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Abstract

Malignant glioma continues to be fatal, despite improved
insight into its underlying molecular mechanisms. The most
malignant form, glioblastoma (GBM), is characterized by aber-
rant activation of receptor tyrosine kinases (RTK) and infiltra-
tive growth. Heparan sulfate proteoglycans (HSPG), integral
components of the extracellular matrix of brain tumors, can
regulate activation of many RTK pathways. This prompted us to
investigate heparanase (HPSE), which cleaves HSPGs, for its
role in glioma. This hypothesis was evaluated using tissue
microarrays, GBM cells derived from patients, murine in vitro
and in vivo models of glioma, and public databases. Down-
regulation of HPSE attenuated glioma cell proliferation, where-
as addition of HPSE stimulated growth and activated ERK and
AKT signaling. Using HPSE transgenic and knockout mice,
it was demonstrated that tumor development in vivo was
positively correlated to HPSE levels in the brain. HPSE also

Introduction

Gliomas are the most common form of brain tumors, and if of
high grade, gliomas almost always lead to poor outcome, in
particular glioblastoma (GBM). Despite surgery, followed by
combined radiotherapy and chemotherapy, the median survival
for GBM patients is 15 months (1). Molecular subgrouping of
GBM by expression profiling and large-scale characterization of
genetic alterations (2) has highlighted the extreme heterogeneity
of this disease. Unfortunately, to date, research in this area has
helped prolong patient survival only marginally (1). In addition
to its rapid proliferation and extensive heterogeneity, GBM is
highly invasive (3, 4). Indeed, one of its hallmarks is diffuse
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modified the tumor microenvironment, influencing reactive
astrocytes, microglia/monocytes, and tumor angiogenesis. Fur-
thermore, inhibition of HPSE reduces tumor cell numbers,
both in vitro and in vivo. HPSE was highly expressed in human
glioma and GBM cell lines, compared with normal brain tissue.
Indeed, a correlation was observed between high levels of HPSE
and shorter survival of patients with high-grade glioma. In
conclusion, these data provide proof-of-concept for anti-HPSE
treatment of malignant glioma, as well as novel insights for the
development of HPSE as a therapeutic target.

Implications: This study aims to target both the malignant brain
tumor cells per se and their microenvironment by changing the
level of an enzyme, HPSE, that breaks down modified sugar chains
on cell surfaces and in the extracellular space. Mol Cancer Res; 14(12);
1243-53. ©2016 AACR.

infiltration of neoplastic cells into healthy brain tissue. The tumor
microenvironment contains several infiltrating cell types that
support tumor growth (5), and a better understanding of the
interaction between cancer cells and their milieu could provide
novel therapeutic strategies (6, 7), which motivates detailed inves-
tigation of the extracellular matrix (ECM) associated with glioma.

Heparan sulfate proteoglycans (HSPGs) are major constitu-
ents of this ECM (8). They contain a core protein to which
repeating disaccharide units have been added. The specific
structures of HS are achieved through a number of enzymatic
steps that create highly charged, sulfated microdomains (9, 10).
The resulting HSPGs influence biological processes by interact-
ing specifically with a large number of different physiologically
important molecules. In addition, HSPGs can sequester growth
factors and thereby modulate their bioavailability in the micro-
environment. Heparanase (HPSE), an endo-glucuronidase, is
the major enzyme of degradation in this context, cleaving the
HS side-chains of HSPGs to release fragmented HS (11). Upre-
gulation of this enzyme in several human cancers is associated
with more extensive tumor metastasis and reduced postoper-
ative survival (12-16).

Our hypothesis that HPSE also regulates progression of glioma
was evaluated here using murine glioma, patient-derived GBM,
tissue microarrays (TMA), and public databases. We provide
evidence that HPSE enhances the proliferation and viability of
glioma cells by influencing ERK and AKT signaling. HPSE levels in
the mouse brain affected glioma growth and influenced the tumor
microenvironment. Elevated expression of HPSE was found to
be associated with shorter patient survival and, furthermore, an

AACR

220z ¥snbny {z uo ysenb Aq ypd-e1z1/9292812/€¥Z 1/ )/ |/4pd-ajoie/10w/Bi0"sjeuinofioee//:dRy wody papeojumoq

1243



Kundu et al.

inhibitor of HPSE effectively reduced glioma growth, indicating
that this enzyme may be a valuable multifunctional therapeutic
target in GBM.

Materials and Methods

Cell culture

The mouse GL261 glioma cell line was a kind gift from Dr.
G. Safrany, NRIRR, and was cultured as described (17). The human
GBM cell cultures (U30XXMG) are part of the Uppsala University
Human Glioma Cell Culture (HGCC) bio bank and were cultured
as described (18). CHO-HPSE and CHO-V,, cells were cultured as
described (19). HGCC cell lines were verified by short tandem
repeat profiling (18), whereas GL261 and CHO cells were not
authenticated, butall cell lines were screened for mycoplasma using
the MycoAlert PLUS Mycoplasma Detection Kit (Lonza).

Immunofluorescence and immunohistochemistry staining

Cells were grown on polyornithine-and laminin-coated cover-
slips. Immunoflourescence staining was performed as described
in (20) using the primary antibody Ab733 (19) diluted 1:200. The
secondary antibody was goat anti-rabbit Alexa 488 (Life Tech-
nologies). For staining of F-actin filaments, cells were incubated
with a 1:1,000 dilution of Alexa flour 568 Phalloidin (Life
Technologies) for 1 hour at room temperature.

Tissue sections (5 um) of paraffin-embedded mouse brains
were prepared as described (20). Primary antibodies: rabbit anti-
heparanase 733 (19), mouse anti-GFAP (Sigma-Aldrich), rat anti-
mouse CD31 (Dianova), rabbit anti-mouse Desmin (Abcam),
and rat anti-mouse Mac2 (Cedarlane Laboratories Ltd). Second-
ary antibodies: donkey anti-rat Cy3 (Fisher Scientific), donkey
anti-mouse (Jackson ImmunoResearch), and goat anti-rabbit
Alexa 488 (Life Technologies).

Monitoring proliferation and viability

Conditioned medium was collected and filtered 24 hours after
addition of DMEM without serum to CHO-HPSE and CHO-V,
cells, and added 1:1 with fresh medium to serum-starved GL261
cells. Viable cells were quantified by trypan blue exclusion using a
Countess Cell Counter (Life Technologies).

For live cell counting, GL261 cells were serum-starved for 18
hours, and thereafter serum-containing medium with additives
(tHPSE or PG545, Progen; diluted in PBS) was added. The cells
were analyzed in a live-content IncuCyte imaging system (Essen
Biosciences).

GL261 cells were cultured in serum-containing medium over-
night and Alamar blue added (vol:vol ratio 1:10). The absorbance
at 530/560 was measured in a Perkin Elmer Wallac Victor micro-
plate reader (PerkinElmer).

Western blotting

Cellswerelyzed inice-cold RIPA buffer (http://www.abcam.com/
protocols/buffer-and-stock-solutions-for-western-blot#RIPA) con-
taining 1 mmol/L of phenylmethylsulfonylfluoride, 0.5%
Pefablock, 1% sodium orthovanadate, and 1% protease inhibitor
cocktail (Roche). Equal amounts of protein were loaded onto lanes
for 10% NuPAGE (Life Technologies) and thereafter were trans-
ferred using iBlot gel transfer nitrocellulose stacks (Life Technolo-
gies). The membranes were blotted as described in ref. 21.
The following primary antibodies were used: rabbit polyclonal
anti-heparanase 733 (19), rabbit polyclonal anti-p44/42 MAPK
(Erk1/2), anti-phoshpo-p44/42 MAPK (Erk1/2; Thr202/Tyr204),

1244 Mol Cancer Res; 14(12) December 2016

anti-phospho-Akt (Ser473), and anti-Akt (all from Cell Signaling)
and anti-beta-actin from (Sigma-Aldrich). The secondary antibo-
dies were horseradish peroxidase-conjugated anti-mouse or anti-
rabbit IgG (GE Healthcare).

Lentivirus transduction

For targeted downregulation of HPSE in human GBM, the
nucleotide sequence ***GGAATCAACCITTGAAGAG*! was
employed (22). The double-stranded nucleotide was cloned into
a pBMN vector controlled by the H1 promoter and GFP expres-
sion driven by the CMV promoter (pBMN-sh HPSE: CMV-GFP-
luc-H1-sh HPSE, pBMN-NTS: CMV-GFP-luc-H1-sh NTS). For
monitor GL261 cell in vivo, the lentiviral vector pPBMN (GFP-Luc)
was used for transduction. Lentiviral particle production has been
described (23). Lentivirus mixed with polybrene (7.5 pg/mlL;
Sigma-Aldrich) was added to the cells (70% confluent), and
24 hours later, cells were transferred to medium with puromycin
(1.5 pg/mkL; Sigma-Aldrich).

qPCR

For specificamplification of the HPSE gene, the forward primer
was: CGGCTAAGATGCTGAAGAGC and the reverse primer:
TGATGCCATGTAACTGAATCAA. RNA extraction and qPCR were
performed as described (20). Data are represented as RQ values,
normalized to the Ct value (for endogenous B-actin), and calcu-
lated relative to the experimental control.

Quantification of immunofluorescent staining of tissue
sections

Stained sections were visualized with the Zeiss Axio Imager 2
(Carl Zeiss), and images captured using the same exposure time in
the acquisition mode of ZEN2 blue 2012 software (Carl Zeiss).
Stained images were quantitated using the Image ] software
(imagej.nih.gov/ij/).

Mouse strains

C57Bl/6] mice (6-8 weeks old) were from Taconic M&B. The
HPSE knockout (Hpse-KO) and transgenic (Hpse-Tg) mice on
C57Bl/6] background have been described previously (24, 25). All
mouse experiments were performed in accordance with Swedish
legislation, and approved by the local Ethics Committee for
Laboratory Animals.

Treatment of GL261-induced subcutaneous tumors with the
HPSE inhibitor

GI261/GFP/Luc cells (3 x 10°) in a volume of 100 pL were
injected into the flank of mice. Tumors size was measured using a
Vernier caliper and tumor volume then calculated from the
formula length x (width)® x 0.5. The HPSE inhibitor PG545
(Progen) was then administered at a dose of 20 mg/kg/week, and
tumors measured three times every week. Mice were sacrificed
when tumors reached a volume of 1 cm’.

Intracranial glioma and bioluminescence imaging

One microliter of G1261/GFP/Luc cells (10* cells/uL) were then
injected stereotactically 1 mm anterior to bregma, 1.5 mm from
the mid-line, and 2.75 mm below the cranial surface usinga 10-uL
Hamilton syringe. Thereafter, the mice were monitored for signs
of tumors (hunched posture, lethargy, or weight loss >10%) daily
for 3 weeks and sacrificed when such symptoms appeared. For
histologic evaluation, the mice were anesthetized and perfused
transcardially with 1x PBS and 4% paraformaldehyde.
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Figure 1.

HPSE confers a growth advantage on and enhances the viability of murine glioma cells while simultaneously activating their ERK and AKT pathways. A,
Immunofluorescent staining of mouse glioma GL261 cells for HPSE (green) and F-actin with phalloidin (red) to delineate the cell structure. Scale bar, 20 um. B, /n vitro
growth of GL261 cells in the presence of conditioned medium (CM) from CHO cells overexpressing HPSE (red line) or the corresponding control cells (blue line). Viable
cells were counted for 72 hours after addition of the CM, and this experiment was repeated three times independently with 4 replicates each time (n = 4).
The data were analyzed with the unpaired t test, *, P < 0.05. C, Growth curve of serum-starved (18 hours) GL261 cells for 72 hours in the presence or absence of
recombinant HPSE (rHPSE, 1 ug/mL). Confluency (%) was determined with the IncuCyte imaging system once every 12 hours. The error bars indicate 4 SD,
and the data were analyzed utilizing the unpaired t test. (n = 4; *, P< 0.05). D, Alamar blue reduction (percentage of control) by GL261 cells incubated with rHPSE
(1 ug/mL; red line) or vehicle alone (blue line). E, Activation of ERK in serum-starved GL261 cells by treatment with rHPSE (1 ug/mL), and cell lysates were
collected and analyzed at the time-points indicated for pERK (top), total ERK (middle), and beta-actin (bottom). The bar graphillustrates the densitometric values for
activated ERK (p44 and p42) normalized to the values of total ERK. F, AKT activation in GL261 cells, performed in a manner similar to E, With the bar graph
depicting activated AKT normalized to total AKT. G, Internalization and processing of HPSE in GL261 cells for various periods of time after the addition of rHPSE lead to
the levels of full-length (65-kDa) and processed 50-kDa forms indicated.

For in vivo imaging, 6 to 8 per group were anesthetized and
injected intraperitoneally with luciferin (150 mg per kg body
weight), and the intensity of the optical signal expressed as
photon per second was captured using an IVIS CCD camera
system (Xenogen). To quantify the luminescence, uniformly a
specific region of interest (ROI) was defined and used in all the
animals at all time points. For analysis, the Living Image 2.20
software (Xenogen) was used.

TMAs
TMA contained high-grade glioma (102 cases), low-grade gli-
oma (80 cases), and nonmalignant control brain tissue (n = 7;

www.aacrjournals.org

ref. 26). HPSE antibody 733 (19) was used for immunohis-
tochemistry. Staining procedures, scanning of slides, and image
acquisition were performed as described (27). Human GBM tissue
was obtained in accordance with an ethically reviewed and
approved protocol (Uppsala 2007/353).

Database mining

Data on patient survival and tumor subtype were downloaded
from The Cancer Genome Atlas (TCGA) Data Portal (http://tcga-
data.nci.nih.gov). Expression values were obtained from the cBio
Portal for Cancer Genomics (http://www.cbioportal.org).

Mol Cancer Res; 14(12) December 2016
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Vehicle
T

Inhibition of HPSE reduces the proliferation, viability, and AKT activity of glioma cells in vitro, and reduces tumor burden in vivo. A, The growth of GL261

cells in vitro was monitored for 100 hours after addition of different concentrations of PG545, using the IncuCyte Imaging system (n = 5; *, P < 0.05;

**, P < 0.01; ****, P < 0.0001). Analysis of the growth curves at different time-points and doses involved two-way ANOVA, followed by the multiple
comparisons Dunnett test. The PG545- and vehicle-treated values were compared employing a two-tailed unpaired ¢ test. B, Assessment of the viability of
GL261 cells treated with a range of PG545 concentrations for specified periods of time. C, AKT activation in GL261 cells treated with PG545 (50 pug/mL) for 72 hours.
The first four lanes represent cells treated with vehicle alone and the last four those treated with PG545. Top, pAKT; middle, total AKT; and bottom,
beta-actin. Graphical representation of AKT activation normalized to the total amount of AKT. D and E, The volumes of subcutaneous GL261 tumors treated
by intraperitoneal (D) or subcutaneous (next to the growing tumor) (E) injection of PG545 (red line) or vehicle alone (blue line; n = 10 mice/group;
*,P<0.05). TGl presented as a percentage of the growth of tumors treated with vehicle alone. Representative photographs of hematoxylin and eosin (H&E)-stained

sections through subcutaneous tumors treated with (F) vehicle or (G) PG545. Scale bar, 100 um.
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Heparanase Promotes Glioma Progression

The levels of HPSE in mouse brain determine the size of gliomas resulting from inoculated GL261 cells. A-C, Representative photographs of H&E-
stained tumor-bearing coronal sections from the mouse brains of (A) wild-type (wt) (B) Hpse-KO and (C) Hpse-Tg mice. Scale bar =1mm. D, A representative
microphotograph of H&E-stained section of a GL261-derived tumor in wt brain reveals infiltrative growth of the tumor cells. Scale bar = 100 mm.

E, Photographs of the glioma-inoculated mice, analyzed for bioluminescence (BLI) by IVIS at day 19. F, A line graph of the average BLI signals

obtained from the intracranial tumors at various time-points until day 19. The error bars represent means 4 SD and the data were analyzed by two-
way ANOVA, followed by Turkey’s multiple comparisons test and reveal significant differences between the Hpse-Tg and Hpse-KO genotypes;

**, P < 0.01; ***, P < 0.001.

Statistical analysis

All statistical analysis was performed using Prism version
5.0 or 6.0 (GraphPad Software, Inc.) or SPSS version 20 or
21 (IBM Corp.). Survival curves were plotted according to
the Kaplan-Meier method, using the GraphPad Prism 5.0
Software.

Results

HPSE enhances the proliferation and viability, and stimulates
ERK and AKT phosphorylation in murine glioma

To explore whether HPSE regulates glioma growth, we utilized
GL261 cells (17) and found that expression of HPSE in these cells
was robust with both cytoplasmic and nuclear staining (Fig. 1A).
Conditioned medium from CHO cells engineered to overexpress
HPSE (19) increased GL261 numbers (Fig. 1B), and treatment of
these same cells with recombinant HPSE (rHPSE) not only
elevated confluence (Fig. 1C), but also enhanced viability
(Fig. 1D), thus showing a direct growth-stimulatory effect on
glioma cells by HPSE.

ERK and AKT were rapidly phosphorylated in response to
rHPSE (Fig. 1E and F), and to understand these effects, we

www.aacrjournals.org

monitored the internalization of rHPSE 65-kDa pro-enzyme
and its proteolytic conversion to the enzymatically active form
(50 kDa). The 50 kDa species appeared at 4 hours, and
accumulated gradually until the 50 kDa form was predominant
(Fig. 1G). We therefore conclude that the latent form of HPSE
induced early activation of ERK and AKT by a nonenzymatic
mechanism.

An inhibitor of HPSE reduced glioma growth and viability
in vitro and in vivo

To determine whether inhibition of HPSE reduces tumor cell
proliferation, we applied PG545, a potent inhibitor of the enzy-
matic activity of HPSE (28). PG545 reduced the growth of GL261
cells in a dose-dependent manner (Fig. 2A and Supplementary
Fig. S1), and attenuated cell viability (Fig. 2B). In addition, PG545
lessened AKT activation (Fig. 2C) but not that of ERK (Supple-
mentary Fig. S2).

Thereafter, we induced subcutaneous GL261 tumors in C57Bl/
6] mice, and once tumor was palpable, we applied PG545 either
intraperitoneally or subcutaneously. With intraperitoneal deliv-
ery, PG545 inhibited tumor growth by 69% (Fig. 2D), and the
corresponding inhibition with subcutaneous administration was

Mol Cancer Res; 14(12) December 2016
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The level of HPSE in the host mouse brain influences infiltration by astrocytes and microglia/macrophages. A, GFAP staining astrocytes (red) in coronal
sections through the tumors in the brains of the different mouse strains showing an overview of the glial scar and the peritumoral region. The tumor cells
expressing GFP appear in green. B, Quantitation of GFAP fluorescent staining in the peritumoral region. The data were analyzed using the unpaired t test
(***,P<0.001). C, Staining for Mac2 (red), a marker for microglia/macrophages, in the core and peritumoral region of brain tumors in animals of the three genotypes
(tumor cells appear in green). D, The intensity of Mac2 staining in the tumor core (left) and peritumoral area (right; wt, n = 3; Hpse-KO, n = 3; Hpse-Tg, n = 4).
These data were analyzed using the unpaired t test (***, P < 0.001). Scale bar, 100 pum.

58.5% (Fig. 2E). Histologic analysis of tumors treated with PG545
revealed a distinct morphology, with less nodular arrangement of
tumor cells compared with the vehicle-treated tumors. (Fig. 2F
and G and Supplementary Fig. S3).

HPSE levels in the host murine brain determine the
tumorigenic potential of grafted murine glioma

Having established that HPSE influences the proliferation and
survival of glioma cells and activates intracellular signaling path-
ways, we examined whether the level of HPSE in the host brain

1248 Mol Cancer Res; 14(12) December 2016

would affect tumor formation by injecting GL261 cells expressing
luciferase into the striatum of HPSE transgenic mice (Hpse-Tg),
HPSE knockout mice (Hpse-KO), and wild-type (wt) mice.
Tumors formed in all three strains (Fig. 3A-C), and GL261 cells
infiltrated the parenchyma (Fig. 3D). Bioluminescence monitor-
ing revealed that the brain tumors in the Hpse-Tg animals
grew faster than those in the Hpse-KO animals (Fig. 3E-F).
We conclude that excessive degradation of HS by HPSE
stimulated the growth and spread of glioma. On the other hand,
the tumorigenic potential was hampered in the absence of host
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brain-derived HPSE, but since the GL261 tumor cells expressed
HPSE, the enzyme was not entirely lacking.

The level of HPSE influences the tumor microenvironment

Tumor-associated astrocytes have been implicated in glioma
progression, and we therefore stained for GFAP-positive astro-
cytes (Fig. 4A). The glial scar surrounding the tumors in the
Hpse-KO brain was thinner than in the wt brain (Fig. 4B),
indicating that the absence of HPSE from the micro milieu
lowered the reactivity of host brain astrocytes. Microglia/
macrophages, the most abundant tumor-associated cells, were
visualized with antibodies to Mac2 (Fig. 4C). The peritumoral
region of the Hpse-KO brain was more extensively stained
(Fig. 4D, right), suggesting that HPSE levels influence the
attraction of microglia/macrophages to the tumor. The tumor
cores were equally densely packed with Mac2-positive cells
(Fig. 4D, left).

Tumors were next stained with anti-CD31 antibodies to mon-
itor vascularization (Fig. 5A). Hpse-Tg tumors displayed more
CD31 staining in the peritumoral area than Hpse-KO brains
(Fig. 5C), while in the tumor core, no difference was detected
(Fig. 5B). Costaining for desmin, a pericyte marker, did not differ
(Supplementary Fig. S4). These findings constitute evidence that
the density of tumor microvasculature, but not their pericyte
coverage, was influenced by HPSE.

HPSE is expressed by human GBM cells and confers a growth
advantage

We recently established clinically annotated and experimen-
tally validated cell lines from GBM patients (18). HPSE staining
revealed high expression (Fig. 6A), and Western blotting showed
higher level of expression of both the 65-kDa and the 50-kDa
forms in these GBM cells compared with control brain (Fig. 6B).
Decreasing HPSE in U3013MG (Fig. 6C) reduced cell numbers
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(Fig. 6D), and PG545 reduced GBM cell confluency (Fig. 6E)
further demonstrating that GBM cell proliferation can be atten-
uated by lowering the level of HPSE.

Forty-eight of our GBM lines, assigned to subclasses (18),
were analyzed for HPSE mRNA expression (Fig. 6F). Mesen-
chymal GBM cells expressed HPSE at the highest level, with
the most pronounced difference being in comparison with the
Classical and Neural subtypes. Similarly, when analyzing the
TCGA dataset, expression of HPSE was highest in the Mesen-
chymal subtype (Fig. 6G), suggesting that HPSE expression
reflects GBM heterogeneity.

HPSE is upregulated in human glioma, with more pronounced
staining of the neuropil in high-grade tumors

HPSE staining of brain tumor TMAs revealed low levels of HPSE
in normal tissue and elevated levels in glioma of all grades (Fig.
7A). In addition to cytoplasmic HPSE, we detected HPSE in the
nucleus (29). Diffuse HPSE immunoreactivity was also observed
in the intercellular space of tumor cores, indicative of secretion.
Neuropathological annotation assessed intensity and fraction of
stained cells. Although the neuropil of all high-grade glioma
stained either moderately or strongly for HPSE, 8% of the low-
grade tumors were stained negatively or weakly, and there were
fewer cases of strong staining in this latter group (Fig. 7B). Thus,
the neuropil of high-grade glioma contain higher levels of HPSE
than those of low-grade tumors.

Nuclear expression of HPSE in high-grade glioma is associated
with shorter survival of patients

The 3-year overall survival was significantly greater in cases in
which the tumor cells exhibited <75% nuclear staining for HPSE
(Fig. 7C) with a median survival of 403 + 34 days compared with
279 + 28 days for those with >75% nuclear staining of their
tumor cell nuclei. Next, we compared expression data from the
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Figure 6.

HPSE is expressed by human GBM cell lines, and its silencing reduces the rate of cell growth. A, Immunofluorescent staining of the human U3024MG and U3013MG
GBM cell lines for HPSE (green) and staining of F-actin with phalloidin (red). Scale bars, 10 um. B, Quantification of Western blots of the 65 kDa and 50 kDa
formin 7 GBM cell lines and normal brain (adult frontal cortex and fetal cerebellum). These values have been normalized to the level of beta actin. C, Quantitative PCR
shows reduced HPSE mRNA after shHPSE lentiviral targeting of U3013MG cells. D, Growth of U3013MG cells transduced with either shHPSE or scrambled
shControl cultured for 5 days in defined medium supplemented with FGF2 and EGF (*, P= 0.001; n = 4). E, Growth of U3013MG cells after addition of PG545, using the
IncuCyte Imaging system (*, P < 0.05). Analysis of the growth curves involved two-way ANOVA, followed by the multiple comparison’s Dunnett test. The
PG545- and vehicle-treated values were compared employing a two-tailed unpaired t test (F) HPSE expression, in terms of Z-score, in 48 human GBM cell lines
assigned to molecular subtypes on the basis of their genetic signatures (mesenchymal, n = 24; classical, n = 12; proneural, n = 9; neural, n = 3). Analysis of
the data by one-way ANOVA and Turkey multiple comparison revealed significant differences in gene expression (*, P < 0.05). G, Comparison of the normalized
expression (Z-scores) of HPSE in the TCGA database across subtypes (mesenchymal, n = 30; neural, n = 18; proneural, n = 29; classical, n = 25). Error bars
denote + SD. A negative Z-score indicates a level of expression below the mean for that subtype with the difference being expressed as units of SD. These data were
analyzed by one-way ANOVA (P < 0.0001) and Turkey multiple comparison revealed significant differences in gene expression (*, P < 0.05; **, P < 0.07;

*** P < 0.007; and ****, P < 0.0001).

cBio Cancer Genomics Portal (30) with GBM patient survival Djscussion
(31). A Kaplan-Meier survival plot for the 30% of patients with
lowest HPSE expression and the 30% with highest showed longer
survival for the former (Fig. 7D). Based on data from our own
cohort, and that of TCGA/cBio Portal, we conclude that high
expression of HPSE in high-grade glioma is associated with a
worse outcome.

Here, we demonstrate that HPSE, the HS-cleaving enzyme,
exerts major impacts on the growth and progression of malig-
nant glioma. We document effects in vitro and in vivo that can be
ascribed to both enzymatic and nonenzymatic properties of
HPSE. Our experiments downregulating HPSE, and using the
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Figure 7.

Heparanase is upregulated in human glioma, with more pronounced neuropil staining in high-grade tumors. A, Representative staining of glioma tissue with an
anti-HPSE antibody (Ab733): from left to right, control (nontumor human brain), low-grade glioma, and two high-grade gliomas. Scale bar, 200 um (overview,
top), 50 um (inset, bottom). Cytoplasmic staining, nuclear, and neuropil staining for HPSE designated as negative, weak, moderate, or strong and the fraction of
stained cells/neuropil as 0%-1%, 2%-10%, 11%-25%, 26%-50%, 50%-75%, or >75%. B, Stacked bar chart depicting the percentages of cases with negative,
weak, moderate, and strong staining intensity for HPSE in the neuropil of high-grade and low-grade glioma. There was a significant negative correlation between the
staining intensity of the neuropil and low-grade tumors (Spearman, —0.218, P = 0.003). C, Kaplan-Meier curve for overall survival (3 years) of patients

with high-grade glioma, categorized as exhibiting <75% (solid line n = 20) and >75% (dotted line n = 75) nuclear staining of their cancer cells (P = 0.033). Survival for
the latter group was 403 days + 34, compared with 279 days + 28. D, When a group of patients with GBM was analyzed with respect to survival (the TCGA
database) and expression data for HPSE (from the cBio portal), a Kaplan-Meier survival curve showed shorter survival of patients with high expression of
HPSE (n = 34, HPSEygn) than those exhibiting low expression (n = 29 HPSE,q) P = 0.03. The Log-rank (Mantel-Cox) test was applied for analysis of the
survival curve.

HS mimetics PG545, previously shown to exert antimetastatic  but the underlying mechanism remains unknown. However,
(32) and antiangiogenic (33) effects against other solid tumors,  our present observations clearly support additional protumori-
demonstrated that growth of glioma cells can be attenuated by  genic effects of HPSE that are independent of its enzymatic
inhibition of HPSE activity. This is the first demonstration that  activity.

blocking HS fragmentation and other HPSE-associated protu- Undoubtedly, HPSE exerts pro-tumorigenic effects on glioma
morigenic effects reduced the growth of brain tumors. In  since the brain tumors in mice with elevated levels of HPSE
addition to HPSE inhibition, PG545 has been ascribed antitu- grew to a larger size, while those in mice lacking the HPSE
mor activity, e.g., through blocking of WNT signaling (34). gene were much smaller. In addition to stimulating the
Therefore, its inhibitory effects on glioma may be explained tumor cells themselves, HPSE could enhance tumor growth
partly by targeting other parameters than the enzymatic activity ~ through modulation of the glioma microenvironment through
of HPSE. Indeed, we find effects on glioma cells that must be  multiple mechanisms. The ability of reactive astrocytes to
enzyme-independent since ERK and AKT became phosphory- relocate to the tumor microenvironment depends on HPSE
lated well before the latent HPSE was converted into its 50-kDa  levels because the glial scar was thinner in Hpse-KO mice. This
enzymatically active form. Nonenzymatic activation of AKT by  indicates a difference to CS-GAG-enriched matrices that have
HPSE has been proposed (35), mediated by FAK or PYK2 (36), been reported to repel astrocytes (37). A distinct interface
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between tumor cells and astrocytes was seen regardless of whether
the HS chains are highly fragmented, as in the Hpse-Tg brain, or
more intact, as in the Hpse-KO mice (24, 25) leading us to propose
that CS-GAGs and HS-GAGs play different roles in the tumor
microenvironment.

Microglia/macrophages, the predominant cell type associated
with glioma, are generally reported to be protumorigenic (5) but
also elicit an antitumor immune response (38, 39), and there is
believed to be a continuum between their phenotypes. We found,
somewhat surprisingly, that the peritumoral region in the Hpse-
KO mouse brain harbored more Mac2-positive cells than the wt or
Hpse-Tg brain. HPSE-Tg brains have shown attenuated microglial
activation (40). Thus, in the glioma microenvironment in Hpse-
KO mice, lack of HPSE may have shifted the phenotype of resident
microglia and recruited macrophages toward an antitumor
direction.

The increase in peritumoral CD31 staining in Hpse-Tg brains
could be attributed to an elevated bioavailability of endothelial
mitogens released upon HS degradation. Conversely, the longer
and homogeneous HS chains (25) in Hpse-KO mice might limit
the availability of proangiogenic factors. Pericyte coverage was
similar among the three mouse strains, suggesting that HPSE does
not affect vascular permeability.

Our recent collection of annotated cell lines derived from GBM
patients covers much of the GBM heterogeneity (18), and HPSE
levels in all cell lines examined were above those in normal brain.
This is in line with our patient cohorts and confirms upregulated
HPSE in glioma. Although the intensity and localization of HPSE
staining varied between the patients in our cohorts, nontumorous
brain tissue was always weakly stained. Previously, Ueno and
colleagues (41) reported that HPSE mRNA was virtually unde-
tectable and HPSE immunoreactivity absent from human GBMs.
Our present observations are more in line with those of Hong and
colleagues (42), who describe enhanced levels of HPSE mRNA in
glioma, but no correlation to the degree of malignancy, possibly
due to their limited number of patients (42). Based on our mouse
data that differing HPSE amounts in the tumor microenviron-
ment affects tumor size, we propose that surface-associated or
secreted HPSE supports the highly invasive properties of high-
grade gliomas and, consequently, enhance tumor progression.
This is supported by our observation that among our 182 patients,
we found that low-grade gliomas were less intensely stained by
anti-HPSE antibodies in the neuropil than high-grade gliomas.

Both in the TCGA cohort (2) and our patient-derived cell lines,
the mesenchymal subtype exhibited highest HPSE expression.
This subtype is characterized by NF1 deletion, together with
elevated expression of genes encoding members of the TNFa
superfamily and components of the NF-kB pathway genes. Inter-
estingly, Wade and colleagues (8) have reported that Syndecan-1
(SDC1), a proteoglycan core protein which is dependent on NF-
kB activation in glioma (43) and interacts with HPSE to enhance
tumor growth (44), is highly expressed in mesenchymal GBM. We
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In summary, our observations reveal that HPSE confers a growth
advantage on glioma cells, both in vitro and in vivo, and thus suggests
that it could be clinically relevant to target HPSE in glioma.
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