0.986 (8)
1.00 (16)

1.03 (7)
1.07 (1)

AUGox

1.11 (24)
0.868 (39)
1.14 (29)
1.03 (17)

Cmax

0492 (21)
0.415 (7)
0.395 (5)

0.468 (23)

(Vkg)

VzF

per kg)
2.57 (18)
2.56 (14)
2.37 (5)

227 (9)

(mVmin

26.1 (14)
25.6 (10)
35.7 (6)
36.7 (4)
0.463 (14)
0.454 (13)
0.632 (8)
0.676 (7)

26.5 (14)
259 (9)
36.4 (6)
373 (5)
0.451 (14)
0.445 (13)
0.622 (8)
0.665 (7)

0-24

AUC (pg-h/ml)
36.0 (4)

0.426 (15)
0.425 (12)
0.594 (7)

0.636 (7)

257 (15)
252 (10)
35.1 (6)

0-t

t,,Az, elimination half-life terminal excretion phase; AUC, area under the plasma concentration time curve; CL/F,

2,14 (25)
apparent total body clearance; VZ/F, apparent distribution volume; R, accumulation index

229 (35)
2.03 (4)
1.98 (24)
1.83 (12)
1.93 (6)

tiphz (h)
2.02 (5)
1.87 (3)

Cmax
(ng/ml)
7.87 (38)
8.38 (36)
153 (5)
14.0 (30)
0.145 (38)
0.154 (28)
0272 (15)
0.284 (33)

Tmax (h)
1.42 (52)

0.958 (53)
0.583 (25)
0.917 (57)
1.42 (52)

1.08 (43)

0.750 (33)
0.917 (57)

Values are means, with coefficient of variation % in parentheses

Dosing
day
Day 1
Day 5
Day 1

6)

Dose
(mg/m’)
150 (n

lomide

Table 3. Pharmacokinetic parameters of temozolomide and MTIC plasma concentrations in cycle 1 (150 mg/m? per day) and cycle 2 (200mg/m’ per day)

Tmax, time of each plasma concentration; Cmax, maximun plasma concentration;

Analyte
Temozo

MTIC
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of the TMZ plasma concentrations on day 1 as well as on
day 5. The tmax and t,,Az values of MTIC plasma concen-
trations were 0.750 to 1.42h and 1.83 to 1.98 h, respectively,
which closely matched the tmax and t,,Az values of the
TMZ plasma concentrations. After the administration of
150 and 200mg/m’ per day, the Cmax values were 0.145 to
0.154 and 0.272 to 0.284pg/ml, respectively; AUC,, values
were 0.425 to 0.426 and 0.594 to 0.636 pug-h/ml, respectively;
AUC, ,, values were 0.445 to 0.451 and 0.622 to 0.665pg'h/
ml, respectively; and AUC, __, values were 0.454 to 0.463 and
0.632 to 0.676 g-h/ml, respectively. Cmax and AUC exhib-
ited a dose-dependent increase in relation to the adminis-
tration of 150mg/m’® per day and 200mg/m’ per day. The
ratios of MTIC to TMZ, based on Cmax and AUC, were
1.78% to 2.03% and 1.66% to 1.84%, respectively. The
accumulation index, based on Cmax and AUGC, ,, was 1.03
to 1.14 and 1.00 to 1.07, indicating no accumulation due to
repeated administration, as in the case of TMZ plasma con-
centrations. The coefficients of variation for AUC and t,,Az
ranged from 3% to 24%.

TMZ urinary excretion rate

Table 4 shows the amount of urinary excretion, excretion
rate, and renal clearance by urine accumulation intervals to
24h after the administration of TMZ on days 1 and 5 in the
first cycle (150 mg/m? per day) and second cycle (200 mg/m’
per day). One of the three patients in the second cycle mis-
takenly discarded the 0- to 4-h urine after administration
on day 5, and the cumulative urinary excretion data for this
patient on day 5 of the administration of 200 mg/m’ per day
was considered missing.

The cumulative urinary excretion rates of TMZ (up to
24h after administration) were 7.42% and 5.93% on days 1
and 5, respectively, at 150mg/m’ per day, and 4.81% and
521% on days 1 and 5, respectively, at 200mg/m’ per day.
The renal clearance of TMZ was 0.193 and 0.155 ml/min per
kg on days 1 and 5, respectively, at 150 mg/m’ per day, and
0.114 and 0.119mV/min per kg on days 1 and 5, respectively,
at 200mg/m’ per day. No change due to the difference in
dose or to repeated administration was observed in the
urinary excretion rate or renal clearance of TMZ. Calcula-
tion of the proportion of renal clearance to total body clear-
ance (2.27-2.57ml/min per kg) indicated a value of 4.81%
to 7.51%.

Safety

Adverse events occurred in all patients; most of these events
were either mild or moderate.

The adverse events observed at an incidence of 50% or
more were: constipation in 67% (four patients), nausea in
67% (four patients), increased alanine aminotransferase in
67% (four patients), increased aspartate aminotransferase
in 67% (four patients), and increased blood alkaline phos-
phatase in 50% (three patients). These adverse events also
corresponded to the adverse events for which a causal rela-
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Fig. 1. Time-course change in mean plasma temo-
zolomide and 5-(3-methyl)l-triazen-1-yl-imidazole-4-
carboxamide (MTIC) concentrations on days 1 and 5 in
cycle 1 (150mg/m? per day) and cycle 2 (200mg/m’ per

day)

Conc. in Plasma (pg/mL)

Conc. in Plasma (pug/mL)
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Table 4. Amount of urinary temozolomide excretion (Ae), excretion rate (Ae%), and renal clearance (CLr) by urine accumulation intervals in
cycle 1 (150mg/m’® per day) and cycle 2 (200mg/m’ per day)

Parameter Dose (mg/m?) Administration day Time after (Urine accumulation
administration interval) (h)
04 48 8-24 0-24
Ae (mg) 150 Day 1 11.1 (25) 5.64 (59) 1.49 (82) 18.2 (22)
n=6 Day 5 10.3 (43) 3.37 (46) 0.915 (55) 14.6 (26)
200 Day 1 12.8 (53) 342 (62) 0.178 (173) 16.4 (53)
n=3 Day 5 12.8° 3.93 (32) 1.00 (89) 17.7°
Ae% (%) 150 Day 1 4.51 (29) 2.32 (65) 0.593 (80) 7.42 (28)
n=6 Day 5 4.20 (48) 1.36 (47) 0.366 (55) 5.93 (33)
200 Day 1 3.75 (57) 1.00 (66) 0.0524 (173) 4.81(57)
n=3 Day 5 3.75° 1.15 (36) 0.300 (90) 5.21°
CLr (ml/min per kg) 150 Day 1 - - - 0.193 (33)
n=6 Day 5 - - - 0.155 (42)
200 Day 1 - - - 0.114 (60)
n=3 Day 5 - - - 0.119°

Values are means, with coefficient of variation % in parentheses

"n=2
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tion to TMZ could not be ruled out (adverse reactions) that
were observed at an incidence of 50% or more.

As myelosuppression-related adverse events, a decrease
in neutrophil count (grade 2), platelet count (grade 1), and
leukocyte count (grade 2) occurred in one patient each
(17%). Grade 3 toxicity observed in hematology tests was
a decreased lymphocyte count in one patient, and no other
grade 3 or 4 toxicity was observed. Leukocyte count, plate-
let count, and neutrophil count were within normal ranges.
No grade 3 or 4 toxicities were observed in biochemistry
tests or urinalysis, except for a grade 3 increase in alanine
aminotransferase in two patients.

Two adverse events resulted in death. The first was brain
damage in one patient, resulting in death 23 days after the
final administration in the first cycle. The second was a
decreased level of consciousness in one patient who discon-
tinued participation in the study 23 days after the final
administration in the first cycle and who died about 3
months after discontinuation. The study was also discontin-
ued in another patient 24 days after the final administration
in the sixth cycle due to progression of the primary disease,
and this patient died about 3.5 months after discontinuation
due to aggravation of the primary disease. Three deaths
occurred in this study, but the cause of death in all three
patients was attributed to the primary disease.

Discussion

We investigated the pharmacokinetics of TMZ in Japanese
patients to determine whether or not the treatment regimen
used in the United States and Europe could be used in
Japan. ' :

After the oral administration of 150 and 200mg/m’ per
day, TMZ plasma concentration reached tmax about 1h
after administration, followed by a monophasic decrease.
Although a dose-dependent increase in Cmax and AUC
was observed, these values did not increase after 5 days of
repeated administration (accumulation index was about 1),
indicating no accumulation of this drug. The elimination of
TMZ from plasma was rapid, and no change due to differ-
ence in the dose or to repeated administration was observed
in CL/F or V2/F. The coefficients of variation for AUC, t,,Az,
CL/F, and VZ/F were small, at 4% to 35%, suggesting that
the interpatient difference in pharmacokinetics was small.
Plasma MTIC concentrations were observed to change in
parallel with TMZ plasma concentrations at both 150 and
200 mg/m’per day, and tmax and t,,Az values generally cor-
responded to those of TMZ plasma concentrations. The
Cmax and AUC of MTIC plasma concentration were 1.8%
t0 2.0% and 1.7% to 1.8% of those of TMZ plasma concen-
trations. With TMZ, no accumulation was observed with
repeated administration. These results suggested that the
plasma MTIC concentration is dependent on the plasma
TMZ concentration and that the reaction rate from MTIC
to AIC is clearly more rapid than that from TMZ to MTIC.
Based on the results obtained by the administration of 150
and 200 mg/m” per day, no marked change in pharmacoki-
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netics due to the difference in dose or to repeated adminis-
tration was noted. The cumulative urinary excretion rate of
TMZ was 4.8% to 7.4% (up to 24h after administration).
The renal clearance of TMZ was 0.114 to 0.193ml/min per
kg, accounting for 4.8% to 7.5% of total body clearance. It
is possible, however, that actual renal clearance was under-
estimated because of the possible effect of decomposition
during the retention of urine in the bladder. The above
plasma and urinary pharmacokinetic profile of TMZ in
Japanese was essentially the same as that already observed
in Caucasians.*"°

The pharmacokinetic parameters of TMZ and MTIC
plasma concentrations in Japanese patients obtained in this
study were compared with those obtained in pharmacoki-
netic studies (Schering-Plough data on file)*'*? conducted
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Fig. 2. Maximum plasma concentration (Cmax), area under the plasma
concentration-time curve up to the final observation point (AUC,,),
and time-to-maximum plasma concentration (tmax) of temozolomide:
comparison between Japanese and Caucasians, Data of Caucasians are
cited from Schering-Plough data on file®'*"
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in Caucasians in the United States. As shown in Figs. 2 to
5, the pharmacokinetic parameters (Cmax, tmax, AUC,,,
t,Az, CL/F, and VZ/F) of plasma TMZ concentration and
the pharmacokinetic parameters (Cmax, tmax, AUC, , and
t,,Az) of plasma MTIC concentration obtained from Japa-
nese patients all fell in the range of data obtained from
Caucasian patients. These results confirm the assumption
that there is little possibility that the pharmacokinetics
of TMZ would be affected by biological factors including
ethnic differences.

Adverse events occurred in all patients, but most were
judged to be mild or moderate in severity. Continued
administration was therefore possible with dose adjustment
and delay in the start of administration of the next cycle.
The incidence of nausea and constipation was high, but with
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due to myelosuppression was required in one of the four
patients who continued to receive treatment with TMZ in
the second cycle. The safe continuation of treatment was
considered possible by monitoring for adverse reactions
and adjusting the dose. No increase of myelosuppression
with increased dose was observed.

The treatment regimen in this study was generally well
tolerated in Japanese patients with relapsed gliomas.

The confirmation of the safety of TMZ in Japanese
patients in this study contributes greatly to the assurance of
safety in Asians, including patients in Taiwan and South
Korea, where TMZ is already being used. The possibility is
very high that the treatment regimen in the United States
and Europe is applicable to all ethnic groups.
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Neuropilin-1 promotes human glioma progression through potentiating
the activity of the HGF/SF autocrine pathway |
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Neuropilin-1 (NRP1) functions as a coreceptor through
interaction with plexin A1 or vascular endothelial growth
factor (VEGF) receptor during neuronal development and
angiogenesis. NRP1 potentiates the signaling pathways
stimulated by semaphorin 3A and VEGF-A in neuronal
and endothelial cells, respectively. In this study, we
investigate the role of tumor cell-expressed NRP1 in
glioma progression. Analyses of human glioma specimens
(WHO grade I-TV tumors) revealed a significant correla-
tion of NRP1 expression with glioma progression. In
tumor xenografts, overexpression of NRP1 by US8MG
gliomas strongly promoted tumor growth and angio-
genesis. Overexpression of NRP1 by USTMG cells
stimulated cell survival through the enhancement of
autocrine hepatocyte growth factor/scatter factor
(HGF/SF)/c-Met signaling. NRP1 not only potentiated
the activity of endogenous HGF/SF on glioma cell
survival but also enhanced HGF/SF-promoted cell pro-
liferation. Inhibition of HGF/SF, c-Met and NRP1
abrogated NRP1-potentiated autocrine HGF/SF stimula-
tion. Furthermore, increased phosphorylation of c-Met
correlated with glioma progression in human glioma
biopsies in which NRP1 is upregulated and in US87MG
NRP1-overexpressing tumors. Together, these data sug-
gest that tumor cell-expressed NRP1 promotes glioma
progression through potentiating the activity of the HGF/
SF autocrine c-Met signaling pathway, in addition to
enhancing angiogenesis, suggesting a novel mechanism of
NRP1 in promoting human glioma progression.
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Introduction

Neuropilin-1 (NRP1) is a type I cell surface co-receptor
that plays important roles in the development of the
nervous system and angiogenesis (Bagri and Tessier-
Lavigne, 2002). During neuronal development, NRPI-
mediated signal transduction requires the formation of
a functional semaphorin (Sema) 3A-NRPI-plexin Al
complex, which inhibits axonal guidance signals to the
projecting neurons (Bagri and Tessier-Lavigne, 2002).
In endothelial cells, NRP1 enhances the interaction of
heparin-binding vascular endothelial growth factor
(VEGF),¢s with its receptors (VEGFRs) and modulates
VEGF-stimulated angiogenesis. Elevated expression of
NRP1 was also found in tumor cells in various types of
human cancers (Klagsbrun ez al., 2002). Overexpression
of NRP1 in prostate and colon cancer cells enhances
angiogenesis and tumor growth in animals (Miao et al.,
2000; Parikh er al., 2004), whereas expression of an
antagonist of NRP1 inhibited vessel growth and tumor
expansion (Gagnon et al., 2000).

Hepatocyte growth factor/scatter factor (HGF/SF)
modulates various cellular functions such as prolifera-
tion, migration and morphogenesis through its cognate
surface receptor c-Met (Gao and Vande Woude, 2005).
Activation of the HGF/SF/c-Met signaling pathway
correlates with the malignancy of human gliomas
(Abounader and Laterra, 2005). Overexpression of

" HGF/SF in glioma cells resulted in enhanced tumori-
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genicity and growth in vivo (Laterra et al., 1997).
Inhibition of endogenous HGF/SF and c-Met in human
cancer cells, including gliomas, reversed their malignant
phenotype (Abounader et al., 2002). Additionally, the
activation of signaling molecules such as extracellular
signal-regulated kinase (ERK) and Bcl-2 antagonist of
cell death (Bad) is involved in the HGF/SF/c-Met
pathway in cancer cells (Abounader and Laterra, 2005).
NRP1 was recently demonstrated to interact directly
with a subset of heparin-binding growth factors, such
as fibroblast growth factor-2 (FGF-2), FGF-4 and
HGF/SF and potentiates. FGF-2 stimulation of
endothelial cells (West et al, 2005), suggesting
that NRP1 expression in glioma cells may augment
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HGF/SF/c-Met  stimulation of tumor progression
through an autocrine loop.

In this study, we investigated the roles of tumor cell-
expressed NRP1 in human glioma progression. We
show that upregulated NRP1 is primarily expressed in
tumor cells, and NRP1 expression correlates with tumor
progression in clinical glioma specimens. We demon-
strate that NRP1 expression promotes glioma growth
and survival in vitro and in vivo through an autocrine
HGF/SF/c-Met signaling pathway involving activation
of c-Met, ERK and Bad, thus suggesting a novel
mechanism of NRPI expression in promoting cancer
cell survival and proliferation.

Results

Upregulation of NRPI is correlated with the malignancy
of human astrocytic tumors

To determine the association of NRP1 expression with
glioma progression, we performed immunohistoche-
mistry (IHC) analyses on a total of 92 human glioma
specimens and four normal human brain biopsies
using three well-characterized anti-NRP1 antibodies
(Ding et al., 2000) and isotype matched IgGs as negative
controls that all showed no staining (see the insets in
Figure 1A). As shown in Figure 1Aa, in all four normal
brain tissues analysed, weak immunoactivity for
the anti-NRPI antibody was detected in neurons (red
arrow) or cells within a blood vessel (arrowhead). In
four pilocytic astrocytoma specimens (P.A., WHO
grade I), NRP1 was weakly stained in a few tumor cells
(Figure 1Ab, arrows) and vessels (panel b, arrowhead).
In 24 WHO grade II gliomas, NRP1 protein was
detected in tumor cells (panel c, arrows) and vessels
(panel c, arrowhead). In 21 WHO grade III glioma
biopsies, a greater intensity of NRPI staining was
detected in tumor cells (Figure 1Ad, arrows). In 43
WHO grade IV glioblastoma multiforme (GBM) speci-
mens, high expression of NRP1 was found in tumor
cells (Figure 1Ae, arrows). In general, no increase in
staining for NRP1 protein was found in hypoxic/
pseudopalisading regions, but heterogeneous staining
for NRP1 expression was seen within the gliomas. As
summarized in Figure 1B and Supplementary Table S1
(Supplementary Material), statistical analyses of our
THC data revealed a significant correlation between
NRP!1 expression and human glioma progression.
There was a significant difference in THC staining for
NRP1 among the three groups as well as a correlation
between NRP1 expression and the malignancy of human
glioma (Figure 1B).

Overexpression of NRP1 in US87MG xenografis promotes
tumor growth and angiogenesis in vivo

To further investigate whether upregulation of NRP1 by
glioma cells promotes tumor progression, we first
examined expression of NRP! in human glioma cell
lines by immunoblot (IB) analyses. ‘As shown in
Figure 2a, NRPI protein was detected at various levels
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in all glioma cell lines examined. As U8TMG cells
express NRPI at a relatively low level and are highly
tumorigenic in mice (Hu et al., 2003), we utilized this
cell line to stably overexpress NRP1. Among various
USTMG cell clones that stably express NRPI, we
chose two cell clones, U87MG/NRPl-no. 1 and
U87MG/NRPI-no. 8, that expressed exogenous NRPI
at medium (NRPI-no. 1) or high levels (NRPI1-no. 8)
compared with US87MG (Figure 2b) or LacZ (see below)
cells for further studies. Next, we separately implanted
U8STMG and NRP1 cells into the flank or the brain of
nude mice. On the 26th day post-implantation, inocula-
tion of NRPI cells into the flank resulted in formation
of tumors with an average volume of 1205+ 307 mm’,
whereas mice that received U87MG or LacZ cells (Guo
et al., 2001) developed tumors with similar volumes in
45 days (Figure 3A). In the brain, mice receiving NRP1
cells developed tumors with a volume of 34+6.8 mm?® in
25+3 days (n=17) (Figure 3Bc, d and 3C), whereas
mice inoculated with U87MG or LacZ cells developed
tumors of 154+4.5mm? in the same period of time
(n=15) (Figure 3Ba, b and 3C). Afterwards, we stained
the brain tumor tissue using anti-CD31 (Figure 3Bb and
d) and anti-bromodeoxyuridine (BrdUrd) plus anti-von
Willebrand factor (vWF) antibodies (Figure 3E). We
found that NRP1 intracranial tumors had a 2.5-fold
increase in vessel density (Figure 3D) and a 2.6-fold
increase in BrdUrd incorporation in the tumor cells
when compared with U87MG tumors (Figure 3F).

NRPI promotes USTMG cell growth through enhancing
autocrine HGF|SF|c-Met signaling

Our results show that overexpression of NRP1 by
glioma cells enhances tumor cell proliferation in vivo,
which could possibly be due to NPR1-modulated
autocrine intracellular signaling stimulation in glioma
cells or caused indirectly by an increase in angiogenesis.
To distinguish these possibilities, we performed a trypan
blue vital dye exclusion assay. NRP1 overexpression did
not significantly affect NRP1 cell growth compared with
USTMG or LacZ cells when cultured in medium
containing 10% fetal bovine serum (FBS) (data not
shown). However, as shown in Figure 4A, in the absence
of serum, NRP1 cells showed a 1.8-fold increase in cell
survival, whereas U87MG or LacZ cells demonstrated a
slight decrease of cell survival in a 4-day culture,
suggesting that autocrine signaling through NRPI
promotes cell survival in these glioma cells.

A recent study demonstrated NRP1 also interacts
with several heparin-binding growth factors, such as
FGF-2, FGF-4 and HGF/SF, and potentiates the
growth stimulatory activity of FGF-2 on endothelial
cells (West et al., 2005). As HGF/SF and FGF-2 were
shown to stimulate cell growth through receptor-
mediated autocrine signaling in glioma cells (Abounader
and Laterra, 2005), we performed enzyme-linked
immunosorbent assay (ELISA) and determined whether
the autocrine signaling activities of these growth
factors were involved in the NRPIl-stimulated
U87MG cell survival and growth. In a 48-h cell culture,
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B NRP-1 Expression Correlates with Human Glioma Progression
) Score Kruskal-Wallis test*
WHO grade  n Histology n - + 1+ 2+ 3+ with Scheffe's post-hoc test
Normal 4 Normal 4 4 o o 0o 0
Normal+l -
i 4 Pilocytic astrocytoma 4 0 4 0 0 O :
: p <0.01
Oligodendroglioma 13 2 4 5 2 0
Il 24 Diffuse astrocytoma 10 O 0 5 5 0 n = <0.01
Oligoastrocytoma i 0 o0 1 0 O p<d.
Anaplastic astrocytoma i3 0 1 7 5 O p<0.05
i 21 Anaplastic oligodendroglioma 7 ©0 0 3 3 1
Anaplastic oligoastocytoma 1 0O 0 O 1 0 W+v - B
v 43 Glioblastoma multiforme 43 0 3 16 18 6
*Kruskal-Wallis test between Normat+Grade | vs Grade Il vs Grade 111+IV showed significant difference with p <
0.00001. Differences between each group were then examined by Scheffe's post-hoc test and each p-value
were indicated in the table.
n, number of specimens. Score, intensity of IHC staining in the clinical specimens by an ant-NRP1-antibody and
is defined as described in the Materials and Method section.
Figure 1 NRPI expression correlates with human glioma progression. (A) IHC of paraffin sections of normal human brain (panel a),
P.A. (WHO grade 1, panel b), diffuse astrocytoma (D.A., grade 11, panel c), anaplastic astrocytoma (A.A., grade 111, panel d) and
GBM (grade 1V, panel e) tissue. Insets in panels a—e are the isotype-matched 1gG control staining of identical areas. Arrows indicate
neurons (a) or tumor cells (b to e) that are positive for NRP1. Arrowheads indicate endothelial cells in tumor-associated vessels that
express NRP1. Results are representative of three independent experiments. Original magnification: x 400. (B) Statistical analyses.
A total of 92 individual primary tumor specimens (WHO grade 1-1V) and four normal human brain biopsies were analysed.
U87MG, LacZ and NRP! cells secreted VEGF  anti-FGF-2 and anti-VEGF antibodies had little or no
(30+3.6ng/ml/10¢ cells), FGF-2 (14+2.1pg/ml/10°  effect on cell survival of US8TMG and NRPI cells
cells) and HGF/SF (4004-45pg/ml/10° cells) into  (Figure 4B).
serum-free medium at similar levels. A neutralizing To investigate-whether the HGF/SF/c-Met signaling
anti-HGF/SF antibody abolished the effect of NRP1-  pathway mediates NRP1 stimulation of glioma cells, we
enhanced U87MG cell survival, whereas neutralizing  examined the expression and tyrosine phosphorylation
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Figure 2 Overexpression of NRP! in US7MG glioma cells.
1B analyses of HUVEC, NHA/ETR and various glioma cell lines
(a) or U87MG and NRPI-no. | and NRPI-no. 8 cells (b) using
a polyclonal anti-NRP1 antibody (C-18). p-Actin was used as a
loading control. Similar results were also obtained using
a polyclonal anti-NRP1 antibody (NP1ECDI1A). Results are
representative of three independent experiments.

Us7MG

of c-Met in U87MG and NRP1 cells in the absence or
presence of the HGF/SF neutralizing antibody. As
shown in Figure 4C, in the absence of serum, expression
of endogenous c-Met was not enhanced by NRPI
overexpression, but tyrosine phosphorylation of c-Met
was stimulated in NRP1 but not U87MG or LacZ cells.
When the HGF/SF neutralizing antibody was included
in the cell culture, the NRP1-induced phosphorylation
of c-Met was diminished. As U87MG, LacZ and NRPI
cells secrete low levels of endogenous HGF/SF in the
serum-free CM (400 + 45 pg/ml/10° cells) and no inhibi-
tory effect of the neutralizing anti-HGF/SF on U§7MG
parental cell survival (Figure 4B) was seen, we reasoned
that the HGF/SF/c-Met autocrine signaling path-
way was not activated due to low levels of the
endogenous HGF/SF in U87'MG or LacZ cells.
Furthermore, NRP1 overexpression in U87MG cells
potentiated HGF/SF/c-Met autocrine signaling by
activating a downstream target, Bad, an antiapoptotic
molecule (Abounader and Laterra, 2005) (Figure 4C).
Phosphorylation of Bad at Ser-112 was induced by
NRP] overexpression, but only a slight enhance-
ment occurred on the constitutively phosphorylated
Ser-136 of Bad. Additionally, a 4-day culture in
serum-free medium did not alter the expression levels
of NRP1 in U87MG, LacZ or NRPIl-expressing
cells (Figure 4D).

Although U87MG cells are deficient in plexin Al and
VEGFR-2, Sema 3A, a cognate ligand for NRPI, is
expressed in US7MG cells (Rieger ez al., 2003). Thus, we
tested a specific knockdown of Sema 3A by siRNA to
examine the effects of endogenous Sema 3A on
NRPl-enhanced U87MG cell growth. As shown in
Figure 4E, endogenous c-Met (panel a) and Sema 3A
(panel b) were considerably suppressed compared
with the control siRNA-transfected ' cells. Reduced
expression of c-Met, but not Sema 3A, in NRPI cells

significantly abolished the NRP1-enhanced U§7MG cell -

survival (Figure 4F).
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NRPI potentiates glioma cell proliferation in response 10 -
exogenous HGF|SF

We assessed whether NRP1 overexpression could
potentiate stimulation of glioma cell proliferation by
exogenous HGF/SF using a BrdUrd incorporation
assay. As shown in Figure 5A, in the absence of
recombinant human (rh) HGF/SF, the basal level of
BrdUrd incorporation in NRP1-no. 1 and -no. 8 cells
was similar to that in U87MG and LacZ cells. When
cells were treated with 5 or 10ng/ml of rhHGF/SF, a
significant increase in BrdUrd incorporation was found
in NRP1-no. 1 and -no. 8 cells compared with US7MG
and LacZ cells, whereas stimulation by 25ng/ml
thHGF/SF markedly enhanced BrdUrd incorporation
in U87MG and LacZ cells. Further increases of hHGF/
SF (50 or 75ng/ml) had no further augmentation of
BrdUrd incorporation in U87MG, LacZ and NRPI
cells. Also, NRPI-potentiated cell proliferation was
proportional to the level of exogenous NRP1 expression
in the glioma cells when comparing the BrdUrd
incorporation level in NRP1-no. 8 cells (higher level of
exogenous NRP1) to NRP1-no. 1 cells (lower level of
NRP1 expression, Figure 2b).

Next, we assessed the activation of c-Met and two of
its downstream effectors, ERK and Bad. As shown in
Figure 5B, when cells were treated with 10ng/ml
thHGF/SF for 20 or 40min, phosphorylation of
ERK1/2 and Bad at Ser-112 was evident in NRPI-
expressing cells but not in LacZ cells. Moreover,
treatment with 25umol/l U0126, a specific inhibitor
for ERK, inhibited HGF/SF-stimulated phosphorylation
of ERK and Bad as well as BrdUrd incorporation in
NRP1 cells but not in LacZ cells (Figure 5Ca and b).
To a similar extent, suppression of Bad protein expres-
sion in these cells by a specific siRNA (Figure 5Da) also
significantly attenuated HGF/SF-stimulated BrdUrd
incorporation in NRP1 cells but had no effect on LacZ
cells or untreated cells (Figure 5Db).

To further confirm the critical role of NRP1 expres-
sion on potentiation of HGF/SF/c-Met signaling, we
determined the effects of endogenous NRPI on cell
growth in LNZ-308 glioma cells, as LNZ-308 cells
express endogenous NRP1 at high levels (Figure 2a) and
no endogenous HGF/SF protein was detected by
ELISA in serum-free CM (data not shown). As shown
in Figure 6a, three individual siRNAs for NRPI
(N1, N2 and N3) suppressed endogenous NRPI protein
at various levels in LNZ-308 cells, whereas a pool of
these three siRNAs for NRP1 (N1:N2:N3=1:1:1)
considerably suppressed endogenous NRP1 protein.
When control siRNA-transfected LNZ-308 cells were
stimulated with rhHGF/SF, BrdUrd incorporation
increased by 1.6-fold in response to 10ng/ml of
rhHGF/SF and reached a peak when 20ng/ml HGF/
SF was used (Figure 6b). Stimulation by HGF/SF on
LNZ-308 cells at higher concentrations (60 and
80 ng/ml) had no further effect (Figure 6b). Importantly,
when endogenous NRPI1 expression was inhibited
using siRNA, HGF/SF-stimulated BrdUrd incorpora-
tion at low concentrations (10 and 20ng/ml) was
significantly attenuated.
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Figure 3 Overexpression of NRP1 in U87MG cells promotes tumor growth and angiogenesis. (A) Growth kinetics of U87TMG or
NRPI tumors at subcutaneous sites. Tumor volume was estimated (volume = (a® x b)2, a<b) using a caliper at the indicated times.
Data are shown as mean +s:d. (B) Tumorigenicity and angiogenesis of USTMG brain tumors. IHC analyses are shown for U§7MG

(panels a and b) or NRP1 (c and d) gliomas. Panels a and c are brain

sections stained with hematoxylin and eosin (H&E). Panels b and

d show CD31 staining for tumor vessels. Arrows in a and ¢, tumor mass. Arrows in b and d, blood vessels. Five to eight individual
tumor samples of each group from each in vivo experiment were analysed. Original magnification: panels a and ¢, x 12.5; b and d,
x 200. (C) and (D) Quantitative analyses of tumorigenesis and angiogenesis in various intracranial tumors. Data are means+s.d.
Numbers in parentheses, the difference in fold between US7MG and NRP1 gliomas. (E) and (F) Cell proliferation of various

intracranial gliomas. (E) IHC staining of U87MG brain tumors with a monoclona! anti-BrdUrd antibody (red) together with a
polyclonal anti-vWF antibody (green). Blue arrows, proliferative nuclei in tumor cells. White arrows, proliferative nuclei of blood
vessels. Blue arrowheads, vWF staining of vessels. Three to five serial sections from five to seven individual samples of each tumor type

were analysed. Original magnification: x 400. (F) Quantitative ana

lyses of cellular BrdUrd incorporation in U87TMG and US7TMG/

NRPI tumors. Numbers in parentheses, the difference in fold between U87MG/NRP1 and parental USTMG gliomas. Results in (A-E)

are representative of three independent experiments.

Next, we examined activation of the HGF/SF/c-Met
signaling pathway in various siRNA-transfected LNZ-
308 cells in response to HGF/SF stimulation. As shown
in Figure 6¢c, HGF/SF stimulation at 10, 25 and 50ng/
ml induces phosphorylation of c-Met, Erk1/2 and Bad.
When NRPI expression was suppressed using siRNA,
the activation by HGF/SF at 10 and 25 ng/ml on c-Met,
ERK1/2 and Bad was diminished. No inhibitory effect
on HGF/SF stimulation was seen when NRP1 siRNA-
transfected LNZ-308 cells were treated with 50 ng/ml
HGF/SF.

NRPI enhances HGF|SF|Met signaling in human glioma
Next, we sought to determine whether activation of
c-Met also occurred in NRP1-expressing tumors in vivo.
We extracted tissue lysates from U87MG and NRPI
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tumors and performed IB analysis. As shown in
Figure 7a, NRP1 overexpression did not increase
c-Met expression in the NRP1 tumors. However,
increased phosphorylation of c-Met was detected in
the tissue lysates of NRP1 tumors compared with
the parental tumors established at subcutaneous and
orthotopic sites. Finally, we examined whether increased
expression of NRP1 and ¢-Met phosphorylation corre-
lates with glioma progression in 14 primary human
glioma tissue samples by IB analyses. As shown in
Figure 7b, c-Met was detected at various levels in all of
the glioma tissues, whereas upregulation of NRPI
expression was seen primarily in high-grade tumors
(grades 111 and IV). Importantly, c-Met phosphoryla-
tion was also increased in high-grade gliomas, mostly in
grade IV GBM specimens, correlating with the expres-
sion profile of NRP1 in these clinical samples.
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Figure 4 NRP! promotes survival of U87MG cells by enhancing autocrine HGF/SF/c-Met signaling. (A) Overexpression of NRPI
promotes U87MG cell survival. Data of cell survival assays are shown as mean+s.d. (B) Inhibition of HGF/SF, but not FGF-2 or
VEGF, suppresses NRP1-promoted U87MG cell survival. Data of cell survival assays are shown as mean +s.d. (C) Inhibition of tumor
cell-derived HGF/SF, but not VEGF or FGF-2, suppresses NRPI-potentiated activation of ¢c-Met and Bad. IP and IB analyses of
various USTMG cells treated with or without the HGF/SF neutralizing antibody. (D) Serum starvation did not alter NRP1 expression
in US7MG, LacZ and NRP! cells. 1B analyses of various cell lysates under the same conditions as in (A). (E) and (F) Inhibition of
endogenous c-Met but not Sema 3A attenuates NRP1-potentiated USTMG cell viability. (E) Suppression of endogenous c-Met and
Sema 3A by siRNA. IB analyses of c-Met and Sema 3A proteins in various U87MG cells. (F) Cell survival assays of siRNA-transfected
US7MG and NRPI cells. Data are shown as mean+s.d. In (B-D), c-Met, Bad and f-actin were used as loading controls. Results in
(A-F) are representative of three independent experiments.
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Figure 5 NRPI expression potentiates HGF/SF stimulation of cell proliferation mediated by c-Met signaling. (A) Expression of
NRP1 in U87MG cells potentiates cell proliferation in response to a low dose of HGF/SF stimulation. Data of BrdUrd incorporation
in US7MG, LacZ, NRPI-no. 1, and NRPI-no. 8 cells are shown as meanzs.d. (B) IB analyses of NRPI-potentiated HGF/SF
stimulation of phosphorylation on c-Met, ERK /2 and Bad in various U87MG cells. (C) U0126 attenuated NRPI-potentiated HGF/
SF stimulation of phosphorylation on ERK 1/2 and Bad (panel a, IB analyses) and cell proliferation in various U87MG cells (panel b,
BrdUrd incorporation assays; data are shown as mean+s.d.). (D) Knockdown of Bad by siRNA (panel a, IB analyses) attenuates
NRPI-potentiated HGF/SF stimulation of cell proliferation in various U87MG cells (panel b, data are shown as mean4s.d.). In
(B-D), c-Met, ERK /2, Bad and B-actin were used as loading controls. Results in (A) to (D) are representative of three independent
experiments. :
Discussion to promote tumor growth and angiogenesis in xenograft
models and cell survival in cancer cells. In these reports,
The role of NRP1 in human tumor progression has been ~ NRP1 stimulation of tumor progression was primarily
studied in various cancer model systems. Upregulation  attributed to VEGF-dependent pathways (Miao et al,
of NRP1 was found not only in endothelia but also in 2000; Bachelder et al., 2003). This study provides new
tumor cells in various types of primary human cancer  evidence that glioma cell-expressed NRP1 promotes
specimens (Ding er al., 2000; Akagi et al., 2003). tumor progression through potentiating the HGF/SF/
Overexpression of NRP1 in tumor cells has been shown  c-Met signaling pathway. We show in primary human
Oncogene

315



Neuropilin-1 promotes human glioma progression
B Huet a/

5584

siRNA: C ° N1

a N2 N3 NRP1 kDa

. |-14o

NRP1 ->|- g B o

iB -
p-actin —bl- - o> o -1-43

0.24 -

o

0.22 -

0.20 -|

0.18

0.16

(O-D-aso nm)

0.144
—{3— siRNA-control
0.12 4
] —&—— siIRNA-NRP1

BrdUrd Incorporation/ 1x104 Cells

0.10 4
!

0.08 7

T T T T T 1
0 10 30 40 50 60 70 80

rhHGF (ng/ml)

T
20

rhHGF/SF: 10ng/ml 25 ng/mi 50 ng/ml

SiRNA-NRP1: - 4+ - + - 4+ kDa

c-Met -> X ﬂ ‘Iﬂ"’ﬁ: -145

-42

PERK1Z 3| e —

ERK1/2 +l“=- - |- 42

p-Bad
(Ser-112)

Bad

— -— -..]-23

»>[—

B-actin b [eue e o oue aw ] -43

Figure 6 Inhibition of endogenous NRP1 attenuated HGF/SF
stimulation of cell proliferation and HGF/SF/c-Met signaling in
LNZ-308 glioma cells. (a) Inhibition of endogenous NRP1 by
NRPI1/siRNA in LNZ-308 cells detected by IB analyses. C, control
siRNA. NI, N2 and N3, individual siRNAs for NRP1. NRPI,
a pool of all three siRNAs of NI, N2 and N3. -Actin was used
as a loading control. (b) Inhibition of endogenous NRP1 in
LNZ-308 cells using siRNA-attenuated rhHGF/SF stimulation of
cell proliferation. Data of BrdUrd incorporation of siRNA-transfected
LnZ-308 cells are shown as mean+s.d. (¢) Inhibition of endogenous
NRPI in LNZ-308 cells using siRNA-suppressed HGF/SF stimulation
of c-Met signaling detected by 1B analyses. c-Met, ERK1/2 Bad and
B-actin were used as loading controls. Results in (a—c) are representative
of three independent experiments.

glioma specimens that upregulation of tumor cell-
expressed NRPI correlates with glioma progression
and increased activation of c-Met in these clinical tumor
samples. We demonstrated that overexpression of NRP1
by U87MG glioma cells enhanced tumor growth in mice
through potentiating HGF/SF/c-Met activity stimulat-
ing tumor cell proliferation in mice. NRP1 potentiated
the autocrine HGF/SF/c-Met signaling pathway in
response to low concentrations of HGF/SF in vitro,
and NRP1 expression is also correlated with c-Met
activation in U87MG tumors that overexpress NRP1.
Conversely, inhibition of tumor cell-derived HGF/SF,
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Figure 7 Upregulation of NRP1 correlates with the activation of
c-Met in U87MG tumor xenografts and in high-grade human
glioma specimens. (a) Overexpression of NRPI in USTMG
xenografts resulted in activation of c-Met in the established
tumors. IB analyses of U87MG and NRP1 xenografted tumors.
B-Actin was used as a loading control. (b) Upregulation of NRPI
expression correlates with activation of c-Met during glioma
progression. 1B analyses of 14 frozen primary human glioma
specimens. c-Met and f-actin were used as loading controls.
Results are representative of three independent experiments.

but not FGF-2 or VEGF, by neutralizing antibodies
and of endogenous c-Met, but not Sema 3A, by spe-
cific siRNAs attenuates HGF/SF/c-Met signaling
and glioma cell viability. Furthermore, suppression of
endogenous NRP1 in LNZ-308 cells abolishes exoge-
nous HGF/SF stimulation of c-Met-mediated signaling
in the tumor cells at lower concentrations. Our results
corroborate a recent study showing that overexpression
of NRPI in human pancreatic cancer cells resulted
in constitutive activation of mitogen-activated protein
kinase signaling (Wey et al., 2005). A plausible
mechanism of NRP1 stimulation of tumor progression
in our study and the pancreatic cancer model is that
NRP! enhances endogenous signaling modulating
tumor cell function independent of VEGF. Our results
of NRP1 potentiation of the HGF/SF/c-Met signaling
pathway in glioma cells agree with another recent study
showing that that NRP1 not only interacts directly
with multiple heparin-binding growth factors, such as
FGF-2, FGF-4 and HGF/SF, but also potentiates
stimulation of FGF-2 on endothelial cells (West et al.,

. 2005). In addition, the increased sensitivity to HGF/
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SF/c-Met signaling by endogenously expressed NRP1
in glioma cells is analogous to the increase in sensitivity
to FGF-2 caused by the addition of a soluble
NRP1 dimer to endothelial cells in the aforementioned
study. Expression of NRP1 in various cell types may
sensitize the cells to their microenvironments, thereby
potentiating the corresponding intracellular signaling
critical for cellular function.

Increased expression of NRP1 has been detected in
tumor cells in clinical glioma samples, suggesting a link
between NRP1 expression and glioma malignancy (Ding
et al., 2000). Our results further elaborate on these
observations. By analysing a total of 92 primary human



glioma specimens, we show that upregulation of NRP1
in tumor cells correlates with glioma progression. In
U87MG tumor xenografts, overexpression of NRPI
markedly stimulated angiogenesis at both anatomic sites
(Figure 3). Significant stimulation of vessel growth by
tumor cell-expressed NRP1 in our U87MG xenografts
and in prostate and colon cancer models (Miao e al.,
2000) led to a hypothesis that tumor cell-expressed
NRP1 stimulates vessel growth through a juxtacrine
mechanism that forms a complex of NRP1 (in tumor
~ cells), VEGF within the tumor microenvironment (inter-
cellular) and VEGFR-2 (in endothelial cells), thus
potentiating VEGF activity that enhances angiogenesis
and tumor growth (Klagsbrun ez al., 2002). However, it
is difficult to dissect the NRPI-stimulated juxtacrine
signaling in harvested tumor tissues. Nonetheless, these
data and the aforementioned studies suggest a far wider
spectrum of activity of NRP1 in promoting tumor
progression than is currently appreciated.

In summary, this study provides a novel mechanism
that expression of NRPI! in human glioma cells
promotes glioma progression through potentiating the
activity of HGF/SF/c-Met autocrine pathways. Upre-
gulation of NRP1 in tumor cells correlates with the
activation of HGF/SF/c-Met pathways in both primary
glioma specimens and xenograft gliomas, and inhibition
of endogenous c-Met or NRPI attenuates NRPI-
enhanced HGF/SF/c-Met signaling. In addition, our
data demonstrating NRP1 expression patterns in
primary human glioma specimens and significant
enhancement of tumor angiogenesis in glioma xeno-
grafts suggest that tumor cell-derived NRP1 stimulates
vessel growth in a juxtacrine manner. These pathways
appear to act in concert in promoting glioma growth
and angiogenesis. Thus, our studies demonstrate a
necessity for simultaneously targeting NRP1/VEGF
and HGF/SF/c-Met signaling pathways in the treatment
of human gliomas.
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Materials and methods

Cell lines and their cultures

Human glioma cell lines U8TMG, UI118MG and T98G
were obtained from the American Type Culture Collection
(Manassas, VA, USA). Human glioma cell lines U25IMG,
U373MG, LNZ-308, LN229 and LN319 were from our collection.
The transformed normal human astrocytes that form WHO
grade Ill-like glioma in the murine brain (NHA/ETR) were from
Dr R Pieper. Human umbilical endothelial cells (HUVEC)
were from Cambrex (Rockland, ME, USA). The cells were
cultured as described previously (Guo et al., 2001).

siRNA transient transfection

siRNAs were synthesized by Dharmacon Inc. (Lafayette, CO,
USA). The sequences of siRNA for target genes were Met, 5-
GTGCAGTATCCTCTGACAG-3'; Sema 3A, 5-AAAGTTC
ATTAGTGCCCACCT-3' and NRP1 N1, ¥-GAGAGGTCC
TGAATGTTCC-3, N2, 5-AAGCTCTGGGCATGGAATC
AG-3, and N3, 5-AAAGCCCCGGGTACCTTACAT-3';
and Bad, Signal Silence Bad siRNA kit (Cell Signaling,
Beverly, MA, USA). Cells were transfected with 120nM of
the indicated siRNA or a control siRNA (Invitrogen) using the
Oligofectamine reagent (Invitrogen Inc., Carlsbad, CA, USA).
After 24 h, siRNAs were removed and the cells were maintained
in medium containing 10% FBS for an additional 48h. The
inhibition of protein expression was assessed by IB analysis.

Other methods

Reagents, antibodies, analyses of primary human glioma speci-
mens, IHC, statistics, glioma xenograft models, immunoprecipi-
tation (IP), IB, in vivo BrdUrd labeling, generation of U87MG
NRPI1-expressing cell lines and cell survival and proliferation
assays are described in the Supplementary Information.

Acknowledgements

The work was supported by grants NIH CA102011 and RSG
CSM-107144 (S-Y C), the Hillman Fellows Program for
Innovative Cancer Research to S-Y C and B H, and grant NIH
CA095809 to TM (in part).

Gagnon ML, Bielenberg DR, Gechtman Z, Miao HQ,
Takashima S, Soker S er al. (2000). Identification of a
natural soluble neuropilin-1 that binds vascular endothelial
growth factor: in vivo expression and antitumor activity.
Proc Natl Acad Sci USA 97: 2573-2578.

Gao CF, Vande Woude GF. (2005). HGF/SF-Met signaling in
tumor progression. Cell Res 15: 49-51.

Guo P, Xu L, Pan S, Brekken RA, Yang ST, Whitaker GB
et al. (2001). Vascular endothelial growth factor isoforms
display distinct activities in promoting tumor angiogenesis at
different anatomic sites. Cancer Res 61: 8569-8577.

Hu B, Guo P, Fang Q, Tao HQ, Wang D, Nagane M et al.
(2003). Angiopoietin-2 induces human glioma invasion
through the activation of matrix metalloprotease-2. Proc
Natl Acad Sci USA 100: 8904-8909.

Klagsbrun M, Takashima S, Mamluk R. (2002). The role of
neuropilin in vascular and tumor biology. Adv Exp Med Biol
515: 33-48.

Laterra J, Rosen E, Nam M, Ranganathan S, Fielding K,
Johnston P. (1997). Scatter factor/hepatocyte growth factor
expression enhances human glioblastoma tumorigenicity
and growth. Biochem Biophys Res Commun 235: 743-741.

5585

Oncogene



Neuropilin-1 promotes human glioma progression
B Hu et a/

5586 -

Miao HQ, Lee P, Lin H, Soker S, Klagsbrun M. (2000).
Neuropilin-1 expression by tumor cells promotes tumor
angiogenesis and progression. FASEB J 14: 2532-2539.

Parikh AA, Fan F, Liu WB, Ahmad SA, Stoeltzing O,
Reinmuth N et al. (2004). Neuropilin-1 in human colon
cancer: expression, regulation, and role in induction of
angiogenesis. Am J Pathol 164: 2139-2151.

Rieger J, Wick W, Weller M. (2003). Human malignant glioma
cells express semaphorins and their receptors, neuropilins
and plexins. Glia 42: 379-389.

West DC, Rees CG, Duchesne L, Patey SJ, Terry CJ, Turnbull JE
et al. (2005). Interactions of multiple heparin binding
growth factors with neuropilin-1 and potentiation of the
activity of fibroblast growth factor-2. J Biol Chem 280:
13457-13464. .

Wey JS, Gray MIJ, Fan F, Belcheva A, McCarty MF,
Stoeltzing O et al. (2005). Overexpression of neuro-
pilin-1 promotes constitutive MAPK signalling and
chemoresistance in pancreatic cancer cells. Br J Cancer 93:
233-241.

Supplementary Information accompanies the paper on the Oncogene website (http://www.nature.com/onc).

Oncogene

318



'ELMO1 and Dock180, a Bipartite Rac1 Guanine Nucleotide Exchange
Factor, Promote Human Glioma Cell Invasion

Michael ]. Jarzynka,'“2 Bo Hu,"” Kwok-Min Hui,"” Ifat Bar-]oseph,u Weisong Gu,’ Takanori Hirose,”
Lisa B. Haney,7 Kodi S. Ravichandran,’ Ryo Nishikawa,® and Shi-Yuan Cheng"2

'Cancer Institute and Departments of *Pathology and *Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania; ‘Ohio Supercomputer
Center-Springfield, Springfield, Ohio; Departments of *Pathology and ‘Neurosurgery, Saitama Medical University, Moroyama-machi,
Iruma-gun, Saitama, Japan; and "Beirne Carter Center for Immunology Research and Department of Microbiology,

University of Virginia, Charlottesville, Virginia

Abstract

A distinct feature of malignant gliomas is the intrinsic ability
of single tumor cells to disperse throughout the brain,
contributing to the failure of existing therapies to alter the
progression and recurrence of these deadly brain tumors.
Regrettably, the mechanisms underlying the inherent inva-
siveness of glioma cells are poorly understood. Here, we report
for the first time that engulfment and cell motility 1 (ELMO1)
and dedicator of cytokinesis I (Dockl80), a bipartite Racl
guanine nucleotide exchange factor (GEF), are evidently
linked to the invasive phenotype of glioma cells. Immunohis-
tochemical analysis of primary human glioma specimens
showed high expression levels of ELMOl and Dockl80 in
actively invading tumor cells in the invasive areas, but not in
the central regions of these tumors. Elevated expression of
ELMO1 and Dock180 was also found in various human glioma
cell lines compared with normal human astrocytes. Inhibition
of endogenous ELMO1 and Dockl180 expression significantly
impeded glioma cell invasion in vitro and in brain tissue slices
with a concomitant reduction in Racl activation. Conversely,
exogenous expression of ELMO1 and Dock180 in glioma cells
with low level endogenous expression increased their migra-
tory and invasive capacity in vitro and in brain tissue. These
data suggest that the bipartite GEF, ELMO1 and Dock180, play
an important role in promoting cancer cell invasion and could
be potential therapeutic targets for the treatment of diffuse
malignant gliomas. [Cancer Res 2007;67(15):7203-11]

Introduction

The inherent invasive nature of malignant gliomas contributes to
the high frequency of tumor recurrence and disease progression
in patients afflicted with these deadly cancers. In spite of the use
of multimodal therapies including surgery, radiation, and chemo-
therapy, the mean survival time in patients with high-grade gliomas
is less than 1 year (1). It is established that the mechanisms
regulating cell migration are fundamental to the invasive

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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phenotype of gliomas (2). Although studies show that various
stimuli promote glioma cell invasion, the mechanisms underlying
dysregulation of cell motility during invasion of these tumor cells
remain largely unknown.

Cell migration is highly regulated by spatial and temporal
changes of the actin cytoskeleton essential for many physiologic
and pathologic processes including cancer cell invasion. Racl, a
member of the Rho GTPase family, is a key regulator of actin
cytoskeletal dynamics and relays signals from various stimuli
such as growth factors, cytokines, and adhesion molecules to
downstream effectors modulating cell migration and invasion
(3). Importantly, Racl has been shown to promote glioma cell
migration (4-10). The activation of Racl is through a GDP/GTP ‘
exchange mechanism catalyzed by the guanine nucleotide exchange
factors (GEF) resulting in an active, GTP-bound state (11). The Rho
GTPase GEFs are a large family of proteins that contain either a Dbl
homology domain involved in nucleotide exchange (12) or a newly
characterized Docker domain that facilitates GEF function (13), of
which Dock180 (dedicator of cytokinesis 180) is the prototypical
mammalian member. :

Dock180 was first identified as a Crkil-binding protein that
regulates NIH 3T3 cell morphology (14). Studies in C. elegans and
Drosophila reveal that Dock180 homolegues modulate various
functions such as phagocytosis, cell migration, myoblast fusion,
dorsal closure, and cytoskeletal organization through the activation
of Racl (15-18). Furthermore, Dock180 stimulates phagocytosis
and filopodia formation downstream of integrin receptor signaling
in mammalian cells (19, 20). Importantly, Dock180 facilitates
nucleotide exchange on Racl through its unconventional Docker
GEF domain (21-23) but requires binding to engulfment and cell
motility 1 (ELMOL1) in achieving GDP/GTP exchange on Rac (21). In
mammalian cells and in C. elegans, ELMOI1 and its homologue,
CED-12, enhance phagocytosis and cell migration by forming a
complex with Dock180 (24). This bipartite GEF complex synergis-
tically functions upstream of Racl, promoting Rac-dependent
cell migration (25). Although ELMO1 and Dock180 stimulate cell
migration in normal mammalian cells, whether these molecules
play a critical role in cancer cell migration and invasion has not
been investigated.

In this study, we show for the first time that ELMO1 and
Dock180 stimulate glioma cell migration and invasion. We detected
high-level expression of ELMO1 and Dock180 in actively infiltrating
glioma cells within the invasive regions along blood vessels,
neuronal structures, and the corpus callosum as compared with
the central tumor areas of primary human glioma specimens
representing WHO grades 2 to 4. Furthermore, we found that
ELMO1 and Dockl80 expression is increased in human glioma
cell lines compared with normal human astrocytes. Inhibition of
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Figure 1. ELMO1 and Dock180 are
co-overexpressed in invading tumor cells of
primary human glioma specimens. A, a
total of 53 individual primary tumor
specimens (WHO grades 2—4) were
analyzed, and representative staining of
serial sections of glioblastoma multiforme
(specimen J154, grade 4) tissue using a
polyclonal rabbit anti-ELMO1 antibody

{a, ¢, and e) and a polyclonal goat
anti-Dock180 antibody (b, d, and f) is
shown. ¢ to /, insets, isotype-matched
immunoglobulin G controls of the identical
areas shown. ¢ and d, enlarged central
regions of the tumor mass shown in a and
b (white rectangle). e and f, enlarged
invasive areas shown in a and b

(red rectangle). Arrows, positive staining
for ELMO1 (c and e) and Dock180

(f). Arrowheads, unstained cells.

Original magnification, X100 (a and b);
400x (c-f). Representative results;
immunohistochemical (/HC) analyses were
done two additional times with similar
results. B, immunoblot analysis of the
tumor center (C) and invasive border (B)
of primary glioma specimens. Total
protein extracted from normal brain and
microdissected glioma tissue from
oligodendroglioma (O.D.; specimen J181,
grade 2), anaplastic astrocytoma (A.A.;
specimens J10 and J165, grade 3), and
glioblastoma multiforme (GBM; specimens
J151, J152, and J153, grade 4) was B
examined by immunoblotting with

Dock180

anti-Dock180 and anti-ELMO1 antibodies, £ 0D,

respectively. The membranes were also £ grade2 A.A., grade 3 GBM, grade 4

probed with an anti—p-actin antibody as a f ,

loading control. Representative of three © J181 J10 J165 J151 J152 J153

independent experiments with similar E

results. kba 2 B ¢C B C B C B C B C B C

180- - — — - -— — e .. |+ Dock180

72- —— ——— e a— - T - Gme— - —-— <« ELMO1
43. B-Actin

The ELMO1-Dock180 complex has been shown to stimulate cell
migration through the activation of Racl (25). Recently, we
identified the up-regulation of ELMOl gene expression in an
angiopoietin-2-induced astrocytoma invasion model using global
gene array followed by real-time PCR analysis,® signifying the
potential importance of ELMO1 in promoting glioma invasion.
To determine the role of ELMOL1 and its binding partner Dock180
(21) in glioma cell invasion, we began by carrying out immuno-

8 Manuscript in preparation.

histochemical analyses on a collection of primary human glioma
specimens to assess whether ELMO1 and Dock180 are associated
with the invasive phenotype of gliomas. We examined 53 tumors
representing WHO grades 2 to 4 containing an identifiable central
region and invasive areas and four normal human brain specimens
(J140-J143) obtained at autopsy from patients without brain
lesions as controls (28). Little to no immunoreactivity for ELMO1
and Dockl80 was detected in the normal brain specimens
{Supplementary Table S1; Fig. S1, a and b). Interestingly, the co-
overexpression of ELMO1 and Dock180 was found in infiltrating
tumor cells within the invasive areas of the glioma specimens
independent of tumor grade (Fig. 14, e and f; Supplementary
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le’1; ELMO1 and:Dock180 expression correlates with glioma invasion « -

Border vs invasive NS

Immunohistochemical score ELMO1 Dock180

Center Border Invasive Center Border Invasive
3+ 0 3 9 0 3 10
2+ 1 12 19 1 15 22
1+ 9 14 7 3 15 15
+ 29 15 10 18 16 5
— 14 9 8 31 ’ 4 1
P value of correlation between positivity and tumor area”
Border vs center _ <0.01 <0.0001
Invasive vs center <0.0001 <0.0001

<0.05

NOTE: The immunohistochemical staining intensity for each antibody and specimen was defined as no (—), weakest (1), low (1+), medium (2+), and
strong (3+) staining as previously described (28) and is shown in Supplementary Table S1. NS, not significant (P > 0.05).
*Analyzed by % test for trend based on the distribution of the scores from each area.

Fig. S1, ¢ f i, and j). Actively invading glioma cells observed at
distant sites such as the gray matter of normal brain parenchyma,
along blood vessels, neuronal structures, and the corpus callosum
showed a high immunoreactivity for ELMO1 and Dock180 (data
not shown). For example, in a glioblastoma multiforme (grade 4)
specimen, the glioma cells invading into the adjacent brain
structure (Fig. 14, e and f, arrows) exhibited strong immunostain-
ing by the ELMO1 and Dock180 antibodies. In contrast, Dock180
protein was not detected (Fig. 14, d) and ELMOI1 was expressed
at low levels in the central core region of this same glioma tissue
(Fig. 14, c). Additionally, we failed to detect the expression of
ELMOI1 and Dockl80 in reactive astrocytes or cells that are
morphologically similar to astrocytes in invasive areas or center
regions in these primary glioma specimens.

To determine whether there is a distinct link between ELMO1
and Dock180 expression and human glioma invasiveness, we did a
2 test for trend to examine the association between the positive
staining of ELMO1 and Dockl80 and each area of the glioma
specimen (center, border, and invasive areas). As shown in Table 1,
a significant correlation was found between the positive immuno-

activities for ELMO1 (P < 001 for border versus center and
P < 00001 for invasive versus center, respectively) and Dock180
(P < 0.0001 for both comparisons) and the invasiveness displayed
by these gliomas. Of the 53 glioma samples analyzed, 67% (8 of 12)
and 92% (11 of 12) WHO grade 2 specimens, 69% (11 of 16) and
75% (12 of 16) grade 3 specimens, and 84% (21 of 25) and 96% (24 of
25) grade 4 specimens showed higher expression of ELMO} and
Dock180 in the border/invasive areas versus the center region of
the tumors, respectively (Supplementary Table S1).

Next, to corroborate our observation of ELMO1 and Dock180 up-
regulation in invading glioma cells of the primary glioma speci-
mens, we did immunoblotting on total protein extracted from the
border/invasive regions and core area of microdissected primary
glioma tissues and four normal brain specimens (28) that were used
in the immunohistochemical analyses. An increase in ELMO1 and
Dock180 expression was found in the border region of all six
primary glioma specimens examined when compared with the
center tumor area of the identical sample (Fig. 1B). Little to no
expression of ELMO1 and Dock180 was detected in the normal
brain specimens (Fig. 1B; Supplementary Fig. S2). These findings

O o
S 2]

Figure 2. Endogenous expression of
Dock180 and ELMO1 in various human

180- “-” -

glioma cell lines. Immunoblot analysis

of normal human astrocytes (NHA),
genetically modified normal human
astrocytes (NHA/ETR; see Materials and

@ | «— Dock180

Methods), and human glioma cell lysates

72- | Ty o GNP - T

with anti-Dock180 and anti-ELMO1
antibodies. The membranes were also
probed with an anti—B-actin antibody as a
loading control. Representative of three

4P|+~ ELMO1

independent experiments with similar

43 R RS-t 4— (A Ctin

results.
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A
= | <4 Dock180
<+ ELMO1
WS s e . == [« GTP-Ract
21- | G GG — Ra!
LN229 U373MG . SNB19

Figure 3. Suppression of endogenous B
ELMO?1 and Dock180 inhibits GTP loading kba C E1 E2 C E1 E2 C Et1 E2
of Rac1 in giioma cells. A and B, LN229, .| — - -— - — —
U373MG, and SNB19 cells were 180 Dock180
transiently transfected with ELMO1 siRNA
(E1 and E2), Dock180 siRNA (D), or a 72- |- WD~ — le— ELMO1
control siRNA (C). Total cell lysates o e o~

were analyzed by immunoblotting with
anti-ELMO1, anti-Dock180, and anti-Rac1
antibodies and GTP loading of Rac1 using

43- l—~—-—-j<— p-Actin

a Rac1 activation assay kit. C, LN229,
U373MG, and SNB19 cells were
transiently transfected with ELMO1 siRNA
and treated with the proteasome inhibitors
MG132 (2 pmol/L) or ALLN (4 pmol/L)
followed by immunoblotting for ELMO1,
Dock180, and Rac1 expression and GTP
loading of Rac1. The membranes were
also probed with an anti~p-actin antibody

as a loading control. Representative of
three independent experiments with similar
results.

LN229 U373MG SNB19
v v
G S >
R P~
t D lv. £ lv
E E E C E E E
- wn e |4 Dock180
- - <+ ELMO1
<+— B-Actin

[« GTP-Rac1

<+ Rac1

U373MG

support our immunohistochemical data showing that ELMO1 and
Dock180 are co-upregulated in the areas of active invasion of
primary glioma specimens. Taken together, these data suggest that
the expression of ELMO1 and Dockl80 is consistent with the
intrinsically invasive phenotype of gliomas and independent of
tumor grade.

ELMO1 and Dock180 are coexpressed in human glioma cell
lines. Next, we sought to determine whether ELMOI1 and Dock180
play a role in glioma cell migration and invasion. We first examined
the expression of ELMO1 and Dock180 in various human glioma
cell lines. As shown in Fig, 2, LN18, LN229, D54MG, U373MG, and
SNB19 glioma cell lines endogenously express ELMO1 and Dock180
at high levels whereas lower-level expression was found in normal
human astrocytes, genetically modified normal human astrocytes
(27), U251MG, U118, and U87MG glioma cell lines. In addition, the
level of expression of ELMO1 correlated with the expression level of
Dock180.

Inhibition of endogenously expressed ELMO1 and Dock180
suppresses Racl activation in glioma cells. ELMO1 and Dock180
have previously been shown to form a complex and act as a
bipartite GEF thereby activating Racl (21). Therefore, we evaluated
the significance of endogenous ELMO1 and Dock180 expression in
glioma cells and determined whether inhibition of their expression
by siRNA attenuates Racl activation. LN229, U373MG, and SNB19
glioma cells were separately transfected with ELMO1 and Dock180
siRNA. After 48 h, the glioma cells that were transiently transfected
with a siRNA pool containing three target-specific sequences for
Dock180 completely suppressed Dock180 expression and signifi-
cantly attenuated Racl activation while having no effect on ELMO1
and Racl protein levels (Fig. 34). Similarly, two different siRNAs
for ELMOI (designated E1 and E2) inhibited ELMOI expression
(Fig. 3B), resulting in a decrease in GTP loading of Racl without
alteration of Racl protein expression (Fig. 3C). Interestingly, siRNA
knockdown of ELMO1 also reduced the expression of Dock180 in
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the glioma cells tested (Fig. 3B and C). This effect was partially
blocked by the proteasome inhibitors MG132 and ALLN (Fig. 3C),
corroborating a previous report showing that ELMOI protects
Dockl180 from ubiquitylation-mediated degradation (29). These
data suggest that ELMO1 and Dock180 function upstream of Racl
and play an essential role in its activation in glioma cells.
Suppression of endogenously expressed ELMO1 and
Dock180 expression inhibits glioma cell migration and
invasion. Racl, a Rho family GTPase member, induces lamellipo-
dia formation, cell migration, and invasion in glioma cells (6).
Therefore, we hypothesize that ELMO1 and Dockl180 promote
glioma cell migration and invasion through their effects on Racl
activation. To test this hypothesis, we transiently transfected
LN229, U373MG, and SNBI19 glioma cells with ELMO1, Dock180,
and Racl siRNA. As shown in Fig. 44 and Supplementary Fig. S3,
suppression of ELMOI1 and Dock180 expression inhibited in vitro
glioma cell migration by 3- to 4-fold, comparable to Racl knock-
down by siRNA (Supplementary Fig. S3). Consistent with these
results, knockdown of endogenous ELMO1 and Dock180 inhibited

the ability of LN229, U373MG, and SNB19 cells to invade through a
growth factor-reduced Matrigel-coated membrane. Again, in vitro
glioma cell invasion was attenuated to the same degree using
ELMO1 or Dock180 siRNA as Racl suppression (Fig. 4B). These
results suggest that ELMO1 and Dock180 have an essential role in
promoting glioma cell migration and invasion similar to Racl.

To test our hypothesis in a pathophysiologically relevant model,
we examined whether inhibition of ELMO1l and Dock180
modulates the invasion of SNB19 and U373MG cells in a murine
brain slice model (9, 10). We separately transfected GFP-expressing
SNB19 and U373MG cells with control, ELMOI, or Dock180 siRNA.
After 48 h, the glioma cells that were transfected with specific or
control siRNAs were placed bilaterally onto the putamen of a
murine brain slice and allowed to invade into the brain tissue for
an additional 48 h. Afterwards, lateral migration/invasion and
depth of invasion were evaluated. Inhibition of ELMOI and
Dock180 expression in both cell lines displayed less lateral
migration/invasion on the brain slice compared with control
siRNA-transfected or nontransfected cells (Fig. 4C and data not
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Figure 4. Suppression of endogenous ELMO1 and Dock180 inhibits glioma cell migration and invasion. A, in vitro cell migration assay. LN229, U373MG, and SNB19
cells were transiently transfected with the indicated siRNAs followed by cell migration assay. B, in vitro cell invasion assay. LN229, U373MG, and SNB19 cells
were transiently transfected with the indicated siRNAs followed by an invasion assay. The migrating or invading cells were counted in 10 random high-powered

fields (total magnification, x200). Mean number of migrating

or invading control cells: for migration, LN229 cells, 94.2 + 4.6/field; U373MG cells, 73.1 + 2.8ffield;

SNB19, 113.3 + 3.8/field; and for invasion, LN229 cells, 46.7 + 1.4/field; U373MG celis, 56.2 + 1.9/fieid; SNB19, 37.2 + 2.4/field. Columns, percent of control

siRNA cells; bars, SD. *, P < 0.05, one-way ANOVA followed by Newman-Keuls post

hoc. Three independent experiments were done in triplicate with similar results.

C, GFP-expressing SNB19 and U373MG cells (data not shown) were transiently transfected with indicated siRNAs followed by an ex vivo brain slice invasion
assay. Representative epifluorescent images of the GFP-expressing SNB19 cells were captured using a digital camera attached to a stereomicroscope at x40
magnification. D, depth of SNB19 and U373MG cell invasion into a murine brain slice. Columns, mean distance (gm) invaded in 48 h from six independent experiments
done in five to seven replicates per pair (control siRNA-transtected cells versus specific siRNA-transfected cells); bars, SE. *, P < 0.05, one-way ANOVA followed
by Newman-Keuls post hoc. No-transfection controls for both SNB19 and U373MG cell lines were also done showing no observable eftects on cell viability or the
invasive ability when comparing the control siRNA-transfected and nontranstected cells (data not shown).
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