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ABSTRACT
Gliomas are primary brain tumors for which surgical resection and radiotherapy 

is difficult because of the diffuse infiltrative growth of the tumor into the brain 
parenchyma. For development of alternative, drug-based, therapies more insight in 
the molecular processes that steer this typical growth and morphodynamic behavior 
of glioma cells is needed. Protein tyrosine phosphatase PTPRZ-B is a transmembrane 
signaling molecule that is found to be strongly up-regulated in glioma specimens. 
We assessed the contribution of PTPRZ-B protein domains to tumor cell growth and 
migration, via lentiviral knock-down and over-expression using clinically relevant 
glioma xenografts and their derived cell models. PTPRZ-B knock-down resulted in 
reduced migration and proliferation of glioma cells in vitro and also inhibited tumor 
growth in vivo. Interestingly, expression of only the PTPRZ-B extracellular segment 
was sufficient to rescue the in vitro migratory phenotype that resulted from PTPRZ-B 
knock-down. In contrast, PTPRZ-B knock-down effects on proliferation could be 
reverted only after re-expression of PTPRZ-B variants that contained its C-terminal 
PDZ binding domain. Thus, distinct domains of PTPRZ-B are differentially required for 
migration and proliferation of glioma cells, respectively. PTPRZ-B signaling pathways 
therefore represent attractive therapeutic entry points to combat these tumors.

INTRODUCTION

Diffuse gliomas comprise a heterogeneous group 
of glial brain tumors that share high migratory potential, 
as evidenced by diffuse infiltration in the surrounding 
brain parenchyma along white matter tracts and blood 
vessels [1]. This phenotype severely reduces efficacy 
of conventional therapeutic strategies, i.e. surgery and 
radiotherapy [2]. A hallmark of the highly malignant 
WHO-grade-IV gliomas, with a very dismal prognosis 
of less than 15 months [3], is the additional local 

occurrence of angiogenesis. This angiogenesis has been 
combated using specific inhibitors in phase III trials, but 
thus far therapeutic survival benefit is lacking because 
the approach leaves the diffuse infiltrative component 
unaffected or even increases diffuse growth [4-6]. 
Additional treatment modalities aiming at diffuse tumor 
cells that escape surgery and radio-chemotherapy, hence 
knowledge about the molecular mechanisms that underpin 
glioma cell migration and proliferation in the brain 
parenchyma, are therefore urgently needed.

Aberrant phosphotyrosine-based signaling is 
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a hallmark of cancer, and gliomas are no exception; 
tyrosine kinase membrane receptors like EGFR, ERBB2, 
PDGFRA, MET and VEGFR2 have been implicated 
in glioma growth, angiogenesis and cell motility [7]. A 
role for the counter-acting protein tyrosine phosphatase 
(PTP) enzyme family [8, 9] is much less studied. There 
is compelling evidence that PTPs influence cell migration 
[10], especially during neuronal development [8, 9]. 
Several PTPs have been linked to carcinoma development 
[11, 12] and their involvement in glioma biology is 
gradually being uncovered [13]. PTEN, for example, is 
inactivated or absent in one-third of high-grade gliomas, 
resulting in increased PI3K-mediated cell proliferation 
and survival [7, 14]. For multiple additional PTPs the 
contribution to glioma etiology, especially the diffuse 
infiltration in the neuropil, requires further study. 

Within the receptor-type PTP (RPTP) subfamily 
there is a number of transmembrane enzymes that 
resemble cell adhesion molecules, having extracellular 
domains that might engage in interactions with 
neighboring cells or extracellular matrix components [8-
10]. These characteristics make RPTP genes, including 
PTPRZ1, potentially important regulators of cell motility 
and growth. PTPRZ1 encodes three isoforms (PTPRZ-A, 
PTPRZ-B and phosphacan) that share a carbonic 
anhydrase-like (CAH) and a fibronectin type III (FNIII) 
domain at the protein’s N-terminus [15]. Furthermore, a 
spacer with chondroitin sulfate proteoglycan attachment 
sites is present in isoforms PTPRZ-A and phosphacan. 
PTPRZ-B lacks most of this spacer, resulting in a smaller 
extracellular part. PTPRZ-A and PTPRZ-B have identical 
intracellular parts consisting of a catalytically active 
membrane-proximal and an inactive membrane-distal PTP 
domain. The phosphacan isoform lacks these PTP domains 
and represents a secreted protein [15]. Several PTPRZ-
interacting proteins have been identified. For instance, the 
extracellular ligand pleotrophin binds to and inactivates 
PTPRZ, thereby increasing the phosphorylation of 
intracellular substrates β-catenin [16], Fyn [17], β-adducin 
[18] and Alk [19]. Additional interaction partners include 
contactin-1, which binds to the CAH domain [20], and 
tenascin-C and -R that bind to the FNIII domain [21]. It 
is thought that these proteins form complexes with the 
extracellular matrix [22] to induce and facilitate migration.

PTPRZ expression, in particular PTPRZ-B [23], 
is up-regulated in glioma tumor specimens [24-26]. 
PTPRZ1 knock-down in glioblastoma cell lines reduced 
cell migration [25] and tumor growth [27], and PTPRZ 
overexpression enhanced cell migration [24]. However, 
these cell models produce circumscribed tumors that lack 
the highly invasive phenotype when grown orthotopically 
[28]. Furthermore, PTPRZ protein domains that steer 
glioma cell behavior still need to be uncovered. Here we 
investigated the role of PTPRZ and its protein domains, 
exploiting glioma models that faithfully recapitulate 
diffuse infiltrative growth in vivo [28-30]. Lentivirus-

mediated knock-down and subsequent rescue experiments 
revealed that PTPRZ-mediated effects on migration rely 
exclusively on its extracellular domain, whereas impact 
on proliferation depends on the intracellular carboxyl-
terminal PDZ domain binding site. These findings 
identify PTPRZ as a dual entry point for glioma therapy 
development.

RESULTS

Modulation of PTPRZ-B expression levels in 
glioblastoma cells

In line with previous reports [24-26], high PTPRZ1 
expression levels are detectable in glioma tumors (data 
not shown) and in human xenograft-derived cells in 
culture (Fig. 1). The two well-characterized glioma 
xenograft lines E98 and E434 [28] differ in their in vitro 
culture regimen; anaplastic oligodendroglioma-derived 
E434 cells only propagate under neurosphere growth 
conditions, using serum-free neurobasal medium [31], 
whereas glioblastoma-derived E98 cells additionally grow 
in standard DMEM/10%FCS as an adherent monolayer 
(Fig 1A). To assess PTPRZ influence on glioma growth 
and migration, lentiviral vectors for PTPRZ-B expression 
and PTPRZ1 shRNA-mediated knock-down (targeting all 
three isoforms) were generated (supplementary Fig. S1). 
We introduced a silent mutation in the PTPRZ-B open 
reading frame to create an shRNA-insensitive lentiviral 
PTPRZ-B expression construct and used this throughout 
for validation and rescue purposes. Following lentiviral 
transduction of E98 and E434 cells with PTPRZ1 shRNA, 
a five- to twenty-fold reduction of PTPRZ1 transcript 
levels (Fig. 1B,C) and a five- to ten-fold drop in PTPRZ-B 
protein content (Fig. 1D,E) was obtained. As for C6 
glioma cells [23], it is the short transmembrane variant 
PTPRZ-B that was detected in E98 and E434 lysates (Fig. 
1D,E). Use of the lentiviral PTPRZ-B expression vector 
resulted in PTPRZ-B protein levels that were one to three 
times that of the endogenous protein, also in presence of 
PTPRZ1 shRNA (Fig. 1D). 

PTPRZ-B stimulates glioma cell growth in vitro

PTPRZ-B over-expression and knock-down effects 
on E98 and E434 cell proliferation was assessed via direct 
measurement of cell content and via BrdU incorporation. 
Sulforhodamine B (SRB) proliferation assays revealed 
that PTPRZ1 knock-down significantly inhibited growth 
of adherent E98 cells, as illustrated by an increased cell 
doubling time (Fig. 2A). Accordingly, BrdU pulse-labeling 
showed a significant reduction of the percentage of 
S-phase cells in shPTPRZ1-transduced samples (p<0.05). 
PTPRZ-B over-expression did not significantly affect E98 
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proliferation, in agreement with the modest increase in 
PTPRZ-B levels on immunoblot. Nevertheless, PTPRZ1 
knock-down effects were fully rescued by PTPRZ-B re-
expression (Fig. 2B). 

To investigate whether observed PTPRZ1 knock-
down effects are on the level of cell viability, apoptosis 
or cell cycle progression, BrdU pulse-labeled cells were 
immunostained for BrdU, for the G1-S-G2-M marker Ki-
67 and for cleaved Caspase-3. The percentage of apoptotic 
cells was less than 1% for all conditions (data not shown) 
and, with the exception of PTPRZ1 knock-down cells, 
approximately 20% of cells ended up BrdU-positive. 
Intriguingly, always half of the cells stained positive for 
Ki-67, even among shPTPRZ1-transduced cells of which 
10% is in S-phase (Fig. 2B-C). This suggests that the 
growth impairment upon PTPRZ1 knock-down reflects 
increased duration of cell cycle time. 

Knock-down of PTPRZ1 also resulted in 
significantly delayed growth in E434 cells. Since these 
cells can only be propagated as spheroids, we measured 
proliferation capacity by means of the spheroid diameter 
(Fig 2D-E). Fluorescent protein signals in the lentivirally 
transduced cells were used to image spheroid size over 
time. Whereas shSCR-transduced E434 spheroids showed 
clear signs of growth, shPTPRZ1-transduced spheroids 
only increased a little in size.

PTPRZ-B facilitates migration of E98 and E434 
glioma cells 

We next investigated whether PTPRZ1 influence 
on cell migration [24, 25] is represented in our glioma 
models. Following PTPRZ1 knock-down, migration of 

Figure 1: PTPRZ1 expression or knock-down in E98 and E434 cells. A) Fluorescent images of glioma cells containing shSCR 
or shPTPRZ1 knock-down constructs carrying GFP or TagRFP fluorescent reporters, respectively. E98 cells were DAPI counterstained. 
B) PTPRZ1 mRNA levels in lentivirally transduced E98 cells were determined by qRT-PCR. Expression, normalized to β-actin, is given 
as percentage of that in control shRNA-expressing (shSCR) cells. EV; empty vector control. C) Normalized PTPRZ1 mRNA levels in 
lentivirally transduced E434 spheroids, determined by qRT-PCR. D) E98 cells were lentivirally transduced with expression constructs 
for PTPRZ-B protein or EV and/or PTPRZ1 or control (SCR) shRNAs. After three days, lysates were analyzed on immunoblots using 
PTPRZ-B (upper) and GAPDH (lower) antibodies. Normalized PTPRZ-B levels, relative to that in shSCR control lysates, are depicted in 
between the blot images. Molecular weight indications (in kDa) are on the left. E) Immunoblot analysis (as in D) of E434 lysates 72 hrs 
after lentiviral transduction with the indicated constructs.
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individual E98 cells in a 3D Matrigel/agarose environment 
was significantly reduced (p<0.001), an effect that was 
rescued by expression of the shRNA-insensitive PTPRZ-B 
transcript in knock-down cells (Fig. 3A-B). To confirm 
this in a different setting, we generated transduced E98 
spheroids using the hanging-drop method. Resulting 
homogeneously sized E98 spheroids were subsequently 
placed on a thin Matrigel layer for 24 hours and migratory 
performance of outgrowing cells, expressed as distance 
travelled from the edge of the spheroid [32], was 
calculated semi-automatically. Again, PTPRZ1 knock-
down cells migrated significantly less (p<0.05) than 
scrambled controls, and restoration of PTPRZ-B levels 
rescued this phenotype (Fig. 3C-D). Of note, PTPRZ-B 
over-expression by itself did not alter E98 motility. In a 
similar fashion, outgrowth of lentivirally transduced E434 

spheroids was inhibited by PTPRZ knock-down (p<0.05; 
Figure 3E-F). Interestingly, whereas outgrowing E98 cells 
presented as scattered, amoeboid-like migrating cells, the 
migrating E434 cells largely remained interconnected, 
suggestive of collective migration [33]. Taken together, 
the reduced migration in vitro due to PTPRZ1 knock-
down, which was rescued following PTPRZ-B re-
expression, corroborates a facilitating role for PTPRZ-B 
in cell motility.

PTPRZ1 knock-down impairs glioma cell growth 
in mouse brain 

To investigate how these PTPRZ-B knock-down 
effects translate to in vivo tumor behavior, we co-injected 

Figure 2: PTPRZ1 knock-down impairs glioma cell growth. A) E98 cells expressing shSCR or shPTPRZ1 knock-down constructs 
and non-transduced (E98nt) controls were cultured in microtiter plates, total cell mass was determined at various time points, and population 
doubling times were calculated from resulting curves. Error bars indicate SD, asterisk indicates p<0.05 (Student t-test, n=3). B) Transduced 
E98 cells were grown on coverslips and labeled with BrdU for 1 hr. Percentage of BrdU-positive nuclei among DAPI-stained cells was 
determined (n>3). Error bars indicate SD. Asterisks reflect confidence levels (ANOVA; * p<0.05; ** p<0.01; n.s., not significant). C) 
Representative images from (B), showing DAPI and BrdU (arrowheads) positivity. D) Transduced E434 cells were seeded into a 96-well 
plate and images were collected at indicated time points. Increase in spheroid size relative to day 1 is depicted. Error bars indicate SEM 
and asterisks indicate significance levels (* p<0.05; ** p<0.01). Repeated measure ANOVA: p<0.0014. E) Representative images from (C), 
exploiting TagRFP and GFP autofluorescence in shRNA vectors.
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Figure 3: PTPRZ1 knock-down reduces glioma cell migration. A-B) E98 cells were lentivirally transduced with indicated 
protein (PTPRZ-B), EV control or shRNA (shPTPRZ1 or shSCR control) expression vectors, and seeded in an agarose/Matrigel 3D matrix. 
A) Migration paths were recorded overnight and analyzed by single-cell tracking. B) Averaged migration speeds (arbitrary units, AU) of 
individual cells, normalized to shSCR (n>30), are shown (gray points). Box-plot whiskers represent minimum and maximum. Asterisks 
indicate significance (*** p<0.001; n.s., not significant; Kruskal-Wallis p<0.0001). C) E98 spheroids were seeded on a Matrigel layer 
and fixed and DAPI-stained 24hrs later. Two representative images are shown. D) Pixel distance from the spheroid border was calculated  
for individual cells and per spheroid (n>32) average outgrowth was plotted (grey data points). Box-plot whiskers represent minimum 
and maximum. Asterisks indicate significance (*** p<0.001; n.s., not significant; non-parametric ANOVA: Kruskal-Wallis p<0.0001). 
E) Representative pictures of transduced E434 spheroids, fixed and DAPI-stained, after 24hrs on Matrigel. F) Mean pixel distance that 
cells traveled from the spheroid border was calculated, and averages per spheroid (n>53) are plotted (grey data points). Box-plot whiskers 
represent minimum and maximum, and asterisks indicate significance (***p<0.001). 
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intracerebrally shPTPRZ1- and shSCR-expressing E98 
cells that were tagged with TagRFP and EGFP fluorescent 
marker proteins, respectively. When cultured under 
serum conditions, E98 cells grow to compact non-diffuse 
tumors upon orthotopic injection, but when cultured as 
spheroids they display diffuse infiltrative properties (our 
unpublished results). Stably transduced E98 cells were 
therefore grown as spheroids in serum-free neurobasal 
medium for at least two weeks prior to injection. E434 
cells exclusively grow as spheroids in neurobasal medium 
and were directly injected after dissociation. ShPTPRZ1/
TagRFP and shSCR/EGFP spheroids were processed to 
single cell suspensions and a 1:1 mixture of both cell types 
was injected intracerebrally in immunodeficient mice. 
Animals were sacrificed when symptoms of tumor burden 
appeared, and brains were examined for the distribution 
of EGFP- and TagRFP-containing cells (Fig. 4). EGFP-
positive control cells greatly outnumbered the TagRFP-
expressing PTPRZ1 knock-down cells in the tumors 
(p<0.01), in accordance with the low in vitro proliferation 
rate of the PTPRZ1 knock-down. This in vivo proliferation 

impairment due to PTPRZ1 knock-down likely obscured 
migratory effects; the amount of TagRFP-positive (knock-
down) cells relative to haematoxilin-stained nuclei in E98 
tumors was similar in compact and diffuse infiltrative areas 
(0.11 ± 0.03 SEM versus 0.09 ± 0.01 SEM, respectively; 
p<0.61). Also for EGFP-positive (control) cells the 
relative contribution to compact and diffuse infiltrative 
tumor areas was comparable (0.38 ± 0.04 SEM versus 
0.39 ± 0.08 SEM, respectively; p<0.93). Collectively, in 
vitro and in vivo data demonstrate a significant reduction 
of tumor growth upon PTPRZ1 knock-down, prompting us 
to address the molecular mechanisms by which PTPRZ-B 
impacts on glioma cell behavior.

The PTPRZ-B PDZ binding domain mediates 
growth stimulatory signals

PTPRZ-B may exert its stimulatory effect on 
E98 glioma proliferation in multiple ways, potentially 
involving extracellular CAH, FNIII and chondroitin 

Figure 4: PTPRZ1 knock-down impairs glioma growth in vivo. Suspensions of E98 or E434 cells expressing PTPRZ1 shRNA and 
TagRFP (shPTPRZ1/TagRFP+) or control shRNA and EGFP (shSCR/EGFP+) were mixed and injected intracerebrally in immunodeficient 
mice. TagRFP+/EGFP+ ratios were calculated using fluorescent images. A) For E98 this resulted 3-4 weeks later in compact (top panel) 
and diffuse infiltrative (bottom panel) tumor areas. Representative areas, immunohistochemically stained for TagRFP or EGFP and 
haematoxylin-counterstained, of one out of three animals are shown. B) E434 glioma tumor-bearing mice were processed 9 weeks post-
injection. Representative pictures of one out of two animals are shown. For E434 a 50% transduction efficiency after two consecutive 
transduction rounds was achieved resulting in also non-transduced cells being injected. C) Quantification of TagRFP+/EGFP+ ratios in E98 
xenografts, as determined for five different tumor areas per animal, averaged and compared to the ratio pre-injection. Error bar represents 
SD. One-sample Student’s t-test yielded p<0.01 (**). D) Quantification of TagRFP+/EGFP+ ratios in E434 xenografts and pre-injection 
mixture. Error bar indicates SD.
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sulfate-containing domains or intracellularly the two PTP 
domains and the C-terminal PDZ domain target site (Fig. 
5A). Only the first, membrane-proximal PTP domain 
in PTPRZ-B is enzymatically active [34]. Because the 
PTPRZ-B knock-down phenotype in E98-shPTPRZ1 cells 
could be rescued with an shRNA-insensitive full-length 
expression construct (Figs. 2-3), we tested the contribution 

of the individual PTPRZ-B protein domains using this 
assay. Three different shRNA-resistant PTPRZ-B cDNA 
versions were generated (Fig. 5A). In PTPRZ-B ecto-VSV 
the transmembrane and intracellular PTPRZ-B segments 
were replaced by a VSV-G epitope tag, effectively leading 
to the secretion of a C-terminally tagged PTPRZ-B 
extracellular domain (Fig. 5B). PTPRZ-B C/S represents 

Figure 5: The PTPRZ-B C-terminus is required to rescue the proliferation phenotype in E98 PTPRZ1 knock-down 
cells. A) Schematic representation of PTPRZ-B variants used in the study. CAH, carbonic anhydrase-like; FNIII, fibronectin type-III; CS, 
chondroitin sulfate chain; TM, transmembrane region; PD1, phosphatase domain 1; PD2, inactive phosphatase domain 2; VSV, C-terminal 
VSV-G epitope tag. C/S indicates the mutation of the catalytic site cysteine to serine that renders PD1 inactive. B) Conditioned medium 
from E98 cells expressing PTPRZ-B ecto-VSV or from empty vector (EV) control cells was subjected to immunoprecipitation using 
anti-VSV monoclonal antibody and subsequent immunoblot analysis using rabbit antiserum against VSV. Molecular weight markers (in 
kDa) are indicated on the left. Arrowhead on the right indicates the chondroitin sulfated PTPRZ-B extracellular part. C) E98 shPTPRZ1 
cells were transduced with the indicated expression constructs and 72 hrs later lysates were prepared and analyzed on western blots 
using PTPRZ-B antiserum. GAPDH staining served as loading control and E98 shSCR lysate was included for comparison. Normalized 
PTPRZ-B levels, relative to that in shSCR control lysates, are depicted in between the blot images. D) E98 shPTPRZ1 cells were seeded 
on collagen-coated glass coverslips and hours later, transduced with the indicated expression constructs. Three days after transduction cells 
were labeled with BrdU, fixed and stained. Fluorescent images were taken and the percentage of BrdU-positive nuclei among DAPI-stained 
cells was determined (n>3). Error bars indicate SD. Confidence levels, as determined by ANOVA, are represented by asterisks (* p<0.05; 
n.s., not significant). The dashed line indicates the percentage in E98 shSCR cells as obtained in comparable experiments. E) Percentage of 
BrdU-positive nuclei in DAPI-stained E98 or E98 shPTPRZ1 cells following transduction with the indicated constructs (n=3). Error bars 
indicate SD. Confidence levels, as determined by ANOVA, are represented by an asterisk (* p<0.05; n.s., not significant).
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a cysteine-to-serine catalytically inactive mutant, and in 
PTPRZ-B-VSV the ‘SLVCOOH’ PDZ domain target site is 
blocked by a C-terminal VSV-G tag. Expression of all 
constructs was readily detected in E98-shPTPRZ1 cells 
(Fig 5B-C).

BrdU pulse-labeling experiments revealed that 
reduction in percentage of cells in S-phase, due to knock-
down of endogenous PTPRZ, was fully rescued by full-
length PTPRZ-B and the inactive PTPRZ-B C/S mutant. 
Expression of PTPRZ-B ecto-VSV or PTPRZ-B-VSV 
did not rescue the knock-down phenotype (Fig. 5D-
E). Thus, PTPRZ-B impacts on cell cycle progression 
through mechanisms that are independent of PTPRZ-B 
phosphatase activity and require interactions with the 
PTPRZ PDZ domain target site.

Extracellular PTPRZ-B interactions impact on 
glioma cell migration

Rescuing abilities of PTPRZ-B variants were also 
assessed in the spheroid migration assay. Migratory 
impairment due to PTPRZ1 knock-down in E98-
shPTPRZ1 cells was effectively rescued upon re-
expression of full-length PTPRZ-B, PTPRZ-B C/S and, 
importantly, also by PTPRZ-B ecto-VSV (Fig. 6A-B). 
Moreover, purified VSV-tagged PTPRZ-B ectodomains, 
isolated from conditioned medium of transfected HEK-
293FT cells, also rescued the PTPRZ knock-down effect 
on E98 cell migration (Fig. 6C). Contactin-1 has been put 
forward as a membrane-anchored PTPRZ ligand, binding 
to the CAH domain and impacting on cell migration [22]. 
In line with this, endogenous contactin-1 from E98 cells 
indeed bound to PTPRZ-B ecto-VSV that was preloaded 
onto anti-VSV antibody-coupled beads (Fig. 6D), 
underscoring PTPRZ-B – contactin-1 interplay in E98 
glioma cells.

Our results did not disclose PTPRZ phosphatase 
activity as a regulator of glioma cell migration and 
proliferation. It is reasonable to assume, however, that the 
phosphotyrosine-controlled activity of cellular kinases is 
affected following PTPRZ1 knockdown in E98 cells. A 
comparison of E98-SCR and E98-shPTPRZ1 cell extracts 
in a tyrosine kinase microarray activity assay [35] revealed 
that PTPRZ1 knock-down cells displayed reduced 
activity, most notably towards PDGFRB- and MET-
derived peptides (Supplementary Fig. S2). We previously 
reported on the importance of MET for E98 cell migration 
[32]. Immunoblot analyses confirmed that in shPTPRZ1-
expressing E98 cell lysates MET tyrosine phosphorylation 
was reduced four-fold (Fig. 6E). Additionally, PTPRZ1 
knock-down also resulted in lower MET protein levels, 
suggesting that PTPRZ-B regulates MET transcription, 
synthesis or degradation. Interestingly, PTPRZ1 knock-
down effects on MET are partly alleviated by PTPRZ-B 
ecto-VSV expression (Fig. 6F). Taken together, results 

demonstrate a dual oncogenic role for PTPRZ1 in glioma 
cells. The PTPRZ-B intracellular PDZ domain binding site 
is required to orchestrate a submembranous complex that 
boosts cell proliferation, while the extracellular portion 
binds receptors and adhesion molecules on nearby cells 
and stimulates migration.

DISCUSSION

Effective treatment of glioma patients requires that 
also tumor cells that diffusely spread out into the brain 
parenchyma are therapeutically addressed. In the current 
study we assessed the contributions of different PTPRZ-B 
domains to glioma cell migration and proliferation using 
models that faithfully recapitulate infiltrative tumor 
growth. We show that PTPRZ1 knock-down in E98 
glioblastoma and E434 oligodendroglioma cells results 
in impaired growth and motility in vitro and reduced 
tumor growth in vivo, also in diffuse infiltrative tumor 
areas. Furthermore, our rescue experiments disclose 
a dyad functionality for this RPTP. The intracellular 
PTPRZ-B C-terminal PDZ domain binding site, and not its 
enzymatic PTP activity, turned out essential for effects on 
cell proliferation. Conversely, the PTPRZ-B extracellular 
moiety, which in part resembles the naturally occurring 
phosphacan isoform, impacted on cell migration. 

PTPRZ1 is upregulated in gliomas, which likely 
contributes to enhanced tumor cell migration [24-
26]. A role for PTPRZ in proliferation was less clear. 
Reduction of tumor growth as well as absence of 
growth effects have been reported for PTPRZ1 knock-
down experiments [25, 27]. Administration of soluble 
PTPRZ ectodomain is known to inhibit proliferation of 
oligodendroglial precursor cells [36]. In our study, the 
PTPRZ-B ectodomain did not affect the reduction of 
E98 cells in S-phase that resulted from PTPRZ1 knock-
down. Addition of wild-type or enzymatically inactive 
PTPRZ-B did suffice to rescue proliferation impairment, 
but a C-terminally tagged version did not. If PTPRZ 
phosphatase activity would have been crucial for glioma 
cell proliferation, expression of an inactive ‘substrate 
protection’ mutant in PTPRZ1 knock-down cells might act 
dominant-negative and worsen the effect. On the contrary, 
proliferation rescue by the catalytically dead PTPRZ-B 
mutant and not by the C-terminally tagged version rather 
implicates PTPRZ-B’s C-terminal protein interaction 
potential as important for signaling complexes that steer 
glioma proliferation. As yet we cannot rule out that also 
protein interactions mediated by PTPRZ-B domains other 
than its C-terminal PDZ domain binding motif contribute 
to its proliferation signaling mode.

Multiple PDZ-containing proteins have been 
reported to bind to the PTPRZ C-terminus; PSD95 [37], 
MAGI-3 [38], MAGI-1, GOPC, Mupp1, Synj2bp, Snta1, 
Sntb1 and Veli-3 [39]. This opens up several mechanisms 
by which PTPRZ may influence proliferation. For instance, 
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Figure 6: The PTPRZ-B ectodomain stimulates glioma migration. A) E98 or E98 shPTPRZ1 cells were lentivirally transduced 
with indicated constructs. Three days later spheroids were generated and the next day seeded on a thin Matrigel layer. After being cultured 
for another 24 hrs cells were fixed and stained with DAPI. Pictures were collected and two representative images are shown. B) Using 
these images the migration, in arbitrary units, was calculated per spheroid (light grey data points) as the average distance cells traveled 
from the spheroid border using FIJI-based software. Box-plot whiskers represent minimum and maximum values. Significance levels are 
indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001; Kruskal-Wallis p<0.0001). C) Using the above set-up, spheroid migration was 
also determined following addition of immunopurified PTPRZ-B ecto-VSV to E98 shPTPRZ1 cells (shPTPRZ1 +PTPRZ-B ecto-VSV 
protein) during the 24 hrs of culturing on Matrigel. Kruskal-Wallis p<0.003. D) PTPRZ-B ecto-VSV was immunopurified, using mouse 
anti-VSV monoclonal antibody-coupled beads, from conditioned medium (CM) of HEK-293FT cells transfected with PTPRZ-B ecto-VSV 
(ecto-VSV) or empty vector (EV) expression plasmids (left panel). Subsequently, beads were incubated with E98 whole cell lysates and co-
purifying proteins were analyzed on western blots using Contactin-1 antiserum (right panel). E) Lysates of E98 cells, that were transduced 
with indicated shRNA constructs and blasticidin-selected, were prepared and analyzed on immunoblots. Molecular weight markers (kDa) 
are indicated on the left. Upper panels: PTPRZ-B immunostaining, using GAPDH as loading control. Middle and lower panels: blots 
were probed with antisera against MET (middle) and Y1234-1235-phosphorylated MET (lower) while tubulin staining served as control. 
Representative images are shown. On the right, the quantification (n>3) of normalized signal intensities (arbitrary units) is given. Error 
bars indicate SD and asterisks reflect significance based on one-sample Student t-test (** p<0.01). F) E98 shPTPRZ1 cells were transduced 
with indicated constructs and 72 hrs later whole cell lysates were prepared and analyzed as described under (E). E98 shSCR cell lysate was 
included for comparison. Representative images are shown on the left and quantification (n>3) of normalized signal intensities (arbitrary 
units) is given on the right. Dashed lines indicate removal of in-between lanes from the depicted blots. Error bars indicate SD and asterisks 
reflect significance (* p<0.05, Student t-test). 
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tyrosine kinase ErbB4 auto-activation is suppressed 
by PSD95 through PDZ domain-mediated interactions 
with both the enzyme PTPRZ and the substrate ErbB4 
[40]. Likewise, PTPRZ and its substrate β-catenin form 
a complex through MAGI-1 [39, 41]. However, current 
findings argue against an enzymatic role for PTPRZ 
in such PDZ-based complexes and rather point to a 
scaffolding role. By clustering proteins submembranously 
in glioma cells, PTPRZ might contribute to efficient 
funneling of growth stimulatory signals towards the cell’s 
interior. 

In both our glioblastoma and anaplastic 
oligodendroglioma model, the PTPRZ ectodomain did 
not impinge on proliferation but rather was instrumental 
for migration. Also in U87-MG glioblastoma cells, PTPRZ 
positively influenced adherence and migration [24] and an 
antibody targeting the PTPRZ extracellular region delayed 
U87-MG compact tumor formation in vivo [42]. PTPRZ 
ectodomain binding partners include extracellular matrix 
components like pleiotrophin, tenascin-C and tenascin-R, 
and cell surface molecules [36] like contactin-1 [20, 
21]. Extracellular binding of PTPRZ and contactin-1 
is hypothesized to recruit additional proteins, such as 
tenascins, to the complex [22]. In oligodendroglial 
precursors this inhibits proliferation and triggers 
differentiation towards myelinating cells. In our glioma 
models, PTPRZ-contactin-1 interactions apparently lead 
to migratory responses. This difference may result from 
separate PTPRZ-mediated interactions in either system or, 
alternatively, by absence or presence of facilitator proteins 
involved. Contactin-1, tenascin-C and tenascin-R have 
adhesion and migration effects in glioma cells [21, 24, 25, 
42, 43]. 

Recently we showed that MET inhibition by 
cabozantinib effectively stops E98 cell migration [32]. 
Here, migration impairment in E98-shPTPRZ1 cells 
co-incided with reduced MET activity. For a candidate 
substrate, rather increased phosphorylation levels are 
expected upon knock-down of PTPRZ, and thus far MET 
does not meet PTPRZ substrate criteria [44]. Together 
with ErbB and PDGFR family members, MET represents 
one of the oncogenic drivers in glioma tumor biology 
[7]. Whereas E98 cells displayed a scattered, single-cell 
migration pattern in spheroid outgrowth experiments, 
E434 cells showed a more collective migratory behavior. 
This may reflect MET signaling differences in the two 
models, bearing in mind ‘scatter factor receptor’ as 
alternative name for MET. In our in vivo experiments 
we were unable to assess PTPRZ-B’s migratory role 
on tumor formation because this was blurred by effects 
on cell proliferation. Current findings now provide a 
basis to experimentally separate both type of effects 
through independent targeting of PTPRZ-B intracellular 
and extracellular binding potential. Further knowledge 
on PTPRZ intracellular and extracellular signaling 
involvement will strengthen its candidacy as a therapeutic 

target in gliomas.

MATERIALS AND METHODS

Experimental details on cell lines and antibodies 
used, plasmid construction, lentiviral transduction, 
immuno-blotting, -precipitation and –histochemical 
procedures, peptide microarray analysis, and statistical 
analyses are provided as supplementary material.

Cell proliferation and viability assays

E98 cells were grown on collagen I-coated (10 
µg/cm2; Invitrogen) coverslips to 60-80% confluency, 
and incubated for 1hr with culture medium containing 
BrdU (50 μM; Life Technologies, #B23151). Cells 
were then washed three times with PBS and fixated 
in 2% paraformaldehyde (PFA) in 0.1 M phosphate 
buffer (PB: 46 mM NaH2 PO4; 354 mM Na2HPO4, pH 
7.4). Subsequently, coverslips were washed with PBS 
and quenched with 50 mM NH4Cl in PBS. Cells were 
blocked and permeabilized for 1hr in blocking buffer 
(5% Normal Goat Serum and 0.1% Triton X-100 in PBS) 
and then incubated for 2.5hrs with anti-BrdU, anti-Ki67 
or anti-cleaved Caspase 3 antibodies in blocking buffer 
with added DNAseI (100 ng/mL; Roche) and MgCl2 (2.5 
mM) at 37 °C. Bound antibodies were detected with goat-
anti-mouse Alexa 488 and goat-anti-rabbit Alexa 647 
secondary antibodies in PBS. Coverslips were mounted 
on microscope slides in DAPI-containing Mowiol (Sigma-
Aldrich) and images were collected on a Leica DMRA 
Fluorescence microscope, equipped with a DFC340 FX 
CCD camera, using 40x and 63x objectives. DAPI- and 
BrdU-positive nuclei and cleaved Caspase 3-positive cells 
were counted using FIJI software [45].

For proliferation assays, stably transduced E98 
cells were seeded in triplicate in a 96-well microtiter plate 
(10,000 cells/well), and cultured in 10% FCS-containing 
DMEM. At various time points, cells were washed with 
PBS and fixed using 10% trichloroacetic acid for 1hr at 
4 °C, washed with water and afterwards frozen until all 
time points were collected. Cells were then stained with 
1% Sulforhodamine B (SRB; Sigma-Aldrich) in 1% acetic 
acid for 20 minutes. Plates were subsequently washed with 
1% acetic acid and dried at 60 °C for 3 hrs. Protein-bound 
SRB was then dissolved in 10 mM Tris (pH 10.5) and 
absorption was measured at 510 nm using a micro-plate 
reader (Bio-Rad). 

Lentivirally transduced E434 spheroids were seeded 
in a 96-well imaging plate (BD Biosciences, #353219) 
and allowed to settle overnight. The next day, images 
were taken using a BD Pathway 855 high-content bio-
imager (BD Biosciences). Fluorescent images (TagRFP 
or EGFP-based) were taken longitudinally at days 4, 
6 and 8 and the average increase in spheroid area was 
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calculated automatically using FIJI software. After images 
had been taken on the fourth day, half of the medium was 
replenished and spheroid growth was continued.

2D and 3D migration assays

E98 spheroids were generated by the hanging-drop 
method. In brief, 0.7 mL methylcellulose (12 mg/mL; 
Sigma, M6385) was added to 4.3 mL E98 cell suspension 
in DMEM supplemented with 10% FCS (500,000 cells 
total) and 25 µL drops were seeded in a dry culture dish. 
The dish was then inverted and incubated overnight at 37 
°C in the presence of 5% CO2. The next day, individual 
spheroids were seeded in a 96-well imaging culture dish 
(BD Falcon, #353219) coated with Matrigel (30 μg/mL 
PBS; BD Biosciences, #356237) and further incubated in 
DMEM with 10% FCS, at 37 °C and 5% CO2. For E434, 
cultured spheroids were directly plated onto Matrigel-
coated wells containing B27-supplemented neurobasal 
medium. After 24 hrs, wells were washed with PBS and 
cells were fixed with 2% PFA in 0.1 M PB, followed by 
DAPI staining. Fluorescent images were collected on a 
high-content microscope (Leica DMI6000B) extended 
with a motorized x-y scanning stage (Leica EL6000 
illumination source), and FIJI software [45] was used 
to automatically quantify spheroid outgrowth. Briefly, 
cells which migrated from the spheroids were selected, 
coordinates of each individual cell were determined, and 
distance from the spheroid border was calculated using 
the coordinates and radius of the spheroid. For each 
experiment the average cell migration distance across all 
spheroids (n>31) was calculated.

Cell cultures in solidified Matrigel/Agarose matrices 
were prepared as follows. 10 μL Matrigel and 5 μL 2% 
agarose (Seaplaque Agarose; Lonza #50101 in PBS) were 
mixed with 35 μL 10% FCS-containing DMEM and 50 µL 
of Matrigel/agarose mix was added to the wells of a 96-
well microtiter plate which was placed on ice. One minute 
later, 50 µL cell suspension (50,000 cells) was mixed 
resulting in a 3D environment containing cells. Cells were 
imaged overnight with 10-min intervals on a time lapse 
system (Nikon Diaphot 300 with Hamamatsu C8484-05G 
CCD Camera, Okolab 4 well CO2 stage incubator and 
Okolab 2D time lapse software) at 37 °C and 5% CO2 with 
a 10x objective. Cells were manually tracked for at least 2 
hrs using the FIJI plug-in [45].

Intracerebral injection of spheroid-derived cells

All animal experiments were approved by the 
local Animal Experimental Committee of the Radboud 
University Medical Center. Athymic female BALB/c nu/
nu mice (18–25 gram, age 6–8 weeks) were kept under 
specified pathogen-free conditions and received food 
and water ad libitum. E98 and E434 cells were grown as 

spheroids in supplemented neurobasal medium for at least 
two weeks prior to orthotopic injection [29]. A 20 μL cell 
suspension (107 cells/mL in PBS) containing a mixture 
of shSCR/GFP and shPTPRZ1/TagRFP labeled cells was 
injected per animal (n=5 and 4 for E98 and E434 cells, 
respectively). Prior to injection, the ratio of GFP- and 
TagRFP-positive cells was determined using an EVOS 
fluorescence imaging system (AMG) and FIJI Software. 
Animals were closely monitored and sacrificed when signs 
of tumor burden (especially weight loss and neurological 
dysfunction) were observed. Brains were harvested, and 
parts were either formalin-fixed and paraffin-embedded 
(FFPE) or snap-frozen in liquid nitrogen, and stored for 
(immuno)histochemical analysis.

ACKNOWLEDGMENTS

We thank Peter Friedl, Pavlo Grytsenko, Remco 
van Horssen, Mariska Kea-te Lindert and Marieke 
Willemse for help in migration assays, and Stefan 
Pusch for spheroid culture protocols. Furthermore, we 
acknowledge Huib Croes, Jack Fransen and Jeroen van 
der Laak for Microscopical Imaging Centre core support, 
and Jeroen Mooren and Bianca Lemmers-van de Weem 
at the Central Animal Facility for assistance with animal 
experiments. Bé Wieringa and Tom Würdinger are 
gratefully acknowledged for their useful discussions and 
critical reading of the manuscript.

Grant Support

This work was supported by Dutch Hersenstichting 
grant 2010(1)-01 (WPJ Leenders) and RadboudUMC 
grant R0000761 (WJAJ Hendriks).

Disclosure of Potential Conflicts of Interest

L. Hovestad and R. Hilhorst are employed in 
PamGene International BV. No other potential conflicts of 
interest were disclosed.

REFERENCES

1. Claes A, Idema AJ and Wesseling P. Diffuse glioma growth: 
a guerilla war. Acta Neuropathol. 2007; 114(5):443-458.

2. Burnet NG, Jefferies SJ, Benson RJ, Hunt DP and Treasure 
FP. Years of life lost (YLL) from cancer is an important 
measure of population burden--and should be considered 
when allocating research funds. Br J Cancer. 2005; 
92(2):241-245.

3. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher 
B, Taphoorn MJ, Belanger K, Brandes AA, Marosi C, 
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, 
Gorlia T, Allgeier A, Lacombe D, et al. Radiotherapy plus 



Oncotarget8701www.impactjournals.com/oncotarget

concomitant and adjuvant temozolomide for glioblastoma. 
The New England journal of medicine. 2005; 352(10):987-
996.

4. Verhoeff JJ, van Tellingen O, Claes A, Stalpers LJ, van 
Linde ME, Richel DJ, Leenders WP and van Furth WR. 
Concerns about anti-angiogenic treatment in patients with 
glioblastoma multiforme. BMC Cancer. 2009; 9:444.

5. Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, 
Blumenthal DT, Vogelbaum MA, Colman H, Chakravarti 
A, Pugh S, Won M, Jeraj R, Brown PD, Jaeckle KA, Schiff 
D, Stieber VW, Brachman DG, et al. A randomized trial of 
bevacizumab for newly diagnosed glioblastoma. The New 
England journal of medicine. 2014; 370(8):699-708.

6. Chinot OL, Wick W, Mason W, Henriksson R, Saran F, 
Nishikawa R, Carpentier AF, Hoang-Xuan K, Kavan P, 
Cernea D, Brandes AA, Hilton M, Abrey L and Cloughesy 
T. Bevacizumab plus radiotherapy-temozolomide for 
newly diagnosed glioblastoma. The New England journal 
of medicine. 2014; 370(8):709-722.

7. Cancer Genome Atlas Research Network. Comprehensive 
genomic characterization defines human glioblastoma genes 
and core pathways. Nature. 2008; 455(7216):1061-1068.

8. Hendriks WJ, Elson A, Harroch S and Stoker AW. Protein 
tyrosine phosphatases: functional inferences from mouse 
models and human diseases. Febs J. 2008; 275(5):816-830.

9. Tonks NK. Protein tyrosine phosphatases: from genes, 
to function, to disease. Nat Rev Mol Cell Biol. 2006; 
7(11):833-846.

10. Larsen M, Tremblay ML and Yamada KM. Phosphatases in 
cell-matrix adhesion and migration. Nat Rev Mol Cell Biol. 
2003; 4(9):700-711.

11. Ostman A, Hellberg C and Bohmer FD. Protein-tyrosine 
phosphatases and cancer. Nat Rev Cancer. 2006; 6(4):307-
320.

12. Julien SG, Dube N, Hardy S and Tremblay ML. Inside 
the human cancer tyrosine phosphatome. Nat Rev Cancer. 
2011; 11(1):35-49.

13. Navis AC, van den Eijnden M, Schepens JTG, Hooft van 
Huijsduijnen R, Wesseling P and Hendriks WJAJ. Protein 
tyrosine phosphatases in glioma biology. Acta Neuropathol. 
2010; 119(2):157-175.

14. Pulido R and Hooft van Huijsduijnen R. Protein tyrosine 
phosphatases: dual-specificity phosphatases in health and 
disease. FEBS J. 2008; 275:848–866.

15. Barnea G, Grumet M, Milev P, Silvennoinen O, Levy JB, 
Sap J and Schlessinger J. Receptor tyrosine phosphatase 
beta is expressed in the form of proteoglycan and binds 
to the extracellular matrix protein tenascin. J Biol Chem. 
1994; 269(20):14349-14352.

16. Meng K, Rodriguez-Pena A, Dimitrov T, Chen W, Yamin 
M, Noda M and Deuel TF. Pleiotrophin signals increased 
tyrosine phosphorylation of beta beta-catenin through 
inactivation of the intrinsic catalytic activity of the receptor-
type protein tyrosine phosphatase beta/zeta. Proc Natl Acad 

Sci U S A. 2000; 97(6):2603-2608.
17. Pariser H, Ezquerra L, Herradon G, Perez-Pinera P and 

Deuel TF. Fyn is a downstream target of the pleiotrophin/
receptor protein tyrosine phosphatase beta/zeta-signaling 
pathway: regulation of tyrosine phosphorylation of Fyn 
by pleiotrophin. Biochemical and biophysical research 
communications. 2005; 332(3):664-669.

18. Pariser H, Herradon G, Ezquerra L, Perez-Pinera P and 
Deuel TF. Pleiotrophin regulates serine phosphorylation 
and the cellular distribution of beta-adducin through 
activation of protein kinase C. Proc Natl Acad Sci U S A. 
2005; 102(35):12407-12412.

19. Perez-Pinera P, Zhang W, Chang Y, Vega JA and Deuel 
TF. Anaplastic lymphoma kinase is activated through the 
pleiotrophin/receptor protein-tyrosine phosphatase beta/
zeta signaling pathway: an alternative mechanism of 
receptor tyrosine kinase activation. J Biol Chem. 2007; 
282(39):28683-28690.

20. Peles E, Nativ M, Campbell PL, Sakurai T, Martinez R, Lev 
S, Clary DO, Schilling J, Barnea G, Plowman GD, Grumet 
M and Schlessinger J. The carbonic anhydrase domain of 
receptor tyrosine phosphatase beta is a functional ligand for 
the axonal cell recognition molecule contactin. Cell. 1995; 
82(2):251-260.

21. Adamsky K, Schilling J, Garwood J, Faissner A and Peles 
E. Glial tumor cell adhesion is mediated by binding of the 
FNIII domain of receptor protein tyrosine phosphatase beta 
(RPTPbeta) to tenascin C. Oncogene. 2001; 20(5):609-618.

22. Lamprianou S, Chatzopoulou E, Thomas JL, Bouyain S and 
Harroch S. A complex between contactin-1 and the protein 
tyrosine phosphatase PTPRZ controls the development of 
oligodendrocyte precursor cells. Proc Natl Acad Sci U S A. 
2011; 108(42):17498-17503.

23. Sakurai T, Friedlander DR and Grumet M. Expression 
of polypeptide variants of receptor-type protein tyrosine 
phosphatase beta: the secreted form, phosphacan, increases 
dramatically during embryonic development and modulates 
glial cell behavior in vitro. Journal of neuroscience research. 
1996; 43(6):694-706.

24. Lorente G, Nelson A, Mueller S, Kuo J, Urfer R, Nikolich 
K and Foehr ED. Functional comparison of long and short 
splice forms of RPTPbeta: implications for glioblastoma 
treatment. Neuro Oncol. 2005; 7(2):154-163.

25. Muller S, Kunkel P, Lamszus K, Ulbricht U, Lorente 
GA, Nelson AM, von Schack D, Chin DJ, Lohr SC, 
Westphal M and Melcher T. A role for receptor tyrosine 
phosphatase zeta in glioma cell migration. Oncogene. 2003; 
22(43):6661-6668.

26. Ulbricht U, Brockmann MA, Aigner A, Eckerich C, Muller 
S, Fillbrandt R, Westphal M and Lamszus K. Expression 
and function of the receptor protein tyrosine phosphatase 
zeta and its ligand pleiotrophin in human astrocytomas. J 
Neuropathol Exp Neurol. 2003; 62(12):1265-1275.

27. Ulbricht U, Eckerich C, Fillbrandt R, Westphal M and 



Oncotarget8702www.impactjournals.com/oncotarget

Lamszus K. RNA interference targeting protein tyrosine 
phosphatase zeta/receptor-type protein tyrosine phosphatase 
beta suppresses glioblastoma growth in vitro and in vivo. J 
Neurochem. 2006; 98(5):1497-1506.

28. Claes A, Schuuring J, Boots-Sprenger S, Hendriks-
Cornelissen S, Dekkers M, van der Kogel AJ, Leenders 
WP, Wesseling P and Jeuken JW. Phenotypic and genotypic 
characterization of orthotopic human glioma models and its 
relevance for the study of anti-glioma therapy. Brain Pathol. 
2008; 18(3):423-433.

29. Navis AC, Hamans BC, Claes A, Heerschap A, Jeuken JW, 
Wesseling P and Leenders WP. Effects of targeting the 
VEGF and PDGF pathways in diffuse orthotopic glioma 
models. J Pathol. 2011; 223(5):626-634.

30. Caretti V, Zondervan I, Meijer DH, Idema S, Vos W, 
Hamans B, Bugiani M, Hulleman E, Wesseling P, 
Vandertop WP, Noske DP, Kaspers G, Molthoff CF and 
Wurdinger T. Monitoring of tumor growth and post-
irradiation recurrence in a diffuse intrinsic pontine glioma 
mouse model. Brain Pathol. 2011; 21(4):441-451.

31. Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM, 
Pastorino S, Purow BW, Christopher N, Zhang W, Park JK 
and Fine HA. Tumor stem cells derived from glioblastomas 
cultured in bFGF and EGF more closely mirror the 
phenotype and genotype of primary tumors than do serum-
cultured cell lines. Cancer Cell. 2006; 9(5):391-403.

32. Navis AC, Bourgonje A, Wesseling P, Wright A, Hendriks 
W, Verrijp K, van der Laak JA, Heerschap A and Leenders 
WP. Effects of dual targeting of tumor cells and stroma 
in human glioblastoma xenografts with a tyrosine kinase 
inhibitor against c-MET and VEGFR2. PLoS One. 2013; 
8(3):e58262.

33. Friedl P and Alexander S. Cancer invasion and the 
microenvironment: plasticity and reciprocity. Cell. 2011; 
147(5):992-1009.

34. Krueger NX and Saito H. A human transmembrane protein-
tyrosine-phosphatase, PTP zeta, is expressed in brain and 
has an N-terminal receptor domain homologous to carbonic 
anhydrases. Proc Natl Acad Sci U S A. 1992; 89(16):7417-
7421.

35. Sikkema AH, Diks SH, den Dunnen WF, ter Elst A, 
Scherpen FJ, Hoving EW, Ruijtenbeek R, Boender PJ, 
de Wijn R, Kamps WA, Peppelenbosch MP and de 
Bont ES. Kinome profiling in pediatric brain tumors as 
a new approach for target discovery. Cancer Res. 2009; 
69(14):5987-5995.

36. Lamprianou S and Harroch S. Receptor protein tyrosine 
phosphatase from stem cells to mature glial cells of the 
central nervous system. J Mol Neurosci. 2006; 29(3):241-
255.

37. Kawachi H, Tamura H, Watakabe I, Shintani T, Maeda N 
and Noda M. Protein tyrosine phosphatase zeta/RPTPbeta 
interacts with PSD-95/SAP90 family. Brain research 
Molecular brain research. 1999; 72(1):47-54.

38. Adamsky K, Arnold K, Sabanay H and Peles E. Junctional 
protein MAGI-3 interacts with receptor tyrosine 
phosphatase beta (RPTP beta) and tyrosine-phosphorylated 
proteins. Journal of cell science. 2003; 116(Pt 7):1279-
1289.

39. Fukada M, Kawachi H, Fujikawa A and Noda M. Yeast 
substrate-trapping system for isolating substrates of protein 
tyrosine phosphatases: Isolation of substrates for protein 
tyrosine phosphatase receptor type z. Methods (San Diego, 
Calif. 2005; 35(1):54-63.

40. Fujikawa A, Chow JP, Shimizu H, Fukada M, Suzuki R and 
Noda M. Tyrosine phosphorylation of ErbB4 is enhanced 
by PSD95 and repressed by protein tyrosine phosphatase 
receptor type Z. Journal of biochemistry. 2007; 142(3):343-
350.

41. Dobrosotskaya IY and James GL. MAGI-1 interacts with 
beta-catenin and is associated with cell-cell adhesion 
structures. Biochemical and biophysical research 
communications. 2000; 270(3):903-909.

42. Foehr ED, Lorente G, Kuo J, Ram R, Nikolich K and Urfer 
R. Targeting of the receptor protein tyrosine phosphatase 
beta with a monoclonal antibody delays tumor growth in a 
glioblastoma model. Cancer Res. 2006; 66(4):2271-2278.

43. Herold-Mende C, Mueller MM, Bonsanto MM, Schmitt HP, 
Kunze S and Steiner HH. Clinical impact and functional 
aspects of tenascin-C expression during glioma progression. 
International journal of cancer Journal international du 
cancer. 2002; 98(3):362-369.

44. Fujikawa A, Fukada M, Makioka Y, Suzuki R, Chow JP, 
Matsumoto M and Noda M. Consensus substrate sequence 
for protein-tyrosine phosphatase receptor type Z. J Biol 
Chem. 2011; 286(43):37137-37146.

45. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, 
Longair M, Pietzsch T, Preibisch S, Rueden C, Saalfeld S, 
Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, 
Tomancak P and Cardona A. Fiji: an open-source platform 
for biological-image analysis. Nature methods. 2012; 
9(7):676-682.


