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Epithelial Membrane Protein-2 (EMP2) Activates Src Protein
and Is a Novel Therapeutic Target for Glioblastoma™
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Background: EMP2 is a tetraspan protein linked with aggressive disease.
Results: EMP2 correlates with activated Src in patients with GBM. Using intracranial mouse models, EMP2 promotes tumor cell

invasiveness. Antibodies to EMP2 reduce GBM tumor load.
Conclusion: EMP?2 is a novel therapeutic target in GBM.

Significance: The clinical outcome for patients with GBM remains poor, and thus new targeted therapies are needed.

Despite recent advances in molecular classification, surgery,
radiotherapy, and targeted therapies, the clinical outcome of
patients with malignant brain tumors remains extremely poor. In
this study, we have identified the tetraspan protein epithelial mem-
brane protein-2 (EMP2) as a potential target for glioblastoma
(GBM) killing. EMP2 had low or undetectable expression in nor-
mal brain but was highly expressed in GBM as 95% of patients
showed some expression of the protein. In GBM cells, EMP2
enhanced tumor growth iz vivo in part by up-regulating avf33
integrin surface expression, activating focal adhesion kinase and
Srckinases, and promoting cell migration and invasion. Consistent
with these findings, EMP2 expression significantly correlated with
activated Src kinase in patient samples and promoted tumor cell
invasion using intracranial mouse models. As a proof of principle
to determine whether EMP2 could serve as a target for therapy,
cells were treated using specific anti-EMP2 antibody reagents.
These reagents were effective in killing GBM cells iz vitro and in
reducing tumor load in subcutaneous mouse models. These results
support the role of EMP2 in the pathogenesis of GBM and suggest
that anti-EMP2 treatment may be a novel therapeutic treatment.

Despite recent advances in molecular classification, surgery
and radiotherapy, and targeted therapies, the clinical outcome
of patients with malignant brain tumors remains extremely
poor. The prognosis for patients with glioblastoma (GBM),? the
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most common and aggressive form of brain tumors, yields only
a median survival of 12 months and a 5-year survival of 5% (1).
The rapid and deadly course of the disease is due, in large part,
to the highly invasive nature of these malignant cells. In most
patients, GBM cells migrate into the surrounding brain paren-
chyma, thus making complete surgical resection difficult (2).

GBMs are characterized by two spatial and temporal events,
uncontrolled proliferation and abnormal cell migration (3).
These events are disassociated as tumor cores contain highly
proliferative populations that are distinct from more invasive
cells at the periphery, which show slower proliferation rates (4).
With regard to invasion, it is believed that integrins, a family of
heterodimeric proteins that link the cytoskeleton to the extra-
cellular matrix, play an important role. Integrin adhesion and
invasion activate focal adhesion kinase (FAK), a nonreceptor
cytoplasmic tyrosine kinase that is found to be up-regulated in
both anaplastic astrocytomas and GBM (2, 5). FAK phosphor-
ylation activates Src kinase, which is part of the family of kinases
that regulate the translation of extracellular signals with intracel-
lular signaling (6). Dysregulated Src signaling has been shown in
many cancers, including GBM (7).

A new protein implicated in the activation of FAK is the
oncogenic protein EMP2 (8, 9). EMP2 is a member of the
growth arrest-specific gene 3/peripheral myelin protein-22
(GAS3/PMP22) group of tetraspan proteins, and its expression
is up-regulated in ovarian, breast, and endometrial malignan-
cies (10—-12). Within these tumors, EMP2 has been shown to be
a prognostic indicator as its expression correlates with poor
survival and/or advanced disease (12, 13).

To date, little is known about the role of EMP2 in the central
nervous system. Although there have been no reports of EMP2
in normal brain, a recent Affymetrix study revealed up-regula-
tion of its mRNA in GBM (14). Hence, in this study, we generate
preliminary evidence as to the protein expression and role of
EMP2 in GBM. Specifically, we provide principal data that sug-
gest that EMP2 promotes a more aggressive disease phenotype
and that it may ultimately serve as a novel therapeutic target for
antibody therapy.
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MATERIALS AND METHODS
Cell Lines and Reagents

Human GBM cell lines U87MG@G, U138, and U373 (ATCC,
Manassas, VA) were cultured in DMEM supplemented with
10% fetal bovine serum, 1% glutamine, 1% penicillin and strep-
tomycin, and 1% sodium pyruvate in humidified 5% CO, at
37 °C Primary human cells GM1, GM2, GM3, GM4, GM5,
GM6, and GM97 were derived from patient tumors and cul-
tured as described previously (15). U87MG cells that overex-
press an in-frame deletion of amino acids 6 -273 in the EGFR
gene termed EGFR VIII (U87/EGER VIII) have been previously
described and were cultured in complete DMEM as above (16,
17). Cell lines were used within 2 months after resuscitation of
frozen aliquots and were authenticated based on viability,
recovery, growth, morphology, and isoenzymology by the sup-
plier. Cells were passaged every 2—4 days. EMP2 expression was
stably overexpressed using a retroviral vector encoding both
EMP2 and GFP genes under the control of the CMV promoter,
with the GFP gene translated from an internal ribosomal entry
sequence or through the use of a human EMP2-GFP fusion (46
kDa) protein (8). EMP2 expression was reduced using the Mis-
sion pLKO.1 puro shRNA lentiviral vector (shRNA; Sigma) (18)
or through the previously described use of an EMP2-specific
ribozyme (RIBO) (19). Vector control cell lines were generated
using empty shRNA or control GFP vectors (V). In some exper-
iments, scrambled or EMP2-specific siRNA vectors (Thermo
Scientific, Pittsburgh, PA) were used to transiently reduce
EMP2 expression as described previously (19-21). To create
tumors for intracranial models, U87/EMP2, U87/V, and U87/
shRNA cells were stably infected with an HIV-1-based lentiviral
vector containing the firefly luciferase gene under the control of
the CMV promoter (U87/Luc) by the UCLA Vector Core and
Shared Resource as described previously (22).

Immunohistochemistry

A GBM array containing 0.6-mm cores (two tumors, one
normal) from 110 patients has been previously described (14).
The array was stained with human EMP2 antisera or a preim-
mune control. Briefly, for antigen retrieval, sections were incu-
bated at 95 °C for 20 min in 0.1 M citrate, pH 6.0. EMP2 was
detected using rabbit human EMP2 antisera at a dilution of
1:400 as described previously (13) followed by visualization
using the Vector ABC kit (Vector Labs, Burlingame, CA)
according to the manufacturer’s instructions. Diaminobenzi-
dine or deNOVO Red was used for visualization, and staining
was quantified by two independent pathologists (P. M.) and
(A. L) on a 0-3 histological score.

Preparation of Xenografts

Ethical Treatment of Animals Statement—This study was
carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals by the
National Institutes of Health. The protocol was approved by the
Animal Research Committee at UCLA. All efforts were made to
minimize animal suffering.

Four-6-week-old nude BALB/c female mice were obtained
from Charles River Laboratories (Wilmington, MA) and main-
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tained in the vivarium at UCLA. Animals were inoculated sub-
cutaneously with 1 X 10° U373/EMP2, U373/V, or U373/RIBO
or 5 X 10° U87/EMP2, U87/V, or U87/shRNA cells. The num-
ber of mice used per group is indicated in the figure legends.
Tumors were measured twice a week, and tumor volumes were
calculated by the formula (length X width?)/2 (23). Data are
expressed as mean *+ S.E. Student’s ¢ test was used to evaluate
overall differences in the means between groups versus the con-
trol at a given time, and significance was defined as p < 0.05.

To create an intracranial model for GBM, 1 X 10° U87/
EMP2/Luc, U87/V/Luc, and U87/shRNA/Luc were stereotacti-
cally implanted into the right frontal lobe of 6 — 8-week-old female
BALB/c nude mice (24, 25). Animal health was evaluated for the
development of behavioral and neurological signs and weight loss.
Mice were euthanized if weight loss exceeded 10%. Tumor loads
were monitored by bioluminescence imaging. Briefly, mice
received an intraperitoneal injection of 100 ul of p-luciferin (30
mg/ml), and 30 min after injection, mice were anesthetized with
ketamine/xylazine (100 and 10 mg/kg) and placed on the imaging
stage. The bioluminescence signals were captured using an IVIS-
200 (Xenogen Corp., Alameda, CA). The data were analyzed using
maximum photon flux emission (photons/s) in the regions of
interest. A one-way analysis of variance was used to evaluate dif-
ferences between the different experimental groups, with signifi-
cance defined as p < 0.05.

To determine the therapeutic potential for EMP2 antibodies
in GBM, U87/EGER VIII or U373 tumors were created subcu-
taneously on the shoulder of BALB/c nude mice. Anti-EMP2
diabodies and control diabodies have been detailed previously
(11, 26), and the variable regions were recently cloned to pro-
duce a fully human IgG1 (12). Both cell lines were also tested for
murine pathogens, including mycoplasma by the Division of
Laboratory Animal Medicine at UCLA prior to injection. When
tumors approached 4 mm?®, they were injected twice a week
with intratumoral injections of the anti-EMP2 diabodies at 1
mg/kg during week 1 and then 2 mg/kg during week 2. To test
the full-length EMP2 IgG1, tumors were created using the wild
type U373 cell line, and mice were treated weekly through intra-
peritoneal injections using 3 mg/kg anti-EMP2 IgG1 or control
antibodies. Tumors were measured twice a week. Following
treatment, tumors were excised, fixed in formalin, and then
processed for hematoxylin and eosin staining by the Tissue Pro-
curement Laboratory at UCLA.

Proliferation Assays—Cellular proliferation was monitored
using a BrdU cell proliferation assay (EMD Chemicals, Gibbstown,
NJ) as per the manufacturer’s instructions. Briefly, 10* cells were
cultured in a 96-well plate. Triplicate wells were used for each
condition. Cells were incubated in DMEM + 0.5% FCS overnight
to arrest the cells and then were released in complete media
containing BrdU for 2 or 24 h. Cells were fixed and permeabi-
lized, and the DNA was denatured. A detector anti-BrdU
monoclonal antibody was added and ultimately detected using
a horseradish peroxidase (HRP)-conjugated goat anti-mouse.
To determine the amount of incorporated BrdU, a fluorogenic
substrate was added, and the absorbance was quantified at dual
wavelengths of 450 and 595 nm.

Wound Healing—10> GBM cells with modulated EMP2
expression were plated on 35-mm tissue culture dishes. When
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cells were confluent, a “wound” was created using a 100-ul
pipette tip as described (9, 27). Wound healing was monitored
over 48 h with a X 10 phase contrast objective, and images were
collected using a Power Shot S80 camera (Canon, Lake Success,
NY). Quantification of the wound healing was determined by
measuring the remaining wound diameter. Wound healing was
calculated as a percent of the closed wound divided by the orig-
inal scratch area. Three independent experiments were per-
formed, and the results were averaged.

Invasion—Transwell inserts of 24-well plates were coated
with fibronectin or collagen I (BD Biosciences) for the in vitro
cell invasion assays. Equivalent numbers (5 X 10° cells) of GBM
cells with modified EMP2 levels were added to the top chamber
of the transwell, and complete DMEM was added to the bottom
of the well. Cells were allowed to invade for 6 h at 37 °C. The
filters were then fixed and stained with 0.1% crystal violet in
20% methanol. The invasive cells were visualized using bright-
field microscopy. Cells were enumerated by counting four ran-
dom fields per transwell. The experiment was repeated three
times, with the data averaged. In some experiments, cells were
pretreated with anti-EMP2 IgG1 or anti-av33 integrin antibod-
ies for2hat4 °C.

SDS-PAGE/Western Blotting Analysis—Cells were resus-
pended in Laemmli sample buffer (62.5 mm Tris-Cl, pH 6.8,
10% glycerol, 2% SDS, 0.01% bromphenol blue, 2% B-mercap-
toethanol). As EMP2 contains multiple glycosylation sites,
N-linked glycans were cleaved using peptide N-glycanase (New
England Biolabs, Beverly, MA) as described previously (28).
Lysates were treated as per the manufacturer’s instructions at
37 °C for 2 h. Proteins were separated by SDS-PAGE, trans-
ferred to a nitrocellulose membrane (Amersham Biosciences),
and stained with Ponceau S (Sigma) to determine transfer effi-
ciency. Membranes were blocked with 10% low fat milk in TBS
containing 0.1% Tween 20 and probed with EMP2 antisera
(1:1000), anti-p-FAK (Tyr-576/577) (Santa Cruz Biotechnol-
ogy), anti-total FAK (BD Biosciences), anti-p-Src (Tyr-416)
(Cell Signaling, Danvers, MA), anti-total Src (Cell Signaling), or
B-actin (Sigma). Protein bands were visualized using HRP-conju-
gated secondary antibodies (BD Biosciences and Southern Bio-
technology Associates, Birmingham, AL) followed by chemilumi-
nescence (ECL; Amersham Biosciences). Band intensities were
quantified using Image] (29). At least three independent experi-
ments were performed, and the results were evaluated for sta-
tistical significance using Student’s ¢ test (unpaired, two-tailed
test).

Cellular Viability—2 X 10° U87MG, U87/EGFR VIII, U373,
T98, and GM5 cells were plated in triplicate. Cells were incu-
bated with a vehicle control (PBS) or molar equivalents of the
anti-EMP2 antibodies (20 ug/ml anti-EMP2 diabody or 60
pg/ml anti-EMP2 IgG1). After 72 h, cells were enumerated
using the trypan blue exclusion assay. In some experiments, to
validate changes in viability, T98 or GM5 cells were treated as
above, harvested, and stained with an annexin V-propidium
iodide detection kit as per manufacturer’s instructions (BD Bio-
sciences). Flow cytometry analysis was performed with a
FACScan Analytic Flow Cytometer (BD Biosciences) at the UCLA
Jonsson Comprehensive Cancer Center and Center for AIDS
Research Flow Cytometry Core Facility.
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Statistical Analysis—All values in the text were mean = S.E.
Differences between means were evaluated using a two-tailed
Student’s ¢ test or analysis of variance as indicated. Significant
differences were taken at the p < 0.05 level.

RESULTS

EMP?2 Is Expressed in Most GBMs—In a previously published
Affymetrix gene chip dataset (14), we were intrigued to find that
EMP2 expression was significantly increased in 50 human GBM
compared with 24 normal brain samples (Fig. 14). In that study,
when EMP2 mRNA was dichotomized into high or low expres-
sion levels, high EMP2 mRNA expression predicted early death
and thus was an independent prognostic indicator (Fig. 1B). To
translate this expression, we tested EMP2 levels by Western
blot analysis in a small panel of GBM tumors and normal brain
as well as in a panel of primary and established GBM cell lines
(Fig. 1C). Using whole tumor or normal brain homogenates,
EMP2 expression was elevated in tumor lysates. Concordantly,
EMP2 expression was detectable at various levels in all primary
and established GBM cell lines. As EGFR gene amplification
and mutation are a particularly striking feature of GBM (17), we
tested whether EMP2 levels were altered in U87MG cells har-
boring an intragenic rearrangement termed EGFR VIII (30).
However, this mutation did not detectably alter EMP2 protein
levels.

To extend the expression of EMP2 in GBM on a population
basis, a tissue microarray consisting of 329 cores from 110
patients was stained using anti-EMP2 antisera as described
under “Materials and Methods.” Preimmune serum was used as
isotype control. Using the EMP2 antisera, significant EMP2
expression was observed in tumors compared with nonmalig-
nant brain tissue (Fig. 1D). The staining pattern observed was
similar to what has previously been reported in secretory endo-
metrium with EMP2 localization on both the membrane and
within the cytoplasm of cells. When the expression was quan-
titated, the vast majority of tumors from GBM patients (95%)
expressed some EMP2 compared with adjacent nonmalignant
brain tissues (Fig. 1E), with 53% of tumors expressing high lev-
els (histological score =2) of EMP2. Although the mean sur-
vival period for most individuals with GBM is relatively short,
EMP2 was a negative prognostic indicator as higher levels of
EMP2 (=2) predicted a poor outcome compared with tumors
with lower levels of EMP2 (Fig. 1F), and notably this was con-
cordant with the prior association between EMP2 mRNA and
survival (Fig. 1B).

EMP2 Accelerates GBM Tumor Growth—To characterize
the effects of EMP2 in GBM, we initially determined whether
EMP2 expression was necessary for tumorigenicity. Equivalent
numbers of U373 and U87MG GBM cells with modified EMP2
levels were inoculated into athymic nude mice subcutaneously.
Tumor growth kinetics of EMP2 overexpressing U373 and
U87MG GBM xenografts were accelerated in athymic nude
mice, compared with control vector-expressing U373 and
U87MG xenografts. Furthermore, reduction of EMP2 through
either an shRNA or ribozyme in U87MG and U373, respec-
tively, significantly decreased tumor size (Fig. 2, A and B). These
results suggested that EMP2 was an oncogenic protein in GBM
and promoted tumorigenesis.
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FIGURE 1.EMP2 expression is increased in GBM. A, EMP2 mRNA expression (Affymetrix microarray) was increased in GBM compared with normal brain.*, p <
0.001. B, survival data for high and low EMP2 mRNA expression. C, left, EMP2 expression was increased in GBM tumors compared with normal regions. Right,
EMP2 expression was evaluated in a panel of GBM cells lines and in lines derived from patients by Western blotting analysis. B-Actin expression was used as a
loading control. D and E, GBM tissue arrays containing 329 cores from 110 patients were stained for EMP2 expression. D, EMP2 protein expression was
determined in normal brain, in GBM, and in secretory endometrium (positive control) using an EMP2 polyclonal antibody. To detail nonspecific staining, rabbit
preimmune serum was used. Staining was visualized using deNovo Red. Nuclei were counter-stained using hematoxylin. £, EMP2 expression was quantitated
on a 0-3 histological scale by two independent pathologists, and the average IHC score is shown. F, EMP2 expression was dichotomized based on high

(histological score, =2) or low (histological score, =1) expression. High EMP2 expression correlated with a poor survival.

EMP2 Increases avB3 Integrin Surface Expression—Previ-
ously, we have shown that EMP2 up-regulates avf33 integrin
surface expression in endometrial cancer cells (19). To deter-
mine whether EMP2 could alter integrin expression in GBM,
cells were created with modified EMP2 levels. In U373, GM97,
and U87MG cells, forced overexpression of EMP?2 significantly
increased avB3 integrin surface expression, whereas a reduc-
tion in EMP2 decreased it in both U373 and GM97 (Fig. 2C).
The reduction in av33 levels was also observed in U87MG cells
stably transfected with a ribozyme, although this reduction was
not significant. The effects of EMP2 on avf33 integrin expres-
sion appear to be specific as no significant changes in av35
integrin expression were observed in any of the three cell lines
(data not shown).
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Integrins are known to transmit signals enhancing cancer
cell proliferation and invasion (31); hence, we first examined
whether EMP2 levels altered GBM proliferation. BrdU incor-
poration assays over 24 h revealed that cell proliferation was
unaffected by overexpression or reduction in EMP2 in both
U373 and T98 cells (data not shown). We next focused on
tumor cell migration and invasion. Using U373 cells, ectopic
overexpression of EMP2 increased wound healing (Fig. 34) and
cell migration (Fig. 3B) compared with vector control-express-
ing cells. Concordantly, a reduction of EMP2 expression using
ribozymes decreased wound healing and cell migration, sug-
gesting a role of EMP2 in the regulation of GBM cellular motil-
ity. Integrins typically show specificity for select extracellular
matrices. It is known that av[33 integrin adheres to vitronectin
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FIGURE 2. EMP2 expression promotes GBM tumorigenicity. A, U373 modified cell lines were created that overexpress EMP2, express a vector control, or
express reduced levels of the protein. U373/EMP2, U373/V, and U373/RIBO cells were then inoculated subcutaneously into athymic nude mice. Tumor volume
was calculated twice a week for 50 days. n = 4 per group. *, comparison of U373/EMP2 with U373/V or U373/V with U373/RIBO by Student’s t test, p < 0.05.
Bottom, EMP2 expression was determined using Western blot analysis in U373/EMP2, U373/V, and U373/RIBO cells. Overexpression of EMP2 in these cells is via
a GFP-EMP2 fusion protein (48 kDa). B, U87/EMP2, U87/V, and U87/shRNA cells were created and injected as above. Tumor volume was monitored for 27 days.
n = 4 per group. ¥, p < 0.05 by Student’s t test. Bottom, expression of EMP2 in the U87/EMP2, U87/V, and U87/shRNA cells was determined by Western blot
analysis. In UB7MG cells, EMP2 was overexpressed using a bicistronic vector (18 kDa). C, EMP2 expression was modified in U373, U87MG, and GM97 cells. To
reduce EMP2 levels, GM97 were transiently transfected with a control or EMP2-specific siRNAs. In U373 and U87MG cells, EMP2 expression was stably reduced
using a ribozyme (RIBO). avB3 integrin surface expression was measured using flow cytometry, and a representative histogram is shown. Right, values
represent the average mean fluorescent intensity (MFI) = S.E. from three experiments. N.S., not significant.
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FIGURE 3.EMP2 promotes GBM invasion. A, U373/EMP2,U373/V, or U373/RIBO cells were grown to form a monolayer. A scratch was then created, and closure
of the wound was measured after 24 h. Experiments were performed at least three times, and the results were averaged. B, equal numbers of U373/EMP2,
U373/V,and U373/RIBO were plated into the top of the transwell. After 6 h, cells that had migrated through the transwell were fixed, stained with crystal violent,
and counted. Values are averages of three independent experiments (*S.E.). U373/EMP2, U373/V, or U373/RIBO cells (C) or T98/EMP2, T98/V, or T98/RIBO cells
(D) were added to transwells coated with collagen | or fibronectin. Cells that had invaded through the transwell were determined as above. The experiment was
repeated three times, with the data presented as the mean = S.E. A-D, Student's t test was used to determine significant differences between groups with
specific p values indicated in the figure; N.S., not significant. T98/EMP2 (E) or T98/V (F) cells were preincubated with varying concentrations of an anti-EMP2
1gG1, anti-avB3 integrin, or isotype control antibody. Cells were then plated onto a fibronectin-precoated transwell, and percent invasion relative to the

isotype control was determined. Results represent averaged results from three independent experiments = S.E. *, p < 0.05.

and fibronectin (32, 33), but it does not have an affinity for
collagen. To determine whether EMP2-mediated changes in
integrin expression alter the cell’s affinity for its ligand, tran-
swells were coated with either fibronectin or collagen. U373
and T98 cells with modified levels of EMP2 were incubated for
6 h and allowed to invade through the matrix. EMP2 up-regu-
lated fibronectin-mediated cell invasion in U373 (Fig. 3C) and
T98 cells (Fig. 3D), but it had no effect on collagen-mediated
cell invasion using this assay.

To further confirm the role of EMP2 and avf33 integrin in
GBM muotility, a full-length IgG1 to target EMP2 (12) and com-
mercial antibodies to avp3 integrin (34, 35) were tested for
their ability to functionally inhibit EMP2-mediated integrin
activation. Cells were preincubated with either an EMP2 IgG1
or avf33 integrin-specific antibody, and invasion through
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fibronectin-coated transwells was monitored. EMP2/integrin-
mediated cell invasion was significantly impaired by specific
antibodies against EMP2 or avf33 integrin in a dose-dependent
manner in both T98/EMP2 (Fig. 3E) and control T98/V cells
(Fig. 3F). Collectively, these results suggest that EMP-regulated
avB3 integrin surface expression modulated GBM cell migra-
tion and invasion.

EMP?2 Activates FAK and Src—One consequence of integrin
activation is to alter cellular behavior through the recruitment
of FAK and Src kinase (36, 37). Panels of U373 and U87MG
were plated for 24 h, and levels of activated FAK and Src kinase
were measured. EMP2 levels significantly correlated with both
FAK and Src activation in these cells (Fig. 44). To confirm these
results, EMP2 was overexpressed in GBM lines LN229 and
GM97 and compared with U87MG cell lines. Overexpression
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FIGURE 4. EMP2 expression promotes activation of FAK and Src. A, panels of U373 or U87MG cells were created to overexpress EMP2 or down-regulate its
expression through the use of a ribozymes (RIBO) or shRNA vector. Cells were plated, harvested, and probed for activated FAK (Tyr-576/577) and activated Src
(Tyr-416).*, p < 0.05, comparison by Student’s t test. B, vector control LN229, GM97, and U87 or cells which overexpress EMP2 were plated for 24 h, harvested,
and then probed for activated FAK and Src, total FAK, and B-actin. Left, representative Western blots. Right, semi-quantitative analysis of activated FAK and Src
levels from three independent experiments; comparison by Student’s t test, *, p < 0.05. C, U118, U373, and GM5 cells were transfected with an EMP2 siRNA or
control siRNA, and cells were incubated for 48 h, then harvested and probed as above. Left, representative Western blots. Right, semi-quantitative analysis of
pFAK and pSrc after correction for B-actin levels from three independent experiments.

of EMP2 activated FAK and Src by increasing phosphorylation
levels at Tyr-576/577 and Tyr-416, respectively, compared with
vector control-expressing cells (Fig. 4B). This increase was sig-
nificant in all three cell lines (LN229, U87MG, and GM97),
further suggesting that this may be a direct consequence of
EMP2 up-regulation. To confirm that a reduction in EMP2
could produce a reciprocal effect, GBM cells with high endog-
enous levels of EMP2 were transiently transfected with an EMP2
siRNA. Similar to the shRNA knockdown, siRNA vectors to EMP2
decreased FAK and Src phosphorylation in U138, U373, and GM5
cells (Fig. 4C) with significant effects observed in U373 and U118
cells. These results collectively suggest that EMP2 promotes acti-
vation of the integrin-FAK-Src signaling pathway.

To correlate the in vitro data with clinical data, tissue microar-
rays were probed by IHC for both EMP2 and activated Src
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TABLE 1
Correlation of EMP2 and pSRC expression in GBM patient samples
Spearman’s rank correlation coefficient is » = 0.54, p < 0.01.

n =87 EMP2 positive EMP2 negative Total
PSRC positive 49 1 50
PSRC negative 20 17 37

(Table 1). Analysis of 87 patients showed a Spearman’s rank cor-
relation coefficient of r = 0.54, p < 0.01 between EMP2 and anti-
p-Src (Tyr-416) expression, where 98% (49 out of 50) of tissues
positive for p-Src (Tyr-416) showed intense staining for EMP2.
Increased EMP2 Expression Increases GBM Cell Invasion in
Vivo—To determine whether EMP2 expression altered GBM
tumor growth in the brain, U87/Luc cells with modified EMP2
levels were stereotactically implanted into the right frontal lobe of
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FIGURE 5. EMP2 expression promotes tumor migration in vivo. A, U87/EMP2/Luc, U87/V/Luc, or U87/shRNA/Luc cells were stereoscopically implanted into
the right frontal lobe of athymic nude mice. Tumor load was monitored using bioluminescence imaging; n = 6 per group. *, p < 0.05 by one-way analysis of
variance. B, representative bioluminescence images of mice from each group on day 1 and day 11. C, representative low and high magnification images from
two U87/EMP2, U87/V, and U87/shRNA tumors. The high magnification image centers on the brain-tumor margin. Magnification: left, X 100; right, X400.

athymic nude mice, and tumor load was monitored using biolumi-
nescence (Fig. 5, A and B). Although an increase in EMP2 expres-
sion did not significantly increase tumor growth compared with
control animals, it did increase tumor invasion into the surround-
ing parenchyma (Fig. 5C). In contrast, a reduction of EMP2
through a specific shRNA significantly inhibited tumor growth
compared with control mice, suggesting that targeting EMP2
expression may have a therapeutic benefit. Importantly, the rate of
growth between the tumor lines is consistent with the U87MG
subcutaneous model created above.

Antibodies Targeting EMP2 Inhibit GBM Tumor Growth in
Vitro and in Vivo—We have recently shown that anti-EMP2
antibodies are a novel therapeutic option for endometrial,
breast, and ovarian cancers in preclinical models using a panel
of recombinant immunoglobulin-based reagents (11, 12, 26).
These reagents include high affinity diabodies (bivalent scFv
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dimers, 55 kDa) as well as a full-length IgG1 (150 kDa). The
rationale for constructing different sized immunoglobulin
reagents was to create a panel of reagents with properties tai-
lored for tumor infiltration and serum half-life (38). In contrast
to native IgG1, diabodies biodistribute more quickly, penetrate
target tissues efficiently, and clear more rapidly from circula-
tion. Both diabody and native IgG1 reagents bind to the second
extracellular loop of EMP2 (26), and these immunoglobulin
variants show cross-reactivity for mouse and human EMP?2 as
detected by flow cytometry and IHC (26). To determine
whether the anti-EMP2 diabody or IgG1 could induce cell
death, a panel of GBM cells such as U87M@G, U87/EGFR VIII,
U373, T98, and GM5 were incubated with EMP2-specific
immunoglobulin reagents or a vehicle control. Both EMP2-spe-
cific reagents significantly reduced viable cell numbers in all
GBM cell lines tested (Fig. 64). To confirm that the reduction in
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cell number translated into an induction of cellular death, T98
and GM5 cells were incubated with EMP2 IgG1, EMP2 diabod-
ies, or a vehicle control, and after 72 h, they were stained with
annexin V and propidium iodide. Compared with the control,
both EMP2 IgG1 and anti-EMP2 diabodies increased the per-
centage of cell death (Fig. 6B).

To determine whether recombinant anti-EMP2 antibodies
could be effective in treating GBM tumors in vivo, U87/EGFR
VIII cells were inoculated subcutaneously to the flanks of athy-
mic nude mice. When tumors reached 4 mm?® mice were
treated intratumor injections of either the anti-EMP2 or con-
trol diabody. Mice were injected with 1 mg/kg twice in the 1st
week followed by 2.5 mg/kg twice in the week. Tumor growth
was reduced when treated with anti-EMP2 diabody (Fig. 6C, left
panel), and the residual tumors showed marked necrosis com-
pared with the control diabody (Fig. 6C, right panel), suggesting
that the anti-EMP2 diabody retarded tumor growth by induc-
ing tumor cell death.

Similar results were observed using systemic treatment of
anti-EMP2 IgG1 (Fig. 6D). U373 xenografts were implanted
subcutaneously into the shoulder of athymic nude mice. When
the tumors reached 4 mm?, mice were treated intraperitoneally
with full-length anti-EMP2 or control IgG1 weekly at 3 mg/kg.
Anti-EMP2 IgG1 retarded U373 tumor growth compared with
control IgG-treated mice (Fig. 6D, left panel), with tumors
exhibiting significant necrosis throughout the tumor (Fig. 6D,
right panel).

DISCUSSION

The current repertoire of chemotherapy, surgical options,
and targeted therapies has not significantly enhanced the sur-
vival profile for patients with GBM, and it remains the most
common and aggressive form of brain tumors with a median
survival time of 12 months (39). In this study, we identify a
membrane protein EMP2 as an important contributor to GBM
tumorigenicity as well as a novel target for GBM killing. Several
properties and characteristics of EMP2 make it a potentially
attractive therapeutic target. First, EMP2 is expressed in most
GBM tumors and cell lines examined to date. Importantly,
EMP2 is low in nonmalignant adjacent brain tissue. Second,
EMP2 has prognostic value as higher levels suggest a more
rapid course of the disease for GBM, and this effect can be
reproduced using human xenograft models. Third, we have
developed a therapeutic approach to target GBM cells in vitro
and in vivo using specific anti-EMP2 antibody reagents. These
reagents are effective in killing GBM cells in vitro and in reduc-
ing tumor load in mouse model systems.

How does EMP2 contribute to GBM tumorigenicity? It
appears that in GBM EMP2 enhances tumor growth in part or
exclusively by modulating avB3 integrin surface expression.

The importance of avB3 integrin in glioma has been well doc-
umented, and it is thought to play a variety of roles in tumori-
genesis (2, 40, 41). One role is the involvement of av33 integrin
in cellular migration and invasion. Recruitment of av[33 to focal
adhesions within the leading edge of the migratory tumor cells
has been observed using patient samples (42, 43). In this study,
we have shown that the increase in avf33 integrin expression
correlates with increased activation of FAK and Src kinases and
an increase in cell migration and invasion in vitro. In vivo,
increased EMP2 promotes tumor cell invasion using intracra-
nial models, and EMP2 and activated Src are correlated in
patient samples. In concert, these results suggest that regula-
tion of the integrin-FAK-Src nexus is at least one of the path-
ways by which EMP2 significantly contributes to pathogenicity.

How does this regulation of av[33 integrin expression occur?
Although the mechanism of integrin regulation by EMP2 is not
known in glioma, previous studies suggest that integrin expres-
sion is downstream of EMP2 (9, 19, 44). Notably, in endometrial
cancer, EMP2 promotes (33 integrin transcription and helps
traffic this integrin pair to the plasma membrane (19). Addi-
tional experiments will be needed to decipher its regulation in
GBM as well as determine whether av3 integrin expression
can cross-regulate EMP2 expression.

Notably, both EMP2 diabodies and IgG1 induced tumor cell
death in vitro and in vivo. Although modulation of EMP?2 levels
did not affect GBM cell proliferation in vitro, several possibili-
ties exist to explain how EMP2 may be affecting cell survival.
First, anti-EMP2 antibodies may down-regulate av33 integrin.
As avf3 integrin is thought to be important for GBM progres-
sion, invasion, and survival, inactivation or suppression of this
integrin may be sufficient to induce cell death (45). Consistent
with the observed cytotoxicity of anti-EMP2 antibodies, down-
regulation of av33 integrin by tumistatin or RGD peptides has
been shown to induce apoptosis (46, 47). In the case of tumista-
tin, apoptosis is induced via dampening of AKT signaling, and
whether anti-EMP2 therapy has a similar effect on AKT signal-
ing is currently being studied by our group. Another possibility
for how anti-EMP2 antibodies induce cell death is that they may
modulate the tumor microenvironment and alter tumor angio-
genesis. GBM is known for being highly hemorrhagic, and glio-
mas express important pro-angiogenic molecules such as vas-
cular endothelial growth factor (VEGF) at elevated levels (48).
Recent studies from our laboratory suggest that EMP2 may be
important for regulating VEGF expression in endometrial can-
cer, and it is possible that a similar effect is observed in GBM
(18). Hence, anti-EMP2 antibodies may inhibit VEGF levels in
the tumor and thus indirectly suppress tumor growth in vivo.

An important premise in oncology is that cancers can be
classified and treated according to their molecular phenotype.

FIGURE 6. EMP2 antibodies reduced cellular viability and tumor load. A, 2 X 10° GM5, U87MG, U87/EGFR VIII, T98, and U373 cells were incubated for 72 h
with a vehicle control (PBS) or molar equivalents of the anti-EMP2 diabody or anti-EMP2 IgG1. Cellular viability was enumerated using trypan blue exclusion.
Data represent viability as a percentage of control from three independent experiments. B, GM5 and T98 cells were treated as above, with cellular viability
determined using annexin V and propidium iodide staining. The experiment was repeated three times, and a representative graph is shown. C, U87/EGFR VIII
cells were inoculated subcutaneously in BALB/c nude mice. When tumors reached 4 mm?3, they were treated twice weekly (1st week, 1.0 mg/kg; 2nd week, 2.5
mg/kg), with anti-EMP2 diabody or control diabody. Left, tumor size (arrow indicates start of treatment). Right, tumor histology after treatment. Magnification,
X100.n = 6.*, p < 0.05 as determined by Student’s t test. D, U373 cells were subcutaneously injected into athymic nude mice. When tumors reached 4 mm?3,
mice were treated systemically (intraperitoneally) with anti-EMP2 IgG1 or control IgG (3 mg/kg). Left, tumor growth. Right, tumor histology at day 65. Magni-

fication, X100.n = 6.*, p < 0.05 as determined by Student’s t test.
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In addition to identifying targeting reagents, a particular chal-
lenge in GBM is delivery because many molecules, such as anti-
bodies, fail to cross the blood-brain barrier (1, 49). Multiple
methods have been developed to enhance antibody delivery to
the central nervous system, including direct injection, mechan-
ical or biochemical disruption of the blood-brain barrier, and
more recently, stem cell-mediated antibody delivery (49). As an
initial proof of principle, we have evaluated diabody and IgG1
forms of anti-EMP2 antibody as each offers distinct advantages
for in vivo therapy. Although clearance through the blood-
brain barrier may be an issue for both immunoglobulin
reagents, we predict that diabodies may have a distinct advan-
tage for brain tumors as their small size allows them to access
tissues that are poorly accessible by intact antibodies (49). In
contrast, intact IgG1 antibodies can elicit antibody-dependent
cellular cytotoxicity, which may improve their in vivo efficacy
(50, 51), and preliminary data suggest that the anti-EMP2 IgG1
is able to elicit such an effect (12). However, additional experi-
ments will be needed to fully elucidate the desired molecular
format for GBM as well the optimized delivery strategy.

Our results suggest that EMP2 may be a promising molecular
therapeutic target in GBM, and additional work will be needed
to determine whether anti-EMP2 antibodies can be combined
with standard chemotherapy or molecularly targeted treat-
ments. Although it may be difficult to overcome the permeabil-
ity issues in the brain using an antibody or antibody fragments,
studies here indicate that EMP2 has an important role in GBM
tumorigenesis and tumor progression. Moreover, a reduction
of EMP2 in GBM cells was sufficient to inhibit tumor growth in
vivo,lending support to the idea that anti-EMP2 treatment may
be therapeutically beneficial.
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