of LN-229 cells in a migration assay [Burgoyne
et al., 2009b]. This function was ascribed to the ICD fragment, as
parental LN-229 glioma cells only have proteolytic cytoplasmic
fragments and not full-length PTP. [Burgoyne et al., 2009b]. Given
the findings of the current study, the wedge peptide may have
inhibited the phosphatase activity of some or all of the cytosolic
fragments identified in this manuscript, which may all regulate
glioma cell migration.

Our studies suggest that proteolysis of cell-cell adhesion
molecules is even more complex than previously demonstrated in
cancer cells and that a “protease storm” ensures a loss of contact
inhibition. Our data suggest that individual protease inhibitors are
unlikely to be effective cancer chemotherapeutics. Instead, a cocktail
of protease inhibitors may be required to block the cleavage of cell-
cell adhesion molecules to prevent the loss of contact inhibition
observed in cancer.
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