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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. G, 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 avP3 Integrin Surface Expression—Previ- Integrins are known to transmit signals enhancing cancer
ously, we have shown that EMP2 up-regulates av33 integrin  cell proliferation and invasion (31); hence, we first examined
surface expression in endometrial cancer cells (19). To deter- whether EMP2 levels altered GBM proliferation. BrdU incor-
mine whether EMP2 could alter integrin expression in GBM, poration assays over 24 h revealed that cell proliferation was
cells were created with modified EMP2 levels. In U373, GM97, unaffected by overexpression or reduction in EMP2 in both
and U87MG cells, forced overexpression of EMP2 significantly U373 and T98 cells (data not shown). We next focused on
increased avB3 integrin surface expression, whereas a reduc- tumor cell migration and invasion. Using U373 cells, ectopic
tion in EMP2 decreased it in both U373 and GM97 (Fig. 2C).  overexpression of EMP2 increased wound healing (Fig. 34) and
The reduction in avB3 levels was also observed in U87MG cells  cell migration (Fig. 3B) compared with vector control-express-
stably transfected with a ribozyme, although this reduction was  ing cells. Concordantly, a reduction of EMP2 expression using
not significant. The effects of EMP2 on avB3 integrin expres- ribozymes decreased wound healing and cell migration, sug-
sion appear to be specific as no significant changes in av5 gesting a role of EMP2 in the regulation of GBM cellular motil-
integrin expression were observed in any of the three cell lines  ity. Integrins typically show specificity for select extracellular
(data not shown). matrices. It is known that avB3 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 (MF/) = 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-av3 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 motility, a full-length IgG1 to target EMP2 (12) and com-
mercial antibodies to avB3 integrin (34, 35) were tested for
their ability to functionally inhibit EMP2-mediated integrin
activation. Cells were preincubated with either an EMP2 IgG1
or avf3 integrin-specific antibody, and invasion through

MAY 16,2014-VOLUME 289-NUMBER20 < ASBMB

fibronectin-coated transwells was monitored. EMP2/integrin-
mediated cell invasion was significantly impaired by specific
antibodies against EMP2 or av33 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
avf33 integrin surface expression modulated GBM cell migra-
tion and invasion.

EMP2 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. EMP?2 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 r = 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 7 = 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

SBMB

VOLUME 289-NUMBER 20-MAY 16, 2014



EMP2 Promotes GBM Tumorigenesis and Is a Target for Therapy

A,
. 1.0x10% g UBT/EMP? *
o - UB7T/V
8 £ UB7/ShRNA
2 1.0x10%% 4 *
£
£
=2
S 4067.]
a ‘5.0*1957
»
e
=
4.0x10% T T T

B.

Day

U87/EMP2/Luc /V/Luc

_UB7/shRNA/Luc

Mouse 2

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 magpnification image centers on the brain-tumor margin. Magnification: feft, X 100; right, X400.

athymic nude mice, and tumorload 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 sShRNA 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

SASBMB
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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 EMP2 as
detected by flow cytometry and IHC (26). To determine
whether the anti-EMP2 diabody or IgGl could induce cell
death, a panel of GBM cells such as U87M@G, U87/EGER 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 GMS5 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 av3 integrin surface expression.

The importance of av33 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 av3 integrin
in cellular migration and invasion. Recruitment of avf33 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 av3 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 av33 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 3 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 av83 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 EMP2 levels
did not affect GBM cell proliferation in vitro, several possibili-
ties exist to explain how EMP2 may be affecting cell survival.
First, anti-EMP?2 antibodies may down-regulate avB3 integrin.
As avB3 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 avB3 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. 4, 2 X 10° GM5, US7MG, U87/EGFR Vlil, 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?, 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?,
mice were treated systemically (intraperitoneally) with anti-EMP2 1gG1 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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