protein that plays an important role in FGFR signaling.
FRS2a binds constitutively to FGFR through its PTB
domain at the NH; terminus and six tyrosine residues at
the COOH terminus are phosphorylated by activated
FGFR. Once FRS2a is phosphorylated, it recruits adaptor
molecules such as Grb2 and Shp2 and relays the signals to
the Ras/mitogen-activated protein kinase (MAPK) or
phosphatidylinositol 3-kinase/Akt pathway (22, 23). In
addition, FGFR is known to direct cytoskeletal reorganiza-
tion through regulating small GTPases, although its precise
signaling mechanism has not been clarified (24).

The FGF growth factor family mediates a wide range of
biological activities by binding to and activating the FGFR
family (25). Aberrant FGFR signaling leads to diverse
human pathologies including carcinogenesis. In gliomas,
malignant progression from low to high grade appears to
involve up-regulation of FGFR expression (26). FGFR2 is
expressed abundantly in normal white matter and in all
low-grade astrocytomas but is repressed in malignant
astrocytomas. Conversely, FGFR1 expression is almost
absent in normal white matter but is sufficiently expressed
to be detected in malignant astrocytomas (27). Glioblasto-
mas also express an alternatively spliced form of FGFR1
containing two immunoglobulin-like disulfide loops
(FGFR1p), whereas normal human adult expresses
FGFRla, a form of the receptor containing three immuno-
globulin-like loops. Intermediate grades of astrocytomas
exhibit a gradual loss of FGFR2 and a shift in expression
from FGFRla to FGFR1p as they progress (28). Thus,
FGFR1 signaling is suggested to be associated closely with
malignant progression of astrocytes.

In this article, we would like to report that our gene
expression study showed aberrant expression of the EphA4
receptor in high-grade astrocytic tumors and that the
overexpressed EphA4 contributed to the malignant pheno-
type of the tumor cells through enhancing proliferation and
migration by its interaction with FGFR1.

Materials and Methods

Microarray Gene Expression Analysis

Tumor specimens were obtained from 47 patients who
underwent therapeutic removal under approved protocols
from the institutional review board. Histologic diagnosis
was made by light microscopic evaluation of the sections
stained with H&E. The classification of human brain
tumors was based on the WHO criteria for tumors of the
nervous system (29). The 47 brain tumors consisted of 32
high-grade glioma and 15 low-grade glioma. Total RNA
was extracted from tissue samples and assessed for quality.
Amplified RNA from tumor and normal brain tissue was
labeled with Cy5 and Cy3 (Amersham Biosciences),
respectively. Hybridization target probes were prepared
from total RNA and hybridized to the CodeLink Agilent
Human I Biocarray chip according to the manufacturer’s
instructions (Amersham Biosciences). Microarray images
were processed using Gene Spring software (Silicon
Genetics). Intensity values were normalized using lowess
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normalization (30). Average fold differences in gene
expression between tumor and normal brain were
calculated. Basic data visualization, data filtering, and
hierarchical clustering were done. The microarray raw
data and clinical features has been submitted to Gene
Expression Omnibus® (accession no. GSE4381) in our
previous report (31).

Cell Culture

GP2-293 cells (Clontech) were cultured and maintained
with DMEM with 10% fetal bovine serum and used as
packaging cells for pseudo-retrovirus production. RPMI
1640 supplemented with 10% fetal bovine serum was used
for each culture of U251 cells (human malignant astrocy-
toma cell line; Japanese Collection of Research Bioresources
Cell Bank).

Expression Vector Construction and Viral Production

The expression constructs of EphA4 and FGFR1 were
generated as follows. The full-length ¢cDNA fragment
encoding human EphA4 or FGFR1 was obtained from the
U251 cells with the reverse transcription-PCR method
using the primers EphA4-P1-F (CGGATCCAC-
CATGGCTGGGATTTTCTATTTC), EphA4-R (GAAGCTT-
GACGGGAACCATTCTGCCGTGCATC), FGFR1-F
(CGGATCCGAAATGTGGAGCTGGTGACCCCAGCA),
and FGFR1-R (GAAGCTTGCGGCGTTTGAGTCCGC-
CATTGGCA). The DNA fragment for EphA4 DN lacking
both juxtamembrane and kinase domains was generated
with the recombinant PCR method using the following
primers EphA4-P1-F, EphA4-P2-R (ACTGCTTGGTTGG-
GATCTTCATTCAAATGTTTCTCTTCAT), EphA4-P3-F
(ATGAAGAGAAACATTTGAATGAAGATCCCAAC-
CAAGCAGT), EphA4-P4-R (GAAGCTTGTTGCTGTT-
CACCAGGATGTTCC). First, two DNA fragments of
EphA4 were amplified using P1-F/P2-R and P3-F/P4-R
primer sets. Next, the recombined DNA fragment for
EphA4 DN was amplified using the two PCR products as
templates and the P1-F/P4-R primer set. The DNA
fragment for FGFR1 DN lacking cytoplasmic domain was
amplified with the primers, FGFR1-F and FGFR1(TM)-R
(CAAGCTTCTTGTAGACGATGACCGACCCCAC). The
sequences of all of the PCR-amplified DNAs were
confirmed by sequencing after cloning into a pCR-Blunt
[I-TOPO cloning vector according to the manufacturer’s
instructions (Invitrogen). HA and myc tag were added at
the COOH-terminal ends of EphA4 and FGFR1 constructs,
respectively. All DNA fragments were cut out and
transferred into a pQCLIN retroviral vector (BD Bioscien-
ces Clontech) together with enhanced green fluorescent
protein (EGFP) following internal ribosome entry site
sequence to monitor the expression of the inserts indirectly.
A pVSV-G vector (Clontech) for constitution of the viral
envelope and the pOCXIX constructs were cotransfected
into the GP2-293 cells using a FuGENE6 transfection
reagent (Roche Diagnostics). Briefly, 80% confluent cells

% hitp:/ /www.nebinlm.nih.gov /geo

Mol Cancer Ther 2008;7(9). September 2008



2770 EphA4-FGFR1 Signaling in Glioma

cultured on a 10 em dish were transfected with 2 g
PVSV-G plus 6 pg pQCXIX vectors. Forty-eight hours after
transfection, the culture medium was collected and the
viral particles were concentrated by centrifugation at
15,000 x g for 3 h at 4°C, The viral pellet was resuspended
in fresh RPMI 1640. The viral vector titer was calculated by
counting EGFP-positive cells, which were infected by serial
dilution with virus-containing medium, and the multiplic-
ity of infection was determined. These EphA4 and FGFR1
constructs are illustrated schematically in Fig. 2A.

Antibodies and Reagents

Recombinant human FGF2 and mouse ephrin-Al/Fc
chimera were purchased from R&D Systems. Antibodies
used for the study were as follows: anti-MAPK rabbit
polyclonal, anti-phospho-MAPK rabbit polyclonal, anti-Akt
rabbit polyclonal, anti-phospho-Akt rabbit polyclonal, and
horseradish peroxidase-linked second antibodies (Cell
Signaling); anti-HA and anti-myc monoclonal antibodies
(Roche Diagnostics); anti-FRS2 rabbit polyclonal, anti-
EphA4 rabbit polyclonal, anti-FGFR1 rabbit polyclonal,
and anti-RhoA mouse monoclonal (Santa Cruz); anti-
phosphotyrosine mouse monoclonal and anti-Racl and
anti-Cdc42 mouse monoclonal (BD Biosciences). Rac
GTPase-specific inhibitor was purchased from Calbiochem
EMD Biosciences.

Cell Proliferation Assay

Cell proliferation was assessed using a CellTiter%6
Aqueous One Solution Cell Proliferation Assay kit (Prom-
ega) according to the manufacturer’s instructions. Briefly,
cells (1 % 10°) serum-starved ovemnight were seeded on
96-well plastic plates with 200 pL culture medium supple-
mented with or without 0.5 pg/mL ephrin-A1/Fc or
20 ng/mL FGF2. After 72 h incubation at 37°C, 40 pL 3-
(4,5-dimethylithiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt reagent was
added followed by further incubation for 1 h. The absor-
bance at 490 nm was measured using a microplate reader.

Cell Migration Assay

The U251 cells were cultured in 12-well plates until
confluence was reached. The monolayer cells were
scratched out using a fine pipette tip after serum starvation
overnight. To monitor the migration, pictures were taken at
0, 12, and 24 h after addition of ephrin-Al or FGF2 using a
fluorescence microscope (Keyence Biozero). The areas
occupied by the cells were calculated with NIH image
software (NIH). The ratio of the increased area by cell
migration after 12 and 24 h to that at 0 h was calculated to
quantitate the extent of migration.

Immunoblot Analysis

Cells that were serum starved for 24 h were treated with
or without ephrin-A1/Fc or FGF2. The cells were washed
with cold PBS and harvested with Lysis A buffer containing
50 mmol/L HEPES buffer, 1% Triton X-100, 5 mmol/L
EDTA, 50 mmol/L sodium chloride, 10 mmol/L sodium
pyrophosphate, 50 mmol/L sodium fluoride, 1 mmol/L
sodium orthovanadate, and protease inhibitor mix, Com-
plete (Roche Diagnostics). The lysate was clarified by
centrifugation for protein analysis. The proteins separated

with SDS-PAGE were transferred onto polyvinylidene
difluoride membranes. After blocking with 3% bovine
serum albumin in TBS (pH 8.0) with 0.1% Tween 20, the
membrane was probed with the first antibody. After
rinsing twice with TBS, the membrane was incubated with
the horseradish peroxidase-conjugated second antibody
(Cell Signaling) followed by visualization using a ECL
detection system (Amersham Biosciences).

Pull-Down Assay

GTP-bound RhoA and Racl/Cdci2 were pulled down
from the cell lysate using agarose-conjugated GST-fused
Rhotekin binding domain and GST-fused PAK-1 binding
domain (Upstate), respectively, followed by quantitative
detection by immunoblotting. Briefly, the cells were treated
with or without ephrin-A1/Fc or FGF2 and lysed in
magnesium-containing lysis buffer (25 mmol/L HEPES
buffer, 150 mmol /L sodium chloride, 1% Triton X-100, 10%
glycerol, 25 mmol/L sodium fluoride, 10 mmol/L MgCla,
1 mmol/L EDTA, 1 mmol/L sodium orthovanadate,
10 pg/mL leupeptin, and 10 pg/mL aprotinin). After
clarification, an equal amount of lysate was incubated with
20 pg agarose-conjugated GST-fused Rhotekin binding
domain or GST-fused PAK-1 binding domain at 4°C for
3 h. The agarose beads were washed three times with
ma -containing lysis buffer and the samples were
analyzed with SDS-PAGE followed by immunoblotting.

Immunoprecipitation

The total protein extracted with Lysis A buffer (as
described above) was incubated with the antibody at 4°C
ovemnight. The antibody was immobilized with protein A
agarose by incubation for a further 2 h. The immunopre-
cipitates were collected by centrifugation at 3,000 x g for
30 5. After the immunoprecipitates were washed four times
with Lysis A buffer, the samples were analyzed with SDS-
PAGE followed by immunoblotting.

Statistics

Comparisons were made using Student’s { test. P < 0.05
was considered statistically significant.

Results

High Expression of EphA4 mRNA in Malignant Glioma

We analyzed the expression of 13,156 clones from
Incyte's human cDNA library genes using Agilent human
¢DNA microarrays (Agilent Technologies) for 32 malignant
gliomas consisting of 10 anaplastic astrocytomas and 22
glioblastomas. We did hierarchical clustering of 103
tyrosine kinases (Fig. 1A). The histograms to determine
the fold difference in the measured expression levels
between tumors and normal brain are shown in Fig. 1B.
Among several receptors with increased expression, we
found the mRNA levels of the EphA4 receptor were
significantly higher in glioma tissues (>4-fold) than those
in normal brain tissues. There was a difference between
anaplastic astrocytomas and glioblastomas with regard to
EphA4 expression. The level in glioblastomas was higher
than that in anaplastic astrocytomas. In low-grade gliomas,
EphA4 expression level was also elevated but lower than
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that in high grade. EphA4 expression correlated with
increasing tumor grade. The other transcripts with signifi-
cantly higher expression were indicated in Supplementary
Table.® Based on these results, we focused on the high
expression level of EphA4 and examined the biological
significance of EphA4 in gliomas.

Design of EphA4 and FGFR1 Constructs Used in This
Study

Based on the previous evidence that EphA4 interacts
with FGFR (32) and that, among the FGFR family, FGFR1 is
most closely associated with the malignant progression of
human glioma as described in Introduction, we sought to
investigate how EphA4 affected FGFR signaling using
human glioma U251 cells. For this study to explore the role
of EphA4-FGFR1 interaction in glioma cell biology, it is
vital to select glioma cell lines that express high levels of
both EphA4 and FGFR1. However, these cell lines were not
available, so we selected U251 cells, which have increased
expression of FGFR1 (33), introduced EphA4 into U251
cells, and did our experiments using the transfected U251
cells.

Expression constructs of EphA4 and FGFR1 are summa-
rized schematically in Fig. 2A. We generated a dominant-
negative form of EphA4 (EphA4 DN), which lacked its
juxtamembrane domain and COOH-terminal half of the
kinase domain. It has been reported that EphA4 trans-
phosphorylates FGFR through their direct interaction and
that the NHy-terminal region of the EphA4 kinase is
necessary to interact with the FGFR (32). The juxtamem-
brane domain is postulated to close its interaction portion
constitutively when EphA4 kinase is inactive. Therefore,

* Supplementary materials for this article are available at Molecular Cancer
Therapeutics Online (htip:/ /mctascrjournals.org/).

of brain tumors. Arrows, EphAd mANA expression. A, hierarchical

Each row and column shows a lhoh;om and & tissue sample, respactively. The order of the clinical samples (X axis)
corresponds to the WHO criteria from high grade o low. B, histogram of gene expression. The mRNA level of the EphA4 gane was significantly higher in
glioma tissues (> 4-fold) than in normal brain lissues.

this juxtamembrane-deleted EphA4 mutant can expose its
binding site to FGFR although lacking transphosphoryla-
tion activity. In addition, this kinase-inactive mutant can
also work as an EphA4 inhibitor against ephrin-ligand
stimulation. On the contrary, a dominant-negative form of
FGFR1 (FGFR1 DN) lacks the whole cytoplasmic domain,
which inhibits the activation of intrinsic FGFR1 by FGF
stimulation. These wild-type and dominant-negative con-
structs of both EphA4 and FGFR1 were retrovirally
introduced into human glioma U251 cells and their protein
expression was checked as seen in Fig. 2B. As the
expression unit included an internal ribosomal entry site
sequence followed by EGFP, we could monitor the
expression by fluorescence microscopy in Fig. 2C.

EphA4 Promotes FGF2-Mediated Proliferation and
Enhances FRS2, MAPK, and Akt Phosphorylation in
U251 Cells

We evaluated the effect of EphA4 on cell proliferation of
the U251 cells using the ectopic expression of EphA4 WT
retrovirally. EphA4 WT did not affect cell proliferation
significantly without FGF stimulation but promoted
cell proliferation significantly in the presence of FGF2 at
20 ng/mL for 72 h compared with a mock control (Fig. 3A).
Inversely, EphA4 DN expression as well as FGFR1 DN
inhibited FGF2-triggered proliferation. FGF2-triggered pro-
liferation of FGFR1 DN was higher than that with no ligand
stimulation. The reason might be that FGFR1 DN could not
completely block FGF2-mediated FGFR1 activation. How-
ever, FGF2-induced cellular responses were clearly
inhibited in FGFR1 DN compared with those in the other
cells. Ephrin-Al stimulation seemed slightly to promote
cell proliferation for EphA4 WT cells, FGFR1 DN-express-
ing cells, and mock control cells, but it was not statistically
significant. These results suggested some strong correlation
of EphA4 with FGFR signaling.
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Then, we sought to examine whether downstream signals  phosphorylated MAPK and Akt stimulated by 20 ng/mL
of the FGFR were modulated by overexpression of EphA4.  FGF2, we found that their phosphorylation level reached
First, we checked the phosphorylation level of FRS2, which  a peak at around 15 min. Although MAPK was not
was well known to relay the FGFR signals via its tyrosine  phosphorylated by Ephrin-Al stimulation, Akt-phosphor-
phosphorylation. FRS2 phosphorylation by FGF2 stimula-  ylation was clear and peaked at 30 min (data not shown).
tion was detectable in the mock control cells as shown in ~ We therefore selected 15 and 30 min to evaluate the degree
Fig. 3B. In EphA4 WT-introduced U251 cells, the FGF2-  of MAPK and Akt phosphorylation by FGF2 and ephrin-
induced phosphorylation was more evident. Inversely,  Al, respectively. Phosphorylated MAPK and Akt and their
EphA4 DN, as well as FGFR1 DN, weakened FRS2  total proteins are shown in Fig. 3C (lgft and right,
phosphorylation compared with the mock control cells.  respectively). FGF2 stimulation clearly phosphorylated
It was unlikely that EphA4 promoted FRS2 phosphoryla-  MAPK and Akt; especially, EphA4 WT augmented FGF2-
tion directly because ephrin-A1 stimulation itself did not  induced phosphorylation of MAPK and Akt compared
induce FRS2 phosphorylation in any cells. This promotive  with the mock control cells (Fig. 3D). On the contrary,
effect of EphA4 on FRS2 phosphorylation was considered  EphA4 DN as well as FGFR1 DN attenuated FGF2-
to occur possibly through activated FGFR following FGF2 ~ mediated MAPK and Akt phosphorylation. Notably, the
stimulation. baseline phosphorylation levels of both MAPK and Akt

Next, we checked the phosphorylation levels of MAPK  were moreover increased in the EphAd4 WT-introduced
and Akt, which were well known to affect cell proliferation U251 cells without ligand stimulation but inhibited in the
and survival, respectively. Those were further downstream  EphA4 DN-introduced cells. Ephrin-Al1 stimulation
signaling molecules of FGFR and were also relayed via  showed an almost undetectable increase of phospho-
FRS2 phosphorylation. From tfime-course analysis of  MAPK but a small increase of phospho-Akt. EphA4 DN
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blocked this increase, but FGFR1 DN did not, suggesting
that ephrin-Al-triggered Akt phosphorylation was not
mediated by FGFR1,

EphA4 Also Promotes FGF2-Mediated Migration
Accompanied with Increased Active Racl/Cdc42

To study the effect of EphA4 on cell migration, we did
a scratch wound assay using the U251 cells ectopically
expressing EGFP, EphA4 WT, EphA4 DN, or FGFR DN and
checked the extent of their migration after scratching by
monitoring EGFP for 24 h (Fig. 4A). If the incubation time is
so long that migrating cells are able to proliferate, the
migration rate could be affected by proliferation. Therefore,
we analyzed the migration rate before proliferation might
have a significant effect on this analysis (Fig. 4B). It was
evident that EphA4 WT promoted FGF2-stimulated cell
migration to cover the scratched area compared with the
mock control and EphA4 DN (Fig. 4A, top). Under the same
experimental condition, FGF2 stimulation caused a small

increase in cell proliferation and the difference of proli-
feration was quite limited among the transfected cells
(Supplementary Fig. S1).° These results imply that the
wound closing process is due to cell migration activity
triggered by FGF2. To evaluate this quantitatively, we
assayed in triplicate and calculated the migration area (by
square inches) using NIH imaging software and illustrated
this graphically (Fig. 4B, top). EphA4 WT-expressing cells
significantly migrated more than EGFP-expressing, EphA4
DN-expressing, or FGFR1 DN-expressing cells for 24 h.
Interestingly, the promotion of cell migration by EphA4 WT
was also observed under ephrin-Al stimulation (Fig. 4A,
bottom). As for ephrin-Al treatment, cell proliferation was
slightly induced in the transfected cells (Fig. 3A). Therefore,
promoted wound closure means increased activity of cell
migration triggered by ephrin-Al.

As Rho family GTPases have been known to play key
roles in cell migration by regulating actin dynamics, we
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sought to examine how the activity of Rho GTPases would Cdc42 activities stimulated by ephrin-Al were also

be affected by EphA4. Rho GTPase activities were
evaluated by immunoblotting following a pull-down assay.
FGF2 stimulation activated Racl/Cdc42 as shown in
Fig. 4B. EphA4 WT promoted activation of Racl/Cdc42
stimulated by FGF2, whereas EphA4 DN, as well as FGFR1
DN, inhibited their activation, suggesting EphA4 promotes
FGF2-mediated activation of Rac1/ Cdc42. Similarly, Racl/

promoted by EphA4 WT but were inhibited by EphA4
DN, suggesting EphA4 promotes ephrin-Al-mediated
activation. Importantly, the activation was inhibited by
FGFR1 DN. As shown in Fig. 3A, ephrin-Al did not induce
FRS2 phosphorylation; therefore, it was suggested that the
effect of EphA4 WT on ephrin-Al-triggered activation of
Racl/Cdc42 was, at least in part, through FGFR-mediated
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signaling not involving FRS2. Consistent with these results,
cotreatment of Rac inhibitor with FGF2 or ephrin-Al
drastically inhibited the wound closure in the scratch
wound assay (Fig. 4E), showing that Rac inhibition blocked
FGF2- or ephrin-A1-triggered glioma cell migration. On the
other hand, neither ephrin-A1 nor FGF2 stimulation
induced any RhoA activity in EGFP-expressing mock
control cells and the activity was not modulated by EphA4
WT, EphA4 DN, or FGFR1 DN. These results suggest that
EphA4 enhances FGF2-induced activation of Racl/Cdcd2
and promotes glioma cell migration.

EphA4-FGFR1 Heteroreceptor Complex Enhances
FGF2-Triggered Phosphorylation of FGFR1

Based on the results that EphA4 promoted FGF2-
mediated cell proliferation and migration as we have
shown thus far, we hypothesized a functional relationship
between EphA4 and FGFR1, which would affect FGFR1
activity. First, we checked their physiologic interaction by
the ectopic expression of EphA4 WT and/or FGFR1 WT
retrovirally using the U251 cells. FGFR1 was not detected to
be coimmunoprecipitated with EphA4 in EGFP-expressing
control cells (Fig. 5A). When stimulated by Ephrin-Al,
coimmunoprecipitation of FGFR1 was detectable in EphA4
WT- or FGFRI-expressing U251 cells. This complex
formation was most evident in EphA4- and FGFRI-
coexpressing cells, meaning that activated EphA4 prefers
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to forming a receptor complex with FGFR1 in the U251
cells.

To clarify the functional effect of EphA4 on FGFRI
activation, we next examined the tyrosine phosphorylation
level of FGFR1 in the U251 cells (Fig. 5B). Without FGF2
stimulation, neither EphA4 WT, EphA4 DN, nor FGFR1
DN affected the phosphorylation level of intrinsic FGFRI.
FGFR1 was naturally phosphorylated by FGF2 stimulation
in EGFP-expressing cells. This phosphorylation was
further enhanced by EphA4 WT. Contrarily, EphA4 DN
or FGFR1 DN inhibited FGFR1 phosphorylation by FGF2,
revealing that EphA4 strengthened FGF2-mediated phos-
phorylation of FGFR1. Under this experimental condition,
EphA4 was weakly phosphorylated by exogenous addi-
tion of FGF2 (Supplementary Fig. S3).° These results
showed that EphA4 enhanced FGF2-triggered activation
of FGFR1 through a EphA4-FGFR1 heteroreceptor com-
plex, which possibly explained the reason that EphA4
promoted downstream signaling of FGFR and contributed
to glioma cell proliferation and migration. On the other
hand, ephrin-Al stimulation did not lead to enhanced
phosphorylation of FGFR1 in this experimental condition,
although EphA4 was clearly phosphorylated by ephrin-A1
(Supplementary Fig. $2).° This might, in part, correlate to
the result that FRS2 was phosphorylated by FGF2 not by
ephrin-Al (Fig. 3B).

A EphA4
EGFP EphAs FGFR1  +FGFR1
[ z [ i Ii | 3 ] F—
£ 8 f
2% 38 =88 .33
= W =AM o = 150 kDa
— 100 kDa

e THE) (R

B

Figure 5. EphA4-FGFR1 interaction. A, EphA4
forms a protein complex with FGFR1. The U251
cells coexpressing EphA4 and FGFR1 were used
in addition to those exp ing EGFP, EphA4, and
FGFR1. Top. EphA4 protein was ir precipi
tated from the cell lysate treated with or without
0.5 pg/mL ephrin-A1 for 30 min {ephrin-A1) or
20 ng/mL FGF2 tor 16 min (FGF2) and separated
by SDS-PAGE followed by immunablotting using
an anti-FGFR1 antibody, Bottom, reprobing with
an anti-EphA4 antibody. B, enhanced phosphor-
ylation of FGFR1 by EphAd. Each cell was treated
with or without 40 ng/mL FGF2 for 156 min
(FGF2} and the tyrosine phosphorylation level of
FGFR1 was examined by probing using an anti-
phesphotyrosine antibody (ftop), The total levels
of precipitated FGFR1 were detacted by reprob-
ing with an anti-FGFR1 antibody (bottom).
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FGFR1 EphA4
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Figure 6. A diagram of the proposed mechanism of enhanced FGFR signaling by EphAd overexprassion,

Di -
Our study revealed that highly expressed EphA4 in
malignant gliomas functions as an accelerator of glioma
cell proliferation and migration through promoting the
FGFR1 signaling pathway as summarized in Fig. 6,
suggesting that EphA4 might be a potential therapeutic
target for malignant glioma.

Our microarray gene expression analysis for 32 surgical
specimens of high-grade astrocytomas showed that EphA4
mRNA was expressed 4-fold higher in tumors than in
normal brain tissue. Elevated expression of Eph members
has been described in various human cancers (18). EphA4
expression has also been in cancers such as
prostate, colon, and melanoma, although it has never been
described in association with malignant gliomas. Among
the Eph receptor family, EphA2, EphA5, and EphB2
expression has been described previously in glioblastoma
cells (20, 34-36). Bruce et al. have identified aberrant
EphA5 expression and showed that activation of
does not promote cell proliferation in glioma cell line (34).
Nakada et al. reported phosphorylation of R-Ras associated
with EphB2 effects on glioma cell adhesion, growth, and
invasion (20, 35). Recently, EphA2 elevated in glioblastoma
multiforme stimulated by ephrin-Al was reported to
induce an inhibitory effect on the growth and invasiveness
of glioblastoma multiforme cells (36). As shown in Fig. 4A
and B (bottom), the promotion of cell migration by
EphA4 WT was observed under ephrin-Al stimulation.
Correspondingly, Racl/Cdc42 activities stimulated by
ephrin-A1 were promoted by EphA4 WT (Fig. 4C and D).
Although, to the best of our knowledge, EphA4 has never
been reported about glioma cell motility, these results
suggest that ephrin-Al-triggered activation of EphA4

enhances Racl/Cdc42 activation and promotes glioma cell
migration (Fig. 6).

Recently, Nakada et al. revealed that ephrin-B3 promotes
glioma invasion using U251 that is a high expressor cell line
of ephrin-B3 and that knockdown of ephrin-B3 in U251
resulted in morphologic change and decreased migration
and invasion induced by EphB2 (37). Although, in this
article, EphA4 was not discussed in association with
ephrin-B3, there are some previous reports about the
interaction between ephrin-B3 and EphA4 (38, 39). In
summary, these studies provide the evidence that Eph-
rinB3/EphA4 has an important role in neuronal circuit
formation, growth, and development. Based on this
information, there is a possibility that the interaction
between ephrin-B3 and EphA4 plays some role in the
malignant phenotype of cancer. However, as shown in
Supplementary Fig. S2A,° EphA4 was not phosphorylated
even in the EphAd-overexpressing U251 cells without
ligand stimulation, although ectopically expressing EphA4
could be activated by endogenous ephrin-B3. There was no
significant difference between the mock control and the
EphAd-overexpressing cells without ligand stimulation in
glioma cell proliferation and migration (Figs. 3A and 4A).
Together with these data, the interaction between endo-
genous ephrin-B3 and EphA4 did not appear to affect the
results in our experimental condition.

The MAPK pathway is well known to play a major role in
the tumor cell proliferation (40). There are several reports
regarding the regulation of this pathway by Eph signaling
(6). However, some studies report negative regulation of
MAPK pathway by Eph receptor activation (41-43).
Reversely, others show positive regulation of the pathway
by Eph signaling, although the precise mechanism has not
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been shown (44-46). In addition, Yokote et al. reported a
positive-regulating mechanism of the MAPK pathway by
EphA4 through direct interaction with the FGFR receptor
and its activation (32). Our report also showed that FGFR1
signaling was enhanced by EphA4 through their interaction
followed by an increased MAPK pathway in the U251
glioma cells. Corresponding to the increased MAPK,
proliferation of glioma cells was also promoted by EphA4.
It was important that this enhancement was dependent on
FRS2 phosphorylation, which was suggested by the
findings that either FGFR1 DN or EphA4 DN inhibited
FRS2-MAPK signaling enhanced by EphA4. In addition, it
may be considered that the glioma cells have little or less
negatively regulating molecules for the MAPK pathway
such as Ras-GAP but dominantly possess a positively
regulating mechanism such as the enhancement of FGFR
signaling by EphA4. From our results that ephrin-Al
stimulation alone did not affect the MAPK pathway, it is
considered that the strength of these two negative and
positive regulation may be different among the cell types,
which may explain the discrep in the previous results
regarding the regulation of the MAPK pathway by Eph
receptors.

The FGFR-mediated phosphatidylinositol 3-kinase/Akt
signaling pathway was also enhanced by EphA4, which
was suggested by the findings that phospho-Akt was
increased by EphA4 WT but inhibited by EphA4 DN
(Fig. 3C). However, the Akt pathway was found to be
activated by ephrin-Al stimulation itself and to be
inhibited by EphA4 DN. In addition, FGFR1 DN had no
effect on the Akt pathway mediated by ephrin-A1l
stimulation. This means that EphA4 has its own Akt
activating pathway, except for the enhancement of FGFR-
mediated Akt pathway in the U251 cells as reported that
Akt pathway was mediated by Eph receptors (44).

Rho family GTPases are signaling molecules influencing
cell motility by cytoskeletal reorganizing (46). Eph signal-
ing modulates the balance of Rho versus Rac and Cdc42
activities (3, 6). As shown in Fig. 4, neither ephrin-A1 nor
FGF2 changed the Rho activity of the U251 cells. The reason
might be that the U251 glioma cells expressed little
ephexin, a guanine nucleotide exchanging factor for Rho,
which was identified as a direct signaling molecule relayed
from EphA4 (data not shown; ref. 47). On the contrary,
Racl and Cdc42 were both activated by FGF2 or ephrin-Al
stimulation and EphA4 further enhanced these activities.
Interestingly, both Racl and Cdc42 activations were found
to be inhibited by EphA4 DN and FGFR1 DN. This means
that FGFR1 and EphA4 are both necessary to activate Racl
and Cdc42 by either FGF2 or ephrin-Al and a close
functional association is suggested between their receptors.
These results were consistent with the promoted migration
by EphA4 shown in Fig. 4A and could explain why EphA4
enhanced the migration in the U251 cells. The contribution
of other types of guanine nucleotide exchanging factors for
Racl or Cdc42 might be important for the enhanced
migration, but the precise mechanism remains to be
elucidated,
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As shown in Fig. 5, we clearly showed that EphA4
formed a complex with FGFR1 and FGFR1 activity was
enhanced by EphA4. These results supported the reason
why EphA4 enhanced FGFR-mediated MAPK, Akt path-
way, and Racl/Cdc42 activities. These findings were
supported by the report showing the interaction between
EphA4 and FGFR (32). This report also showed the direct
association between two molecules and how they assem-
bled to relay their signal. It is noteworthy that different
types of receptor protein tyrosine kinases such as EphA4
and FGFR1 are able to interact with each other and enhance
their functions. This means cross-talk between the receptors
may exist at the plasma membrane and could produce a
more diverse signaling mechanism in living cells. In the
glioma cells, the EphA4-FGFR1 interaction is considered to
promote proliferation and migration by acting as a
enhancer for the malignant phenotype.

Long-term survival of patients with malignant gliomas
has improved very little despite aggressive multimodality
treatments including surgery, radiotherapy, and cytotoxic
chemotherapy (48). One limitation of the conventional
treatment is that these therapeutic strategies are not
properly based on the malignant glioma-specific biological
properties. Therefore, it is important to know the molecu-
lar-based characteristics (bioinformatics) of malignant
gliomas to achieve a therapeutic breakthrough. Recently,
the molecular targeting approach has been developed in
treating many types of cancer (49). To realize the molecular
targeting therapy in malignant gliomas, one strategy is to
identify key molecules using the microarray technique (50).
From this view, we analyzed gene expression in malignant
gliomas using a DNA microarray and found high expres-
sion of EphA4 in malignant gliomas. We then clarified the
functional significance of the overexpression of EphA4
using a human glioma cell line, U251 cells. Our collective
results provide the typical strategy to analyze functionally
the molecule that has been identified from the gene
expression study. We expect EphA4-FGFR1 signaling may
become a candidate as a potential target in therapeutic
intervention for malignant gliomas and cell-based screen-
ing for an EphAd-specific inhibitor is ongoing based on our
findings.
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Ten novel human pancreatic carcinoma cell lines (Sui65 through
Sui74) were blished from a plantable p tic carcinoma
cell line. All the cell lines resembled the original clinical carcinoma
in terms of the morphological and biological features, presenting
with genetic alterations such as point mutations of K-ras and p53,
attenuation or lack of SMAD4 and p16 and other relevant cellular
characteristics. Using this panel, we evaluated the effects of 5-FU
in suppressing the proliferation of pancreatic carcinoma cells.
When tested in vitro, although Sui72 was highly susceptible to 5-
FU, the other cell lines were found to be resistant to the drug.
When Sui72 and Sui70 were implanted subcutaneously in SCID
mice followed by treatment with 5-FU, the drug was found to be
effective against Sui?72 but not Sui70, consistent with the results
in vitro. In order to identify the molecular determinant for high
sensitivity of 5ui72 to 5-FU, we examined the mRNA expression
levels of the metabolic enzymes of 5-FU. Decreased expression of
DPYD was observed in Sui72 as compared with other cell lines (0.1
versus 0.6 £ 0.5, 0.1-fold).

It is believed that the novel cell lines established in the present
study will be useful for analyzing the pattern of progression of
pancreatic cancer and for evaluating the efficacy of anticancer agents.
(Cancer Sci 2008; 99: 1859-1864)

ancreatic cancer is an intractable cancer with a prognosis

poorer than that of any other cancer of the gastrointestinal
tract. In Japan, the 5-year survival rate of patients with pancreatic
cancer is 5.5%, which is extremely low as compared with that of
patients with colorectal cancer (64.6%), gastric cancer (58.8%)
or even hepatic cancer (17.1%)./* The number of patients with
this cancer has been increasing significantly in recent years, and
the mean life expectancy of patients with this cancer is only
about 1.5 years. Pancreatic cancer, often characterized by pain,
jaundice and digestive dysfunction, causes much pain and stress
to the patient. These ¢ istics make this cancer an important
open issue in medicine and healthcare. Currently, no valid clinical
means are available for the prevention, diagnosis or treatment of
this cancer. Treatment of pancreatic cancer with local therapy
alone, that is surgical resection and radiotherapy, has limitations,
and chemotherapy needs to be considered.” In the past, various
adjuvant chemotherapy regimes, primarily based on 5-FU, have
been attempted;™ however, no effective therapy has as yet been
established for pancreatic cancer.

In recent years, close attention has been paid to the develop-
ment of cancer treatment methods based on information about
the molecular mechanism of onset and progression of cancer. %57
Thus, exploration of molecular markers and target molecules for
treatment is expected to play a key role in cancer management.
For this kind of preclinical research, in particular, for evaluation
of the efficacy of molecule-targeted drugs, the development of a
panel of cultured cells derived from clinical cancer specimens is
indispensable. To date, a number of cell lines derived from human
pancreatic cancer have been established ' and have contributed
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greatly to advancing cancer research®'® in terms of analysis of
biological features and evaluation of the efficacy of anticancer
agents. However, after multiple passages, some of these cell lines
lose their original features (e.g. histopathological characteristics
of the tumor formed after implantation, etc.).

The present study was undertaken to establish 10 novel cell
lines derived from human pancreatic carcinoma that would reliably
reflect the clinical features of pancreatic carcinoma. We investi-
gated the proliferative characteristics and genetic alterations in
these cell lines, then, using the panel of cell lines, we evaluated the
efficacy of conventional 5-FU-based chemotherapy against pan-
creatic cancer and attempted to elucidate the determinants of
sensitivity of these pancreatic cancer cell lines to 5-FU-based
anticancer agenls.

Materials and Methods

Establishment of the cell lines. All the cell lines were established
in vitro from xenotransplantable tumors (taco series) originating
from primary or metastatic human pancreatic cancer (Table 1)
(T. Oda and A. Ochiai, unpublished data). The cell lines were esta-
blished by s.c. back transplantation of the primary tumor for the
8th transplant generation, then tumors were removed for in vitro
were washed five times in Roswell Park Memorial Institute medium
(RPMI)-1640 containing streptomycin (500 pg/mL.) and penicillin
(500 IU/mL). The tumor tissue specimens were trimmed of fat and
necrotic materials and minced with a scalpel. The tissue picces
were transferred together with Dulbecco's Modified Eagle Medium
(DMEM) + Ham's F12 + 5% fetal bovine serum (FBS), at 10-15
fragments per dish, to 60-mm culture dishes.'” The dishes were left
undisturbed for 24 h at 37°C in a 5% CO,/95% air atmosphere.
The medium was composed of Dulbecco's modified Eagle's medium
(DMEM)Ham's F12 medium (1:1) supplemented with 5% fetal
bovine serum (FBS; Gibco, Grand Island, NY, USA), 100 TU/mL
penicillin G sodium, and 100 mg/mL streptomycin sulfate (Immuno-
Biological Laboratories [IBL], Fujioka, Japan). After 48 b, the
medium was replaced by RPMI-1640 medium (IBL., Fujioka,
Japan) supplemented with 10% FBS, 100 IU/mL penicillin G
sodium and 100 mg/mL streptomycin sulfate. The dishes containing
the tissue fragments were observed weekly under an inverted phase
microscope. The dishes were initially trypsinized (0.05% trypsin
and 0.02% ethylenediametetraacetic acid [EDTA]) to sclectively
remove overgrowing fibroblasts. In addition, we also attempted to
remove the fibroblasts mechanically and transfer only the tumor
cells. Half of the medium was changed every 4-6 days. The
cultures were first split after 3-8 months of cultivation, and the
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Table 1. E: of ten h tic cancer cell lines from the xenotr
Source Crigin

Cell line _— Histelogy

xenograft tumor Agelsex Source (TNM)
Sui6s taco-1 63F Peritoneum (metastatic focus) Tubular adenocarcinoma d/w meta
Suib6 taco-2 7am Pancreas Tubular adenocarcinoma
Sui67 taco-4 T3F Pancreas Tubular adenocarcinoma
Sui68 taco-5 53M Pancreas Adenocarcinoma
5ui69 taco-6 54M Pancreas Tubular adenocarcinoma
Sui70 taco-7 5imM Pancreas Adenocarcinoma
Suil taco-12 65M Liver (metastatic focus) Adenocarcinoma o/w meta
Sui72 taco-13 76/F Pancreas Tubular adenocarcinoma
5ui73 taco-15 65F Pancreas Tubular adenocarcinoma
Sui74 taco-16 TUF Pancreas Adenocarcinoma

cells were passaged thereafter at a 1:10 or 1:20 ratio." They were
then judged, established and designated (Table 1). All of the cell lines
were routinely tested for Mycoplasma using a PCR Mycoplasma
Detection kit (Takara, Kyoto, Japan), and no contamination was
detected. This study was in accordance with the Declara-
tion of Helsinki. Informed consent was obtained from all of the
patients from whom the tumor specimens were obtained, The
study protocol was approved by the institutional review board of
the National Cancer Center (approved number: 17-43).

Animal experimentation. The animal experiment protocols were
approved by the Committee for Ethics in Animal Experimentation,
and the experiments were conducted in accordance with the
Guideline for Animal Experiments of the National Cancer Center.
Female SCID mice (C.B.17/ler Jcl-scid) were purchased from
CLEA Japan (Tokyo, Japan), and maintained under specific-
pathogen-free conditions. Six- to 8-week-old mice were used for
this experiment. The mice were housed in filter-protected cages
and reared on sterile water. The ambient light was controlled to
provide regular 12-h light : 12-h dark cycles.

Western blot analysis. SMAD4 and p16 expression was examined
in all the cell lines using Western blotting. ™ An osteosarcoma
(5a0s2) and a human embryonic kidney (293) cell line were used
as positive controls for pI6 and SMAD4, respectively. Monoclonal
mouse antihuman antibodies to DPC4/Smad 4 (cloneB8, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and to plé6 (clone
G175-405, PharMingen, San Diego, CA, USA) were used.

Therapeutic studies with 5-fluorouracil (5-FU). S.C. implantation
of 5 x 10° cultured cells suspended in 0.1 mL RPMI-1640 medium
was conducted in 6-week-old female SCID mice. To evaluate
the antitumor activity, 3 days after the tumor cell implantation,
the mice were divided into three groups of six mice each according
to the tumor volume on Day 0. The experimental mice were
divided into a control group that received vehicle alone (saline),
and experimental groups that received i.p. inoculation of different
doses of the drug (50 and 100 mg/kg/head). On Days 3, 10
and 17, tumor-bearing mice received an i.p. injection of 5-
FU. 5-FU was purchased from Sigma (St. Louis, MO, USA) and
dissolved in saline before being injected. Tumor growth was
measured weekly, in terms of the tumor diameter, with calipers.
At appropriate intervals, or when moribund, the mice were
sacrificed and the tissues were examined macroscopically for
metastasis in various organs and lhenng)mccsscd for histological
examination, as described previously.

Direct sequencing. Samples from the cell lines were analyzed
for the presence of mutations in exon 1 of the K-ras (Kirsten rat
sarcoma-2 viral oncogene homolog) gene and exons 5-8 of the p53
gene by direct sequencing of the PCR-amplified DNA fragments.
PCR and direct sequencing were performed as described pre-
viously®" using minor modifications.

Real-time reverse-transcription polymerase chain reaction. RNA
derived from each cell line was converted to complementary DNA

1860

using a GeneAmp RNA PCR Core kit (Applied Biosystems, Foster
City, CA, USA). Real-time reverse transcription-polymerase
chain reaction (RT-PCR) were performed using Power SYBR
Green PCR Master Mix (Applied Biosystems) and the 7900HT
Fast Real-time PCR system (Applicd Biosystems). The PCR
conditions were as follows: one cycle of denaturation at 95°C for
10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 60 s.
Obtained data was normalized relative to glyceraldehyde-3-
phosphate dehydrogenase (GAPD) ion. The following primers
were used: DHFR-FW: 5°-GCA AAA GTA GAC ATG GTC
TGG A-3; DHFR-RW: 5-AGT TTA AGA TGG CCT GGG
TGA-3"; FPGS-FW: 5°-TCT GCC CTA ACC TGA CAG AGG
TG-3"; FPGS-RW: 5"-TCG TCC AGG TGG TTC CAG TG-3"
TP-FW: 5-GAG GCA CCT TGG ATA AGC TGG A-3; TP-
RW: 5.GCT GTC ACA TCT CTG GCT GCA TA-3"; UPPI-
FW: 5".GTA CTA TGC CCG G : :
5°-CTC TGC CTT GAA GCA GGA ATC CA-3"; PRPS1-FW:
5°-AAC GCA TGC TTT GAG GCA GTA GTA G-3"; PRPS1-
RW: 5-CTG ATG GCT TCT GCA AGG ATC ATA-3'; DPYD-
FW: 5-CAA CGT AGA GCA AG %
DPYD-RW: 5-AGT CGA CAA TAG GGC AAA CAC TGA-3;
TYMS-FW: 5-ATC ATC ATG TGC GCT TGG
TYMS-RW: 5TGT TCA CCA CAT

3, OPRT-FW: 5-CTG GCT CCC GAG TAA GCA TGA-3:
OPRT-RW: 5-CTG CTG AGA TTA TGC CAC GAC CTA-3;
TKI1-FW: 5-ATT CTC GGG CCG ATG TTC TC-3; TK1-RW:
5-GCG AGT GTC TTT GGC ATA CTT GA-3'; MTHFR-FW:
5-GGA CAC TAC CTC ACC TGC CAG TAT C-3’; MTHFR-
RW: 5-CCA GAA GCA GTT AGT TCT GAC ACC A-3; NP-FW:
5-CAA CCT ACC TGG TTT CAG TGG TCA-3"; NP-RW: 5-CCG
GTC GTA GGC ATC AGA CA-3"; UCK2-FW: 5-TTC GTC AAG
CCT GCC TTT GAG-3; UCK2-RW: 5-TGG ATG TGC TGC ACG
ATG AG-3; GAPD-FW: 5"-GCA CCG TCA AGG CTG AGA
AC-3'; GAPD-RW: 5’-ATG GTG GTG AAG ACG CCA GT-3.

5
:
:

Results

Establishment and characterization of pancreatic cancer cell lines,
Ten cell lines derived from human atic cancers (Sui65,
Sui66, Sui67, Sui6B, Sui69, Sui70, Sui7l, Sui72, Sui73 and
Sui74) were newly established in the present study (Table 1).
All the cell lines formed mono-layered sheets with clustering on
confluence (Fig. 1 upper column). These cell lines exhibited the
typical morphologic features of epithelial cells, characterized by
sheets of polygonal cells in a pavement-like arrangement. The
Sui65, 67, 68, 70 and 71 cell lines were found 1o secrete
carbohydrate antigen19-9 (CA19-9), the concentration of which
in the culture supematants varied from 69 to 450 units/mL
(Table 2). Production of TPA was also detected from all of the
cell lines. The doubling times of the cell lines varied from
approximately 208 to 55.2h in the RPMI-1640 medium

doi: 10.1111/4.1349-7006.2008.00896.x
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Table 2. Biological characterization of newly par tic cancer cell lines

P Histological typing' Growth' Tumor marker®
Original Xenografts Pattern in COM in Agar DT (h) CEA ng/mL CA199 wmlL TPA WL CA125 wmlL
Sul6s Tub.ad, Mod tub.ad. M + + 4856 <0.5 69 2600 322
Sui6b Tub.ad. Mod fwell. M + + a2 1.2 <6 1800 2.2
Sul6? Tub.ad. Poor.tub.ad. M + + 351 26 420 1600 15
Sui6s Ad. Poor./mod. M + + 433 5.1 450 980 32
Suig9 Tub.ad, (=) M - - 55.2 06 <6 2200 <1.0
Sui70 Ad, Mod tub.ad. M + + 208 <0.5 290 14 000 75
Sui?l Ad. Well.tub.ad, M + + 241 0.5 170 7100 93
Sui?2 Tub.ad. Mod tub.ad, M + + 218 e 6 4400 <1.0
Sarcoma

Sui73 Tub.ad. Well /mod, M + + 35 <0.5 <6 2400 1.5
Sui74 Ad. Mucinos ca. M + + a5 <0.5 & 1800 135

"The tumorigenicity of the cell lines were tested by s.c. injection of 5 x 10° cultured cells suspended in 0.1 mL RPMI-1640 medium into mice,
Histological typing of the pancreatic cancer was conducted in accordance with the ‘General Rules for the Study of Pancreatic Cancer (1993)', as
tub (tubular adenocarcinoma), or Muci. ca. (Mucinous carcinoma).
"™, layer; COM, posed of Dulb s modified Eagle’s medit
albumin (BSA); +, positive; -, negative; DT, doubling time.

The doubling time of each line was determined as described previously,“®
Sacretion of CEA, CA19-9, TPA and CA125 was tested by radioi and i

(DMEMYHam’s F-12 (1:1) medium supplemented with 0.05% bovine serum

ay at SRL Lab

les (Tokyo, Japan).

supplemented with 10% FBS. When injected s.c., all of the
cultured cell lines established from human pancreatic cancers,
except for Sui69, survived and showed wmorigenicity (Fig. 1,
lower column). These biological propertics are summarized in
Table 2. All the tumorigenic cell lines were also found to be
strictly anchorage independent (60-90% efficiency).

Yanagihars et al.

Genetic alterations in the established pancreatic cancer cell
lines. The results are summarized in Table 3. K-ras mutations
were observed in eight of the 10 cell lines (80%). Activating
mutations were detected in the 2nd base of codon 12 of k-ras in
eight cell lines. The mutations were G-to-A transitions (GGT to
GAT, Gly to Asp) in five cell lines, G-to-T transversions (GGT

CancerSci | September2008 | vol 99 | no. 9 | 1861
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Table 3. Molecular alterations of k-ras, p53, SMAD4 and P16 genes in newly

N R i

cancer cell lines

Gene mutation Gene expression
Cell line
k-ras p53 SMADA/DPC4 p16

Suibs codon12 GGT(Gly) —+ GAT(Asp) codon248 CGG(Arg) —+ CAG(GIn) - -
Suibd codon12 GGT(Gly) - GAT(Asp) codon133 ATG(Met) —+ AAG(Lys) + =
Sui67? codon12 GGT(Gly) — GAT(Asp) codon248 CGG(Arg) — TGG(Trp) - +
Sui6s codon12 GGT(Gly) = GAT(Asp) codon245 GGC(Gly) = AGC(Ser) + -
Suie9 codon12 GGT(Gly) — GTT(Val) codon175 CGC(Arg) — CAC(His) - -
Sui70 codon12 GGT(Gly) - GTT(Val) codon175 CGC(Arg) — CAC(His) - -
Suill codon12 GGT(Gly) =+ GAT(Asp) codon253 ACC(Thr) =+ CCC{Pro) - +
Sui72 wit codon135 TGC(Cys) — TAC(Tyr) + -
Sui73 wt wt + -
sui74 codon12 GGT(Gly) — CGT(Arg) Wt = +
to GTT, Gly to Val) in two cell lines and G-to-G transitions 100 SuI65 SuiBB Sui74
(GGT to GGT, Gly to Arg) in the remaining one cell line. Sulth SuiT1
Inactivating mutations of p53 were found in eight of the 10 cell Suito Sui7a Suis7?
lines (B0%), and included misscnse mutations. g °r . = T mm 1 B

Next, SMAD4/DPC4 gene expression was checked by Western 2 .
blot analysis. Marked expression of this gene was observed in  § [ - o
Sui66 and Sui73, while the expression was less marked in Sui68 B
and Sui72; expression was altogether absent in the remaining six i of———— — —
cell lines. Expression of the PI6 product was noted in Sui67, £
Sui7l and Sui74, but the levels were quite low or absent in the & oot b B g
other cell lines (Table 3). In Vitro (MTT assay)

Therapeutic studies with 5-FU. Using this panel of human oot st

pancreatic cancer-derived cell lines, we evaluated the effect of
5-FU in suppressing the proliferation of each cell line in vitro.
Sui69 was excluded from the analysis, since its proliferation rate
was quite slow. The other nine cell lines were subjected 1o the
MTT assay and the results are shown in Fig. 2. Sui72 was about
10-fold more susceptible to the drug, whereas the other cell lines
were resistant to the drug.

Based on this result, we conducted a study in vivo, in which
the highly drug-susceptible Sui72 and the resistant Sui70
were implanted subcutancously in SCID mice. The 5-FU levels
tested were 50 and 100 mg/kg/head. As shown in Fig. 3, tumor
formation was markedly suppressed in all the mice implanted
with Sui72. This su; ive cffect was dose dependent, suggesting
the cffectiveness of 5-FU against this cell line. On the other

Experimental protocol

Fig. 2. Inhibition of growth of various human pancreatic cancer cell lines by
S-fluorouracil (5-FU) in vitro. The cell-growth Inhibitory effects of 5-FU
were assessed by the 3-(4,5-dimethylithiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (MTT) assay as described elsewhere,@7

hand, 5-FU did not inhibit the formation of tumor following
implantation of Sui70, reflecting the findings in virro.

We attempted to identify the cause of the hypersensitivity of
Sui72-5-FU by RT-PCR (Table 4). The mRNA expression levels
of genes associated with the metabolisms of 5-FU, i.e. DHFR, EPGS,
ECGF (TP), UPP1, PRPS1, TYMS (TS), UMPS (OPRT), TK1,
MTHFR, NP (PNP) and UCK2 (UMPK) were analyzed in Sui72

Implantation
L l l Sali
Control e -
0 70
'B’l l l l.p. 100 mg/Kg
Dayd 3 10 17 70 Cont
————5FU 50
------ 5FU 100
Sui7o i72
400 i 1500 =
= = Tumar wesght i) Timor wasghl |9
E aoo| = 12001, |
- ¥4 i»—~| '—'_,_|—— ]
g B e e 200 £
§ oo | SewtSes ey Lok Sty Ty / Fig. 3. Effect of S-fluorouracil (SU) on Sui70 and
S 500 |- 5ui72 tumor growth in the SCID mouse. Six mice
5 1.4 I from each group were sacrificed when moribund,
g 100 300 Azl or on Day 28 or 40. The tumor mass was measured
= ;;_‘__J/ Z T at predetermined time intervak in two dimensions
o L 7 " = (| === e S L J Mﬂlcalbﬂx.andﬂntunmwhummlukmm
= according to the equation (Ixwi2 (I=length,
0 10 20 30 40 50 0 5 10 16 20 25 30 w = width] 00 p witic eardh Gl f
Days after implantation by histopathology.
1862 dol: 10.1111/.1348-7006, 200800896 x
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Table 4. mRNA expression levels of genes related with 5-FU meta-
bolism in a high sensitive Sui72 cells and in other human pancreatic

cancer cell lines

Expression’ Expression’
o The others* Suir2 e
DHFR 327378 331 10
FPGS 1034183 nd. nd.
™ 3.1+456 0.1 0.0
UpP1 38150 16 04
PRPS1 9.14£52 39 04
DPYD 0605 0.1 0.1
TYMS(TS) 4991337 356 0.7
UMPS(OPRT) 72443 6.2 08
X1 466 + 463 284 06
MTHFR 44278 96 22
NP(PNP) 157 £8.0 233 15
UCK2(UMPK) 158197 297 19
n.d.: Not detectable by reverse transcription—polymerase chain
reaction.
'Ratio of target gene/GAPD x 10-3 (fold).

The average + 5D of other cell lines except for Sul72.

as compared with other cell lines. Remarked decreased expression
of DPYD was observed in Sui72 compared with other cell lines
(0.64/-0.5). These results suggest that lower expression of DPYD is
the molecular determinant of high sensitivity to 5-F1I in Sui72 cells.

Discussion

A number of cultured cell lines have been established from human
pancreatic cancers™'* and have contributed greatly to advancing
cancer research by allowing biological characterization (analysis
of the features of proliferation, progression, etc.) of this cancer
audbcmguscfulua uunrx‘:seat&lmlmlhamlua!mn
of anticancer agents."*® However, after multiple passages, some
of these cell lines lose their initial properties (e.g. the histopatho-
logical features of the tumors formed following their implantation).
There seems to be a universal necessity for enriching the research
resources through establishment of new cancer cell lines which
would reliably reflect the clinical features of this cancer. Pancreatic
cancer is usually characterized by stromal cell infiltration, therefore
it is relatively difficult to establish pancreatic cancer cell lines.*9
Bearing this in mind, we first attempled to establish pancreatic
cell lines from the tumors formed in SCID mice following implan-
tation of primary or metastatic pancreatic cancer tissue. In this
way, we established 10 cell lines of the Sui series. Half of the
10 cell lines were positive for the tumor marker CA19-9, while
all were positive for TPA. The histopathological profile of most
of the 10 cell lines resembled that of the original tumor. These
findings indicate that the cell lines of this Sui series are pancreatic
cancer cell lines reliably reflecting the clinical features of pancreatic
cancer. However, one of these cell lines (Sui69) did not form a
wmor in the SCID mice, even though it was transplantable. This
Suifi9 cell line exhibited very slow proliferative activity. We are
currently studying this cell line in NOD-SCID or NOG mice.
Pancreatic cancer cells often exhibit genetic alternations. Point
mutation of the oncogene K-ras, loss of heterozygosity (LOH; 9p,
17p. 18q, 1q, etc.), point mutation of tumor suppresser g:ncs at
these chromosomal locations (pl6, p53, DPC#AMADM, etc.), meth-
ylation of the ter region, etc., have been reported in pan-
creatic cancer. 3 Of the 10 cell lines established in this study,
K-ras point mutation®™?" and p53 mutation™ were noted in cight
cell lines, and the genetic alterations found resembled those seen
in the clinical materials. In Sui73, both K-ras and p53 were wild
type. The SMAD4/DPC4 gene is known to show a high frequency

Yanaginara ef al.

of alterations (50%), including mutation (20%) and deletion
(30%).%**) Marked expression of the SMDA4/DPC4 gene was
observed in two cell lines, and less marked expression in two cell
lines; expression was altogether absent in the remaining six cell
lines. Analysis of expression of the PI6/CDEN2A/INK4A product
in the 10 established cell lines revealed its expression in three
cell lines, but the was quite low or altogether absent
in remaining seven cell lines. It has been suggested that in pan-
creatic cancer free of P16 mutations or deletions, expression of
this gene is absent because of abnormal methylation of the gene
expression—adjusting region and that most pancreatic cancers show
malfunctioning of P16.°%*" These changes are seen
in many cases of pancreatic cancer and seem to determine the
proliferative potential and tumorigenicity of pancreatic cancer cells.
thnhtahngpanuutxcm.!mpﬂlmmhon,umwa
various combination of resection, systemic chemotherapy
and radiotherapy is sclected depending on the stage of the
cancer.?#* Conventionally, various regimens of adjuvant chem-
“M,,?ﬂ mmlﬁy involving 5-FU, have bnhl:wmpb':‘:’] b:_t
no means of treating pancreatic cancer have yet estal
lished. We attempted to evaluate the efficacy of 5-FU (a drug used
as a standard therapy for this cancer in the past) against the cell
lines established by us in this study. When tested in virro, Sui72
was susceptible to the drug, whereas the remaining cight lines
(Sui70, ete.) were found to be resistant to the drug. This finding
was endorsed by the results of the in vivo study. We then explored
the molecular determinant of sensitivity of the Sui72 cell line w0
5-FU. The results of the analysis suggest that the decreased
expression of DPYD may be involved in the mechanism of cellular
sensitivity to 5-FU. In addition, decreased expression of TYMS
was also observed in Sui72 as compared with other cell lines.
This observation might be consistent with high sensitivity to 5-
FU of Sui72 cells.

Throughout this study, it was shown that the new cell lines of
the Sui series are useful for research on ic cancer (e.g.
evaluation of pancreatic cancer cell proliferation and progression,
evaluation of the efficacy of anticancer agents, and so on).

New anticancer (e.g. TS-1, which reinforces the efficacy
of 5-FU),*** and gemcitabine hydrochloride (GEM) have recently
become available for clinical use,®** with the expectation of
extending the survival period of patients with pancreatic cancer.
To date, however, no chemotherapeutic agents more efficacious
than GEM for pancreatic cancer have been developed. Clinical
studies have therefore been carried out, focusing on developing
treatment regimens containing GEM in combination with some
other drugs. If GEM were combined with TS-1 or other molecule-
targeted drugs, further extension of the survival period of pancreatic
cancer patients may be expected. In the near future, we
to carry out preclinical studies to evaluate the efficacy of various
anticancer agents in SCID mice implanted with the new cell lines
derived from human pancreatic cancer and to identify the genes,
etc. which determine the susceptibility of pancreatic cancer cells
to anticancer agents. It also scems to be essential to develop a
model of orthotopic implantation, with the goal of establishi
a drug evaluation system more relevant to the clinical setting.™’

In conclusion, we established 10 cell lines derived from human
pancreatic cancers that were found to possess biological charac-
teristics and genetic alierations unique to cancer. These
new cell lines are expected to be highly useful for analyzing the
pattern of pancreatic cancer progression and evaluating the efficacy
of anticancer agents.
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Anti-epidermal growth factor receptor (EGFR) monoclonal antibody,
cetuximab, is a pmmhing targeted drug for EGFR-expressing

Gliobl tly I EGFR induding not
only the wild typchnn-l:oldnleummuumbnhuilodwtmt
W (vi)', which lacks exon 2-7, does not bind to ligands, and Is
constitutively activated. IHMMMMMW

the extracellular domain.®# This mutated gene encodes a pro-
tein with a ligand-independent and constitutively active tyrosine
kinase domain, which greatly enhances the tumorigenicity of the
cells, mostly found in vive, not in vifro.7* The deletion mutant
EGFRvIIl, which is clonally expressed on the cell surface of
~40% of glioblustomas, has been clinically correlated with

antitumor activity of cetuximab against malignant cells
overexpressing EGFRvIIl. For this purpose, we mﬁcﬂd human
malignant glioma cell lines with the retroviral vector containing
¢DNA for EGFRvIIl, and analyzed the mode of cetuximab-induced
action on the EGFRVIIl in the cells. Immunoprecipitation and
immunofl jed binding of cetuximab to EGFRWIIL
Notably, immunoblotting analyses showed that cetuximab
treatment resulted in reduced expression levels of the EGFRvIIL
However, cetuximab alone did not exhibit a growth-inhibitory
effect against the EGFRvili-expressing cells. On the other hand, an
assay for t cell-mediated cytotoxicity (ADCC)
demonstrated cetuximab-induced cytolysis in the p of
human peripheral blood mononuclear cells in a dose-dependent
manner. These results suggest that deletion mutant EGFRvIIl can
be a target of cetuximab and that ADCC activity substantially
contributes to the antitumor efficacy of cetuximab against the
EGFINII—M ﬂlﬂllln cells. Tl'u.ll cetuximab could be a

in g that express EGFRVIL
(Canmr Sd 2003‘ 99' mﬂ

ong-term survival of patients with malignant gliomas has not
ubstantially improved despite aggressive multimodality
treatments including cytoreductive surgery, radiotherapy, and
cytotoxic chemotherapy. To efficiently suppress these tumors,
additional therapeutic strategies are necessary. Understanding
the molecular genetics, biology, and immunology of gliomas will
enable the potential development of new adjuvant treatments for
malignant glioma patients,

Malignant gliomas may arise via a heterogencous process
resulting from multiple genetic alterations."! One of the well-
known molecular features of gliomas is amplification of the
epidermal growth factor receptor (EGFR) gene, leading to over-
expression of this receptor in approximately 40-60% of gliob-
lastomas.® High levels of EGFR expression have been shown to
hcmhlndmlhmnhmwpmpusmmgbumumdnmﬂod
with a poor prognosis and resistance o therapi ies.“’ Therefore,
therapeutic strategies directed against the EGFR may have polmua]
in these malignancies.

In the EGFR-amplified tumors, multiple types of EGFR
mutations can be detected as a result of intragene deletions. @
The most hﬁucﬂt mutation in malignant gliomas is EGFR variant
1 (EGFRvIII), characterized by a consistent and tumor-specific
in-frame deletion of 801 base pairs from the coding sequence of
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Ei]m cell growth, proliferation, invasion, and angio-
gﬂmsism Y For the EGFR-targeted strategies in malignant glioma
therapy, EGFRVIII expression should be considered because of
its highly malignant nature.

Methods of targeting the EGFR that have been developed and
trialed include monoclonal antibodies (mAbs), synthetic tyrosine
kinase inhibitors, conjugates of toxins to anti-EGFR mAbs and
ligands, and antisense gene of EGFR.“*'* Small molecule
tyrosine kinase inhibitors and mAbs are the most fully developed
of these approaches,"*'9

Cetuximab (Erbitux, IMC-C225) is a recombinant, human-
murine chimeric mAb specifically targeting the EGFR."™
Cetuximab competes with endogenous ligands for binding to the
extracelluar domain of EGFR and binding of cetuximab prevents
stimulation of the receptor by ligands. Cetuximab-binding also
results in internalization of the antibody-receptor complex
which leads to down-regulation of EGFR expression on the cell
surface ™ Furthermore, this type of mAb including the human
IgG1 Fe region may cause recruitment and activation of host
immune-effector cells (T cells, natural-killer cells, and macro-
phages) or complcmcnt: to induce antibody- dapendem cell-
mediated cytotoxicity (ADCC) or compl pendent
cytotoxicity (CDC)./'17

A variety of human epithelial cancers expressing EGFR have
been successfully treated by cetuximab with promising results
and it was recently approved for use in treating advanced-stage
EGFR-expressing colorectal, head, and neck cancers."*™ How-
ever, little is known as to whether or not it is an effective therapy
for the treatment of highly malignant tumors expressing deletion
mutant EGFRVIIL Based on the encouraging results of cetuximab
in the EGFR-expressing cancers and the importance of EGFRvIIT
expression in the biology of glioblastomas, we investigated
whether cetuximab would be capable of effectively targeting the
EGFRVIII expressed in malignant glioma cell lines.

Materials and Methods

Cell culture. Human glioblastoma cell lines were obtained as
follows: U-251 MG, A-172, SF126, and YH-13, JCRB Cell Bank
(Osaka, Japan); U-118 MG, U-87 MG, DBTRG-05 MG, LN-229,
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LN-18, and MO59K, ATCC (Manassas, VA, USA). These cell
lines were maintained in RPMI-1640 supplemented with 10%
fetal bovine serum and cultured at 37°C in a humidified
atmosphere containing 5% CO,,

Expression vector construction and cell transfection. Construction
of expression vector was generously contributed by Dr Hideyuki
Yokote (Wakayama, Japan). Full-length cDNA of wild-type (wt)
EGFR was amplified by reverse transcription—polymerase chain
reaction (RT-PCR) from a human embryonal kidney cell line
HEK293 using a High Fidelity RNA PCR Kit (TaKaRa, Shiga,
Japan) and the following primer sets: forward, CGCTAGCGAT-
GCGACCCTCCGGGAC; reverse, CCCCTGACTCCGTCCAGT-
ATTGA. The PCR products were amplified using the following
primer sets: forward, CGCTAGCGATGCGACCCTCCGGGAC;,
reverse, CGAAGCTTTGCTCCAATAAATTCACTGC. The
amplified DNA included Nhel- and HindIlI-cut cohesive ends at
the 5°- and 3"-ends, respectively. The product was subcloned into
a pCR BlundI-TOPO vector (Invitrogen, Carlsbad, CA, USA) and
the sequences were confirmed. Oligonucleotides encoding the
myc-tag sequence (EQKLISEEDLN) were designed and synthesized

by centrifugation, and equal concentrations of lysates were
mixed with 4x sodium dodecyl sulfate (SDS)-gel sample buffer
(0.25 mol/L. Tris-HCl, pH 6.8, 2% SDS, and 25% glycerol),
denatured with 2-mercaptoethanol. Equivalent amounts of protein
were separated on SDS-polyacrylamide gels by electrophoresis,
and transferred onto polyvinylidene difluoride (PVDF) membranes
by wet electroblotting. The PVDF membranes were blocked
with 3% bovine serum albumin in PBS with 0.1% Tween-20 and
probed with primary Ab. The membranes were washed and
incubated with secondary Ab. After the membranes were washed,
immunoblotted proteins were detected using the ECL Western
Blotting Detection System (GE Healthcare, Buckinghamshire,
UK).

Immunoprecipitation. Cell lysates were extracted and treated
with Ab overnight at 4°C. The lysates were mixed with protein
A agarose and centrifuged. Immunoprecipitates were washed
with lysis buffer and resuspended in 1.5% SDS-sample buffer
and denatured with 2-mercaptoethanol. Samples were processed
by immunoblotting.

Im fl ence. For immunofluorescence, cells were grown

as follows: forward, AGCTTGAACAGAAGCTGATCTCAGAG-
GAGGACCTGAATTGAC; reverse, TCGAGTCAATTCAGGTCC-
TCCTCTGAGATCAGCTTCTGTTCA. These oligos were annealed,
and the ds-oligos were generated including HindIIl- and Xhol-cut
cohesive ends, at the 5’- and 3"-ends, respectively. Wt EGFR and
myc-tag DNA fragments were cut out and transferred into a
pQCXIX retroviral vector (BD Biosciences Clontech, San Diego,
CA, USA) containing EGFP following internal ribosome entry
site sequence. EGFRVITl was synthesized with the recombinant
PCR method using the following primers: F1, CGCTAGCGATGCG-
ACCCTCCGGGAC; R1, ATCTGTCACCACATAATTACCTTTCT-
TTTCCTCCAGAGCC; F2, GGCTCTGGAGGAAAAGAAAGG-
TAATTATGTGGTGACAGAT; R2, CGGTGGAGGTGAGGCA-
GATG. Two DNA fragments of wt EGFR were amplified using
the F1/R1 and F2/R2 primer sets. The EGFR fragment deleting
exon 2-7 was amplified using the two PCR products as templates
and the F1/R2 primer set. After confirming the sequence, a wt
EGFR fragment was substituted for the Nhel- and EcoRI- cut
recombinant PCR fragment. A pVSV-G vector (BD Biosciences
Clontech) and the pQCXIX constructs were cotransfected into
the GP2-293 cells (BD Biosciences Clontech) using a FuGENE6
transfection reagent (Roche Diagnostics, Basel, Switzerland).
Bricfly, 80% confluent cells cultured on a 10-cm dish were
transfected with 2-mg pVSV-G plus 6-mg pQCXIX vectors.
Forty-eight h after transfection, culture medium was collected
and the viral particles were concentrated by centrifugation. The
viral pellet was resuspended in fresh medium. The titer of the
viral vector was calculated by counting the EGFP-positive cells
which were infected by serial dilution of the virus-containing
medium and the multiplicity of infection was determined.

Chemicals. Cetuximab was kindly provided by Brystol-Myers
Squibb (Princeton, NJ, USA).

Antibodies. Abs were purchased as follows: antihuman EGFR
mouse mAb cocktail, Biosource Corp. (Camarillo, CA, USA);
antiphosphotyrosine mouse mAb, BD Biosciences; antiphospho-
Akt, phospho-p44/42 mitogen activated protein kinase (MAPK),
rabbit polyclonal, anti-B-actin rabbit monoclonal, and antimouse
and rabbit IgG horseradish peroxidasc-linked Abs, Cell Signaling
Technology (Beverly, MA, USA).

Immunoblotting. Cells were seeded and grown to near confluency.
Then, cells were washed with phosphate-buffered saline
(PBS) and culture medium with or without cetuximab was
added. At the time of harvest, cells were washed and lyzed
with lysis buffer (S0 mM Hepes buffer, 1% Triton X-100, 5 mM
ethylenediaminetetraacetic acid [EDTA], 50 mM sodium chloride,
10 mM sodium pyrophosphate, 50 mM sodium fluoride, and
| mM sodium orthovanadate) supplemented with protease inhibitors
(Roche Diagnostics, Penzberg, Germany). Cell lysales were clarified
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overnight, washed in PBS and fixed for 20 min in 4% parafor-
maldehyde at room temperature (RT). Cells were then washed
twice in PBS and blocked for 1 h in 10% normal goat serum at
RT. Cetuximab (10 mg/mL) was diluted in 1.5% normal goat
serum and incubated overnight at 4°C. Cells were washed twice
in PBS for 5 min and incubated with a secondary Ab for 45 min
at RT. Sccondary Abs included Alexa Fluor 546 Goat Anti-
Mouse IgG (2 mg/mL; Molecular Probes, Invitrogen) and Texas
Red antihuman IgG (1.5 mg/mL; Vector, Burlingame, CA, USA).
Cells were washed twice for 5 min in PBS and then examined
under a microscope (Keyence Biozero, Osaka, Japan).

Growth-inhibition assay (MTS assay). The growth-inhibitory effect
of cetuximab was evaluated using the CellTiter96 Aqueous
One Solution Cell Proliferation Assay (Promega Corporation,
Madison, WI, USA). MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3-
carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium, inner
salt) provides a measure of mitochondrial dehydrogenase activity
within the cell and thereby offers an indication of cellular
proliferation status."” Briefly, 3000 cells were seeded in 96-well
plates. The plates were incubated ovemight to permit adherence.
Cells were then exposed to different concentrations of cetuximab
ranging from 0 to 100 mg/mL for 48 h. MTS reagent was added
and incubated for 1h. The plates were read on a microplate
spectrophotometer (optical density, 490 nm). The percentage
cell growth was calculated by comparison of the absorbance
value reading obtained from treated samples versus controls.

Anti t cell-mediated cytotoxicity (ADCC). Peripheral
blood mononuclear cells (PBMCs) were separated from whole
blood of healthy volunteers using LSM Lymphocyte Separation
Medium (Cappel, Aurora, OH, USA), 1x ID?cc]]s were seeded
into each well of a 12-well plate. After incubation for 24 h,
human PBMCs alone (effector : target = 10:1), and/or cetuximab
(10 mg/mL), control human IgG (10 mg/mL), or control medium
were added to the wells. The cultures were then examined under
a microscope (Keyence) 24-h post treatment.

Propidium iodide (PI) nucleic acid stain for cetuximab-mediated
ADCC. This assay was performed for identifying dead cells in a
population under the same experimental condition as described
in the 'ADCC’ section. A 4-uM solution of Cellstain PI (1 mg/
mL; Dojindo, Kumamoto, Japan) was made at a dilution rate of
1:3000 and added per well. After incubation in the dark for
15 min, cells were viewed under a microscope (Keyence),

MTS assay for cetuximab-mediated ADCC. For analysis of the
ADCC activity of cetuximab, we used the MTS assay.®” Briefly,
3000 cells per well were exposed to various concentrations of
cetuximab in the presence of PBMCs at an effector/target (E/T)
ratio of 10 for 48 h. Natural killer (NK) activity was calculated
from the absorbance value of the cells cultured without cetuximab
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and PBMCs (A), the absorbance value of the cells cultured with
PBMCs (H), the absorbance value of medium alone (C), and the
absorbance value of PBMCs (1) as follows: {1-[(#-C)-
(D= CMIA - C)= (D= C)]) % 100. ADCC was calculated from
the values of A, D, the NK activity (£), and the absorbance value
of the cells treated with cetuximab and PBMCs (F): (1 - (¥ = D)Y
(A=D)) = 100 = E.

Resulits

Initially, we determined the expression of endogenous EGFR
protein in 10 human malignant glioma cell lines by immunoblotting
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(Fig. 1a). All of these malignant glioma cell lines displayed only
low amounts of wt EGFR protein (170 kDa) but not EGFRvIII
protein (145 kDa). These findings were consistent with the previous
notion that because primary explants of human glioblastoma
rapidly lose expression of amplified, rearranged in
culture, no existing glioblastoma cell lines exhibit such
expression.” Therefore, we introduced the EGFRvIIl gene into
malignant glioma cell lines and engineered them to express this
mutant receptor protein in three cell lines: U-251 MG, U-87 MG,
and LN-229 (Fig. 1b). Malignant glioma cells that expressed the
EGFRVIII protein were observed under fluorescence microscopy
due to the coexpression of EGFP (Fig. 1¢).

"

&

IB: anti-EGFR
150 kDa — ol - -
1B: anti-B-actin
O R —
f & 4
(b) \ &
R4 oﬁ"’ «“ o &
IB: anti-EGFR &— wiEGrR
150 kDa —{ >
. - — EGFARvIll
IB: anti-B-actin
T — S g -
(©) &,f ﬁ@“& & Q’é w&
& ‘ﬁ & d""
ILI 7 |
‘.
B 17 7=
1st Ab:
= | [ | | --
Mb-mwniqﬁ

o a i + el

Fig. 1. (a) Expression of epidermal growth factor receptor (EGFR) in h cell lines. Ten malignant glioma cell lines were
cultured and lyzed, Equal amounts of cell lysate were immunoblotted with ami-EG‘R uvtlbody (Ab) to show endogenous expression of EGFR. The
human epidermoid carcinoma A431 cell lines served as a reference marker for high expression of wild-type (wt) EGFR. " Beta-actin showed protein
loading. 1B, immunoblotting. (b) Introduction of EGFRvIIl into human malignant glioma cell lines. Three malignant glioma cell lines, into which the
EGFRvill gene was introduced, were cultured and lyzed. Equal amounts of cell lysates were hnmumhlotl.ad with an arm-EGFR Ab to recognize
exogenous expression of EGFRvIIL (<) Miumcopk images and Immunofluorescence of it g cells exp EGFRvlIl. EGFRWII-
expressing cells (EGFRvII) were ed by their coexpression of EGFP. Mock control (EGFP) upnmd only EGFP. FM, fluorescent microscopy.
EGFRvillexpressing cells were stained wllh anti-EGFR Ab, then M-xa Fluor-conjugated antimouse IgG secondary Ab (lower panels), Staining of
AA31 or EGFP served as a reference of endogeneously expressed wt EGFR. Scale bar represents 100 um.
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Fig. 2. (a) Immunoprecipitation showing cetuximab binding to epid lg h factor receptor variant Il (EGFRvII)., EGFRvIll-expressing cells
were washed and lyzed. Equal amounts of cell lysates were immunoprecipitated with cetuximab or anti-EGFR antibody (Ab). The
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were p

bed by immunaoblotting with anti-EGFR Ab. A437 was used as a positive control for wild-type (wt) EGFR expression,

and EGFP as a negative control for EGFRVIIL. (b) Immunofiuorescence showing cetuximab reactivity with malignant glioma cells expressing EGFRvIII.
EGFRvlll-expressing cells were stained with cetuximab, then Texas Red-conjugated antihuman IgG secondary Ab. Staining of A431 or EGFP served
as a reference for cetuximab reactivity with endogeneocusly expressed wt EGFR. Scale bar represents 100 um.

Cetuximab has a binding ability to EGFRIIl. We investigated the
binding capability of cetuximab to EGFRVIII by immunopreci-
pitation. Cell lysates were precipitated with cetuximab and then
analyzed by immunoblotting with an anti-EGFR Ab. Cetuximab
was found to precipitate the 140-kDa EGFRVIII protein from the
EGFRvIIl-expressing cells (Fig. 2a upper lane). There was no
indication of an immunoreactive band migrating at the expected
size of EGFRVIII in the mock control. The finding that the
EGFRVIII protein was immunoprecipitated with cetuximab was
confirmed by anti-EGFR Ab recognizing this mutant receptor
(Fig. 2a lower lane).

Next, we performed immunofluorescence to investigate
cetuximab reactivity with the EGFRvIII-overexpressing glioma
cells. In this assay, cetuximab was used as a primary Ab, and
Texas Red-conjugated antihuman IgG as a secondary Ab, In the
mock control expressing low amounts of wt EGFR, we observed
very low levels of staining, most of which were close to the
detection limit of the analysis (Fig. 2b). In contrast, strong stain-
ing was evident in the EGFRvIII-overexpressing cells. Together
these results demonstrate that cetuximab could recognize the
deletion mutant EGFRvIII.

Cetuximab attenuates EGFRVIl expression and reduces
EGFRVIIl, but does not significantly inhibit Akt and MAPK signaling
pathways. Based on the previous report that cetuximab-binding
leads to down-regulation of EGFR expression, we investigated the
effect of cetuximab on EGFRVII expression by immunoblotting
On treatment with cetuximab at various concentrations, the
expression levels of EGFRVIII protein decreased dramatically in
a dose-dependent manner (data not shown and Fig. 3a lower
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lane). In addition, we assessed the phosphorylation status of
EGFRVIII by immunoprecipitation from the same lysates using a
mAb recognizing EG‘}-%VHT'ITI: amount of immunoprecipitated
EGFRVIII is shown in Fig. 3(a) (lower lane). A dose-dependent
decrease in the expression of phosphorylated EGFRVIII was also
observed, and the levels of tyrosine-phosphorylation corresponded
to the expression of this receptor (Fig. 3a upper lane). Neither
higher concentrations of cetuximab (= 100 pg/mL) nor prolonged
exposure (72 h) augmented the effects on phosphorylated
EGFRVIIl expression (Fig.3b and data not shown). Thus,
cetuximab appeared (o attenuate the EGFRVIII expression and
reduce the phosphorylated EGFRvIII.

Next, we examined the phosphorylation status of Akt and
MAPK pathways. On treatment with cetuximab, phosphorylated
Akt and MAPK mildly decreased in the cells at higher concen-
trations (Fig. 3b). The decreased levels were not so significant
as that of phosphorylated EGFRVIIL In summary, these results
would suggest that when treated with cetuximab, EGFRvIII
expression was markedly attenuvated, while its downstream
pathways by Akt and MAPK remained activated in the EGFRvITI-
overexpressing glioma cells.

Cetuximab does not inhibit the growth of EGFRvII pressing
glioma cells. We examined the effects of cetuximab on the growth
of EGFRvIII-overexpressing glioma cells with an MTS assay. As can
be observed in Fig. 4, cetuximab treatment did not produce a clear
growth-inhibitory effect in the EGFRVIII-overexpressing cells even
at the highest concentration tested. Also, treatment with cetuximab
had a modest effect on the mock control. These data might
support the findings determined by immunoblotting analyses.
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