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Figure 4  Specific binding of Fra-2, JunB and JunD to the AP-1 site in the CCR4 promoter. (a) NoShift assay. Nuclear extracts were

prepared from two control T-cell lines

(MOLT-4 and Jurkat) and two adult T-cell leukemia (ATL) cell lines

(HUT102 and ST1).

Nuclear proteins that bound to the biotinylated AP-] site oligonucleotide (TGGGAAATGACTAAGAATCAT) were captured on an
avidin-coated plate and detected by anti-c-Fos, anti-FosB, anti-Fra-1, anti-Fra-2, anti-c-Jun, anti-JunB or anti-JunD, as indicated.

Specificity was determined by addi labeled probe (

TGGGAAATGACTAAGAATCAT) or mutant probe (mut

competitor; TGGGAAATGTCAAAGAATCAT; differences underlined). Each bar represents the mean 4 s.e.m. from three separate
experiments. (b) Chromatin immunoprecipitation (ChIP) assay. Chromatins from normal CD4* T cells from healthy donors (purity,
>96%) and primary ATL cells from two patients (leukemic cells, > 90%) were immunoprecipitated with anti-Fra-2, anti-JunD or
control IgG. The amounts of precipitated DNA relative to total input DNA were quantified by real-time PCR for the CCR4 promoter

region containing the AP-| site. Each bar represents the mean s.e.m.

Identification of downstream target genes of the Fra-2/
JunD heterodimer in ATL cells

To identify the target genes of Fra-2 in ATL cells, we
compared the gene expression profiles of ATL-derived
ST cells transfected with Fra-2 siRNA or control
siRNA using the Affymetrix high-density oligonucleo-
tide microarray. As summarized in Figure 6a, at least 49
genes were downregulated more than threefold by Fra-2
siRNA. The classification of these genes according to
their biological functions shows that Fra-2 promotes the
expression of genes involved in signal transduction
(10 genes), protein biosynthesis and modification
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from three separate experiments.

(8 genes) and transcription (6 genes); it also stimulates
the expression of 10 genes of unknown function. Most
notably, the list includes the proto-oncogenes c-Myb,
BCL-6 and MDM2 (Oh and Reddy, 1999; Pasqualucci
et al., 2003; Vargas er al., 2003). As shown in Figure 6b,
RT-PCR analysis verified that not only Fra-2 siRNA
but also JunD siRNA downregulated these proto-
oncogenes in two ATL cell lines. Therefore, c-Myb,
BCL-6 and MDM?2 are the downstream target genes of
the Fra-2/JunD heterodimer in both cell lines. This
prompted us to examine the expression of c-Myb, BCL-
6 and MDM2 in freshly isolated primary ATL cells by
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Figure 5 Dominant role of Fra-2/JunD in CCR4 expression and cell proliferation in adult T-cell leukemia (ATL). (a) Reverse
transcription (RT)-PCR analysis to determine the effect of siRNAs. HUT102 and ST1 were transfected with control siRNA or siRNA
for Fra-2, JunB or JunD. After 48 h, total RNA was prepared. The rey ive results from three separate experiments are shown.
{b) Reaktime RT-PCR analysis for CCR4 expression. HUT102 and ST1 were transfected with control siRNA or siRNA for Fra-2,
JunB or JunD. After 48 h, total RNA was prepared and real-time RT-PCR was performed for CCR4 and 18S ribosomal RNA (an
internal control). Data are presented as the mean £ s.e.m. of three separate experiments. (¢) Effect of siRNAs on cell growth. HUT102,
ST1, MOLT-4 and Jurkat were transfected with control, Fra-2, JunB and JunD siRNAs and cultured in a 96-well plate at 0.5 x 10*
cells per well. At the indicated time points, viable cell numbers were determined using a FACSCalibur by gating out cells stained with
propidium iodide, Data are shown as the mean 1 s.ean. of three separate experimeats. (d) Effect of double knockdown of Fra-2 and
JunD on cell growth, HUT102 and ST were transfected with control, Fra-2 and JunD siRNAs as indicated and cultured in a 96-well
plate at 0.5 x 10 cells per well. At 4 days, viable cell numbers were determined on a FACSCalibur by gating out dead cells stained with
propidium iodide. Data are shown as the mean # s.e.m. of three separate experiments. (e) Effect of stable expression of Fra-2 and JunD
on cell growth. Jurkat cells were transfected with a control IRES-EGFP expression vector or an IRES-EGFP expression vector for
Fra-2 or JunD, Stable fi pressing green fl protein were sorted and cultured in a 96-well plate at 0.5 x 10* cells
per well. At the indicated time points, viable cell numbers were determined on a FACSCalibur by gating out dead cells stained with

propidium iodide. Data are shown as the mean  5.e.m. of three separate experiments.

RT-PCR. As shown in Figure 6c, we indeed detected
the constitutive expression of c-Myb, BCL-6 and
MDM2 at high levels in primary ATL cells. In sharp
contrast, normal resting CD4* T cells hardly expressed
these proto-oncogenes.

Discussion

The AP-1 transcription factors function as homodimers
or heterodimers formed by Jun (c-Jun, JunB and JunD),
Fos (¢c-Fos, FosB, Fra-1 and Fra-2) and the ATF family
proteins (Shaulian and Karin, 2002; Eferl and Wagner,
2003). Most of them are rapidly and transiently induced
by extracellular stimuli that trigger the activation of the
Janus kinase (JNK), extracellular signal regulated
protein kinases | and 2 (ERK1/2) or p38 mitogen-
activated protein (MAP) kinase pathways (Shaulian and
Karin, 2002; Eferl and Wagner, 2003). The AP-1 family

is known to be involved in cellular proliferation,
oncogenesis and even tumor suppression, depending
on the combination of AP-1 proteins and the cellular
context (Shaulian and Karin, 2002; Eferl and Wagner,
2003). Previously, by using the AP-1 site of the IL-8
promoter, Mori er al. demonstrated a strong Tax-
independent expression of JunD in primary ATL cells
(Mori er al., 2000). In the present study, we have shown
that Fra-2 is constitutively expressed at high levels in
primary ATL cells (Figure 2a). Furthermore, except for
JunB and JunD, other members of the AP-1 family are
mostly negative in primary ATL cells (Figure 2a).
Therefore, as demonstrated in the present study, the
Fra-2/JunD and Fra-2/JunB heterodimers may be the
major AP-1 factors constitutively active in primary ATL
cells.

It has been shown that HTLV-1 Tax induces the
expression of various AP-1 family members such as
c-Fos, Fra-1, ¢-Jun and JunD (Nagata er al., 1989; Iwai
er al., 2001), We indeed observed the expression of

Oncogene
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Figure 6 Identification of downsiream target genes of Fra-2 in adult T-cell leukemia (ATL). (a) Microarray analysis. ST1 cells were
transfected with control siRNA or Fra-2 siRNA. After 48h, microarray analysis was performed using the Affymetrix GeneChip

HG-U133 Plus 2.0 array. Four independ fection ples were analysed for each group, Each column represents the expression
level of a given gene in an individual sample. Red P increased expression and blue rey d d expression relative to
the normalized expression of the gene across all samples. We ¢ d the statistical significance level for each gene between the Fra-2-

knockdown group and the control group with a mean fold change of >3 by the r-test (P<10%). (b) Reverse transcription (RT)-PCR
analysis. HUT102 and STI cells were transfected with control siRNA or siRNA for Fra-2 or JunD. Afler 48h, the expression of
c-Myb, BCL-6, MDM2 and GAPDH was determined by RT-PCR. The representative resulls from three separate experiments are
shown. (¢) RT-PCR analysis. Normal CD4* T cells from healthy donors (n = 3; purity, > 96%) and PBMC from ATL patients (n=6;
leukemic cells, > 90%) were examined for the expression of c-Myb, BCL-6 and MDM2 by RT-PCR. The representative results from
two separate experiments are shown.




various AP-1 family members in primary ATL cells
(patient nos. 1 and 5) and in some ATL cell lines
expressing Tax (Figures 2a and b). However, the
constitutive expression of Fra-2, JunD and JunB in
freshly isolated primary ATL cells and ATL cell lines is
apparently independent from Tax expression (Figures
2a and b). This is further supported by the finding that
CCR4-expressing HTLV-1-negative CTCL cell lines
also constitutively express Fra-2, JunB and JunD at
high levels (Figure 2). By using JPX-9, which is a subline
of Jurkat carrying the HTLV-1 Tax gene under the
control of the metallothionein gene promoter (Nagata
et al., 1989), we have also confirmed that Fra-2 is not
inducible by Tax (data not shown).

The CCR4 promoter was potently activated by the
Fra-2/JunB and Fra-2/JunD heterodimers (Figure 3a).
Fra-2, JunB and JunD were also shown to bind
specifically to the AP-1 site in the CCR4 promoter
in vitro by the NoShift binding assays and in vive by the
ChIP assays (Figures 4a and b). By using the siRNA
knockdown technique, however, only Fra-2 siRNA and
JunD siRNA efficiently suppressed CCR4 expression
and cell growth in ATL cell lines (Figure 5). On the
other hand, JunB siRNA showed little such effect
(Figure 5). Therefore, it is likely that, at least in terms
of CCR4 expression and cell proliferation, the Fra-2/
JunD heterodimer plays a more dominant role than the
Fra-2/JunB heterodimer in ATL cells. It thus remains to
be determined whether the Fra-2/JunB heterodimer has
any specific functions in ATL.

The most striking finding in the present study is the
aberrant expression of Fra-2 in primary ATL cells. Fra-2
expression is essentially absent in normal CD4* T cells
under various conditions thus far examined (Figures 2a
and ¢). Physiologically, Fra-2 is known to be expressed
by various epithelial cells and in cartilaginous structures
and has been shown to be required for efficient cartilage
development (Karreth er al., 2004). With regard to
lymphoid cells, developing murine thymocytes were
reported to express Fra-2 (Chen et al., 1999). Previous
studies have shown that individual homodimeric and
heterodimeric AP-1 proteins have different functional
properties and target genes (Shaulian and Karin, 2002;
Eferl and Wagner, 2003). However, little is known about
the target genes of Fra-2 and even less is known about
the oncogenic role of Fra-2 in human malignancies. In
this study, we have shown that CCR4 is the direct target
gene of Fra-2 in association with JunD in ATL cells.
Furthermore, we have shown that at least 49 genes are
downregulated more than threefold in the ATL cell line
ST-1 by Fra-2 siRNA (Figure 6). Among these genes, the
proto-oncogenes c-Myb, BCL-6 and MDM2 (Oh and
Reddy, 1999; Pasqualucci er al., 2003; Vargas et al.,
2003) are further confirmed to be dependent on the
Fra-2/JunD heterodimer and to be expressed at high
levels in primary ATL cells (Figure 6). It remains to be
seen whether the Fra-2/JunD heterodimer directly
induces these proto-oncogenes or indirectly maintains
their expression by promoting cell growth.

c-Myb is the genomic homologue of the avian
myeloblastosis virus oncogene v-Myb. c-Myb is widely
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expressed in immature hematopoietic cells and also in
various leukemias and carcinomas (Oh and Reddy,
1999; Shetzline er al., 2004; Hess et al., 2006). The target
genes of c-Myb include the anti-apoptotic genes BCL-2
and BCL-X; and also c-Myc (Ramsay er al., 2003).
Thus, c-Myb may promote the survival of ATL cells via
BCL-2 and BCL-X (Galonek and Hardwick, 2006) and
also cell cycle progression via c¢-Myc (Dang, 1999).
BCL-6 was originally identified as the target gene of
recurrent chromosomal translocations affecting 3q27 in
non-Hodgkin’s lymphoma. The expression of BCL-6 is
frequently upregulated in diffuse large-cell lymphoma
and follicular lymphoma through promoter substitution
or somatic promoter point mutations (Ye er al., 1993;
Migliazza et al., 1995; Chang et al., 1996). Frequent
expression of BCL-6 has also been reported in some
T-cell lymphomas (Kerl er al., 2001). The BCL-6 protein
has been shown to exert cell-immortalizing and anti-
senescence activities (Shvarts er al,, 2002; Pasqualucci
et al., 2003). Thus, BCL-6 may also inhibit apoptosis
and promote cell cycle progression in ATL. The MDM2
protein is a negative regulator of p53 and suppresses
pS53-mediated cell cycle arrest and apoptosis (Vargas
et al., 2003). Elevated expression of MDM?2 has been
demonstrated in various types of human cancer
(Rayburn et al., 2005). Given that only a minor fraction
of ATL cases have mutations affecting p53 (Cesarman
et al., 1992), the elevated expression of MDM2 may
contribute to the functional downregulation of p53 in
the majority of ATL cases.

CTCLs are a group of T-cell lymphomas derived from
skin-homing memory T cells. CTCLs are not associated
with HTLV-1 infection but resemble ATL and frequently
express CCR4 (Ferenczi et al,, 2002; Kim et al., 2005).
Furthermore, CCR4 expression has been shown to be a
consistent feature of the large-cell transformation of
mycosis fungoides (Jones et al., 2000). In the present study,
we have shown that CTCL cell lines also express Fra-2,
JunB and JunD at high levels (Figure 2b). Therefore, it is
likely that aberrantly expressed Fra-2 in association with
Jun proteins, particularly JunD, is also involved in CCR4-
expression and cell proliferation in CTCLs.

In conclusion, we have shown that aberrantly
expressed Fra-2 in association with JunD is responsible
for CCR4 expression in ATL and is also likely to play
an important role in ATL oncogenesis in part by
inducing the expression of the proto-oncogenes c-Myb,
BCL-6 and MDM2. Future studies are necessary to
elucidate how the Fra-2/JunD heterodimer induces the
expression of these proto-oncogenes and their individual
roles in ATL oncogenesis. It also remains to be seen how
ATL cells aberrantly express Fra-2 at high levels.
Furthermore, the expression and function of Fra-2 in
CTCLs remain to be determined.

Materials and methods

Cells
All the human T-cell lines used were described previously
(Nagata et al., 1989; Yamada er al., 1996; Hata et al., 1999;

w
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Yoshie e al, 2002). Peripheral blood mononuclear
cells (PBMC) were isolated from heparinized blood samples
obtained from healthy adult donors and acute ATL patients
with a high leukemic cell count (>90%) by using Ficoll-Paque
(Amersham Biosciences Corp, Piscataway, NJ, USA). Normal
CD4* T cells (purity, >96%) were further prepared from
PBMC by negative selection using an IMagnet system (BD
Pharmingen, San Diego, CA, USA). Activated CD4+ T cells
were prepared by stimulating CD4* T cells with anti-CD3
(clone HIT3a; BD Pharmingen) and anti-CD28 (clone CD28.2:
BD Phamingen) for 24h. The preparation of naive
CD4*CD45RA* T cells and their polarization into Th1 and
Th2 cells were performed as described previously (Imai er al.,
1999). Primary ATL cells and normal resting CD4+ T cells
were used without culture for the experiments. This study was
approved by the local ethical committee and written informed
consent was obtained from each patient.

Transfection and luciferase assay

The major transcriptional start site (+ 1) of the human CCR4
gene was determined by the method of rapid amplification of
c¢DNA S-ends and was found to be located 1797 bases
upstream from the translation start codon (data not shown).
To generate a promoter—reporter construct, the 1-kb promoter
region of the human CCR4 gene (—983 to +25) was amplified
from the genomic DNA by PCR using primers based on a
GenBank genomic DNA sequence (accession no. NC_000003)
and inserted into the reporter plasmid pGL3-Basic (Promega,
Madison, WI, USA). Deletions and site-directed mutations
were also performed using PCR. pGL3-2xAP-1 was con-
structed by introducing a sequence containing two copies of
the AP-1 consensus binding site (TGATGACTCAGCCG-
GAATGATGACTCAGCC) in front of a mimimal CCR4
promoter pGL3 (=96/ +25; Figure 1h). The coding regions of
human FosB and GATA-3 were amplified from a cDNA
library generated from phytohemagglutinin (PHA)-stimulated
PBMC by PCR and cloned into the expression vector pSG5
(Stratagene, La Jolla, CA, USA). The coding region of HTLV-
| HBZ was amplified from a cDNA library generated from the
HTLV-1* T-cell line C8166 by PCR and cloned into the
expression vector pEF4/myc-His A (Invitrogen, Carlsbad, CA,
USA). The expression vectors for ¢-Fos, Fra-1, Fra-2, c-Jun,
JunB, JunD and Tax were described previously (Iwai ef al.,
2001). Cells (5x 10°) were transfected with 2 pg of reporter
plasmid, 0.5 pg of expression plasmids for various transcrip-
tion factors and 1pg of pSV-B-galactosidase using DMRIE-C
(Invitrogen). After 24-27h, luciferase assays were performed
using a Luciferase Assay kit (Promega). Luciferase activity was
normalized by p-galactosidase activity that served as an
internal control for transfection efficiency.

RT-PCR

RT-PCR was carried out as described previously (Yoshie
et al., 2002). The primers used were as follows: + 5-AAGAA
GAACAAGGCGGTGAAGATG-3' and -5-AGGCCCC
TGCAGGTTTTGAAG-3 for CCR4; + §-TACTACCACTC
ACCCGCAGACTC-3 and —5'-CTTTTCCCTTCGGATTCT
CCTTTT-3' for c-Fos; +5-TAGCAGCAGCTAAATGC
AGGAAC-3' and -5-CCAGCTGAAGCCATCTTCCTT
AG-3' for FosB; +5-CAGTGGATGGTACAGCCTCA
TTT-3" and —-5'-GCCCAGATTTCTCATCTTCCAGT-? for
Fra-1; +5-CCAGCAGAAATTCCGGGTAGATA-Y and
~5-TCTCCTCCTCTTCAGGAGACAGC-3 for Fra-2;
+ 5-AAACAGAGCATGACCCTGAACCT-3' and —5-CTC
CTGCTCATCTGTCACGTTCT-3' for c-Jun; +5-AAAAT
GGAACAGCCCTTCTACCA-3 and —5-AGCCCTGACCA
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GAAAAGTAGCTG-3' for JunB; +5-AACACCCTTCT
ACGGCGATGAG-3' and —5-GGGTAGAGGAACTGTG
AGCTCGT-3' for JunD; + 5.-GAATTGGTGGACGGG
CTATTATC-3" and —5-TAGCACTATGCTGTTTCGCCT
TC-3 for HBZ; +5'-CCGGCGCTGCTCTCATCCCGGT-3'
and —5-GGCCGAACATAGTCCCCCAGAG-3 for Tax:
+5-AAGGCATCCAGACCAGAAACCG-3' and -5-AGC
ATCGAGCAGGGCTCTAACC-3 for GATA-3; + 5'-CAGT
GACGAGGATGATGAGGACT-3 and -5-AACGTTTCG
GACCGTATTTCTGT-3 for c-Myb; +5-ATTCCAGCTT
CGGAACAAGAGAC-3 and -5-GTCCTTTTGATCAC
TCCCACCTT-3 for MDM2; +5-CAAGAAGTTTCTAGG
AAAGGCCGG-3' and  —-5-GATTGATCACACTAA
GGTTGCATT-3 for BCL-6 and + 5-GCCAAGGTCATCC
ATGACAACTTTGG-3' and -5-GCCTGCTTCACCA
CCTTCTTGATGTC-3' for glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The amplification conditions were
denaturation at 94°C for 30s (5min for the first cycle),
annealing at 60°C for 30s and extension at 72°C for 30s
(5min for the last cycle) for 34 cycles for CCR4; 35 cycles for
c-Fos, FosB, Fra-1, Fra-2, c-Jun, JunB, JunD, HBZ, Tax,
c-Myb, BCL-6 and MDM2; 29 cycles for GATA-3 and 27 cycles
for GAPDH. Amplification products were electrophoretically
run on a 2% agarose gel and stained with ethidium bromide.

Quantitative real-time PCR was carried out using the
TagMan assay and a 7700 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). The conditions
for PCR were 50°C for 2min, 95°C for 10min and then 50
cycles of 95°C for 15s (denaturation) and 60°C for 1 min
(annealing extension). The primers and fluorogenic probes for
CCR4 and 18§ ribosomal RNA were obtained from a
TagMan kit (Applied Biosystems). Quantification of CCR4
expression was performed using the Sequence Detector System
Software (Applied Biosystems).

NoShift transcription factor assay

Anti-c-Fos (sc-52), anti-FosB (sc-7203), anti-Fra-1 (sc-22794),
anti-Fra-2 (sc-604), anti-c-Jun (sc-1694), anti-TunB (sc-73) and
anti-JunD (sc-74) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Transcription factors bound
to specific DNA sequences were identified using the NoShift
Transcription Factor Assay Kit (EMD Biosciences, Madison,
W1, USA). Nuclear extracts were prepared from human T-cell
lines by using the NucBuster Protein Extraction Kit (EMD
Biosciences). The oligonucleotides used were as follows
(differences underlined): TGGGAMTGACIAAGAATCAT
for the biotinylated probe and unlabeled competitor of the
AP-1 site and TGGGAAATGTCAAAGAATCAT for the
mutated AP-1 site.

ChIP assay

This assay was performed using a ChIP assay kit (Upstate
Biotechnology, Lake Placid, NY, USA) following the manu-
facturer’s instructions. In brief, cells (1 x 10%) were cross-linked
with 1% formaldehyde for 10min at room temperature. The
cell pellets were lysed with sodium dodecyl sulfate (SDS) lysis
buffer and sonicated to shear DNA to a size range between 200
and 1000 bp. After centrifugation, the supernatant was diluted
10-fold in ChIP dilution buffer and incubated overnight at 4°C
with 4pg of anti-Fra-2 (sc-604), anti-JunB (sc-73), anti-JunD
(sc-74) or normal rabbit IgG (DAKO, Kyoto, Japan).
Immunocomplexes were collected by adding protein A-agarose
beads. The immune complexes were incubated at 65°C for 4h
to reverse the protein/DNA cross-links. DNAs were then
purified by phenol/chloroform extraction and used as
templates for quantitative real-time PCR. The primers and



the fluorogenic probe for the AP-1 site of the CCR4 promoter
were as follows: primers: +5-GGTCTTGGGAAATGACT
AAGAATCA-Y and —5-TCTCCCTCACCCAACTGTACT
AAGT-¥; probe: S-TCTGCTTCCTACTTCTATCAAA
AAACCCCACTTG-3.

Immunological staining

Cells were spotted on a glass slide and fixed with 4%
paraformaldehyde. Tissue sections were prepared from
formalin-fixed and paraffin-cmbedded biopsy tissue samples
and subjected to microwave irradiation for Smin three times
in Target Retrieval Solution (DAKO). Slides and tissue sections
were incubated for 1h at room with anti-Fra-2
(sc-604), anti-JunB (sc-73), anti-JunD (sc-74) or mouse
monoclonal anti-CCR4 (KM-2160; Kyowa Hakko, Tokyo,
Japan). Normal rabbit IgG and control mouse 1gG, (DAKO)
were used as negative controls. After washing, the slides and
tissue sections were incubated with biotin-labeled goat anti-
rabbit IgG or biotin-labeled horse anti-mouse IgG followed by
detection using the Vectastain ABC/HRP kit (Vector Labora-
tories, Burlingame, CA, USA). Finally, cells and sections
were counterstained with Gill's hematoxylin (Polysciences,
Warrington, PA, USA), dehydrated and mounted.

Transfection of siRNA

siRNAs for Fra-2 (S100420455), JunB (S103077445), JunD
(SI00075985) and the negative control (1022064) were
obtained from Qiagen (Hilden, Germany). Transfection
experimentis were performed using Amaxa Nucleofector
(Amaxa, Cologne, Germany). Cells (1 x 10%) were resuspended
in 100 ul of Nucleofector solution (T solution for MOLT-4,
HUT102 and ST1 and V solution for Jurkat) and transfected
with 2.5pg of siRNA using program O-17 for MOLT-4,
HUT!102 and ST! and program S-18 for Jurkat. The
transfection efficiency was ~95% as determined using
fluorescent siRNA (Qiagen).

Cell proliferation assay
Cells were seeded in a 96-well plate at a density of 0.5 x 10* per
well and cultured. The number of viable cells was determined
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The glycosylation of cell surface proteins is important for cancer biology
pr such as cellular proliferation or is. a1,6-Fucosyl
ferase (FUTB) transfers a fucose residue to n-linked oligosaccharides
on glycoproteins. Herein, we study the effect of fucosylation on
epidermal growth factor receptor (EGFR) activity and sensitivity to
an EGFR-specific tyrosine kinase inhibitor (EGFR-TKI). The increased
fucosylation of EGFR significantly pre i EGF-mediated cellul
growth, and the decreased fucosylation by stable FUT8 knockdown
weakened the growth response in HEK293 cells. The overexpression
of FUTS cells were more sensitive than the control cells to the EGFR-
TKI gefitinib, and FUTB knockdown dec d the itivity to

pted April 16, 2008/0nline publication July 29, 2008)

treatment of solid tumors. Tyrosine kinase inhibitors J;TK]J
that target EGFR, like gefitinib (IRESSA, ZD1839)™"*'" and
erlotinib (Tarceva),"® and the anti-EGFR antibody cetuximab
(IMC-C225)," have been reported to exhibit potential antitumor
effects in some solid tumors. Dramatic responses to gefitinib
have been observed in non-small cell lung cancer (NSCLC)
patients harboring activating mutations in the EGFR gene
involving an exon 19 deletion or an L858R point mutation in
exon 21.%920 However, the sensitivity of a cell to EGFR-TKI
cannot be completely defined by these mutations because tumor
and di

gefitinib. Finally, to examine the effects in a human cancer cell line,
we constructed stable FUT8 knockdown A549 cells, and found that
these cells also decreased EGF-mediated cellular growth and were
less sensitive than the control cells to gefitinib. In conclusion, we
demonstrated that the modification of EGFR fucosylation affected
EGF-mediated cellular growth and sensitivity to gefitinib, Our results
provide a novel Insight into how the glycosylation status of a receptor
may affect the sensitivity of the cell to molecular target agents.
(Cancer 5ci 2008; 99: 1611-1617)

he glycosylation of cell surface proteins and lipids is

modified during the course of differentiation, growth and
aging, and various gl?'wprm:in structures are important for
biological functions.”’ Proteins and lipids are modified with
n-linked oligosaccharides in the endoplasmic reticulum and
Golgi apparatus, n-Linked oligosaccharides contribute to the
folding and stability of glycoproteins.?’ Various glycosyltrans-
ferases have been cloned and are known to be involved in the
formation of n-linked oligosaccharides.** Accumulating data
has demonstrated that the modification of glycoforms can even
change the phenotype of cells.”

Regarding the relationship between malignancy and a-linked
oligosaccharides, glycoproteins on the cell surface are known to
be altered in both quantity and quality during cancerous trans-
formation.’® Genes are known to determine the specific structures
of oligosaccharides during regulated biological processes involved
in cancer, such as metastasis.” For example, the knockout of
n-acetylglucosaminyltransferaseV (Gn'l-V) has been reported to
decrease metastasis in mice, indicating that GnT-V is deeply
involved in cancer metastasis.®

Epidermal growth factor receptor (EGFR) is frequently
expressed or highly expressed in lung cancer, ovarian cancer and
many other solid tumors,*'* and a high expression level in
tumor cells is closely related to a poor prognosis.*** Therefore,
EGFR is considered an important therapeutic target for the

dot: 10.1111/.134%-7006.2008.00847 x
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Tes| stabilization with gefitinib have also been
reported in some NSCLC patients with wild-type EGFR.#*
We have searched for predictive biomarkers that determine
sensitivity to molecular targeted agents, including gefitinib,®**
Of additional interest, EGFR contains 11 potential a-glycosylation
sites in its extracellular domain.®® a1l ,6-Fucosyltransferase (FUTS)
catalyzes the transfer of a fucose group to the innermost n-
acetylglucosamine residue of complex n-glycans via ol ,6-linkage
in mammals. Wang ef al. clearly demonstrated that the fucosylation
of EGFR catalyzed by FUTS regulates its receptor activity and
signaling in murine cells.”” However, whether receptor fuco-
sylation affects the sensitivity of human cells to molecular target
agents remains uncertain.

Accordingly, we studied the relationship between the fuco-
sylation status of EGFR and sensitivity to gefitinib in HEK293
and a human NSCLC cell, A549.

Materials and Methods

Reagents. Gefitinib (IRESSA, ZD1839) was provided by
AstraZeneca (Cheshire, UK).

Expression constructs and viral production. A full-length ¢cDNA
of FUTS, originating from a NSCLC cell line (A549),% was
amplified using a reverse transcri polymerase chain reaction
(RT-PCR). A High Fidelity RNA Kit (TaKaRa, Otsu, Japan)
was used for the RT-PCR, and the following primer set was
synthesized: forward, GGA AGT GAG TTG AAA ATC TGA
AA; reverse, ACT GAG TTT GGT CGT TTA TCT CT. The
PCR products were amplified again using Pyrobest DNA
polymerase (TaKaRa) and the following primer set: forward,
GCG CTA GCA ATG CGG CCA TGG ACT GGT TC; reverse,
CGT GGT ACC TTT CTC AGC CTC AGG ATA TGT. After
confirming the sequence, FUT8 cDNA was transferred to
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peDNA3Z.I (Invitrogen, Carlsbad, CA, USA) with a FLAG-tag at
its C-terminus. EGFR ¢cDNA with a myc-tag in pcDNA3.1 and
FUT8 ¢cDNA with a FLAG-tag were cut out and transferred into
a pQCLIN retroviral vector (BD Bioscicnces Clontech, San
Diego, CA, USA) together with enhanced green fluorescent
protein (EGFP) followed by the internal ribosome entry site
sequence (IRES) to monitor the expression of the inserts
indirectly. A pVSV-G vector (Clontech, Palo Alt, CA, USA)
for the constitution of the viral envelope, pGP vector (TAKARA
Bio) and the pQCXIX constructs were co-transfected into the
HEK293 cells using FuGene6 transfection reagent (Roche
Diagnostics, Basel, Switzerland). Bricfly, 80% confluent cells
cultured in a 10-cm dish were ransfected with 2 pg 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 15000g for 3 h at 4°C. The
viral pellet was then resuspended in fresh RPMI-1640 medium.
The titer of the viral vector was calculated by counting the
EGFP-positive cells that were infected by serial dilutions of a
virus-containing medium and then determining the multiplicity
of infection (MOI).

FUTB knockdown by shRNA. We constructed a retroviral vector
that stably expressed short hairpin RNA (shRNA) targeting
human FUT8. The DNA sequences were designed as follows:
forward, GAT CCG TCT CAG AAT TGG CGC TAT GCT GTG
AAG CCA CAG ATG GGC ATA GCG CCA ATT CTG AGA
CTT TTT TG; reverse, AAT TCA AAA AAG TCT CAG AAT
TGG CGC TAT GCC CAT CTG TGG CTIT CAC AGC ATA
GCG CCA ATT CTG AGA CG. These oligonucleotides were
anncaled and inserted into an RNAi-Ready pSIREN-RetroQ-
ZsGreen vector (Clontech). The viral particles were produced as
described in the viral production section.

Cell culture and transfection, HEK293 (a human embryonic
kidney cell line) was maintained in Dulbecco’s modified Eagle's
medium (DMEM) medium and A549 (an NSCLC cell line) was
maintained in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS). HEK293/EGFR cells were transfected
with retrovirus containing FUT8 gene or shRNA for FUTS
(shFUTS) or shRNA control construct and designed as 293/EGFR/
FUTS, 293/EGFR/shFUTS and 293/EGFR/control, respectively.
A549 cells were transfected with either shFUTS or shRNA control
and designed as A549/shFUT8 and A549/control, respectively.

ul,6-Fucosyltransferase activity assay. Cells were lysed with
a lysis buffer containing 1% Triton X, 20 mM Tris-HCI (pH 8.0)
and 50 mM NaCl. The fluorescent substrate (GnGn-bi- Asn-PABA:
Fig. 1a) was purchased from Peptide Institute (Osaka, Japan).
The standard mixture for measuring FUTS activity contained
50 pM substrate, 200 mM MES (pH 7.0), 1% Triton X, 500 uM
GDP-Fucose and the cell lysate in a final volume of 50 pL. The
reaction mixture was incubated at 37°C for 6 h, and the reaction
was stopped by heating at 100°C for 1 min. The sample was
then centrifuged at 15 000g for 10 min and the supernatant
(10 puL) was used for analysis. The product was separated using
high-performance liquid chromatography (HPLC) with a TSK-
gel ODS-80TM column (4.6 mm x 150 mm). Elution was
performed at 55°C with a 20 mM acetate buffer, pH 4.0,
containing 0.1% butanol. The fluorescence of the column elute
was detected using a fluorescence photometer (Hitachi Fluorescence
Spectrophotometer 650-10LC). The excitation and emission
wavelengths were observed at 320 and 400 nm, respectively.®

Immunoprecipitation and immunoblotting. A549 cells were lysed
with a lysis buffer containing 1% Triton X, 20 mM Tris-HCI
(pH 7.0), 5 mM ethylenediaminetetraacetic acid (EDTA), 50 mM
NaCl, 10 mM Na pyrophosphate, 50 mM NaF, 1 mM Na or-
thovanadate, and a Complete Mini protease inhibitor mix (Roche
Diagnostics). The cell lysate (1 mg) was immunoprecipitated by
incubation with anti-EGFR antibody (Upstate Biotechnology,
Lake Placid, NY, USA) ovemight, followed by further incubation
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with protein-G agarose (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) for 1 h and washed with lysis buffer three times. Whole
cell lysates and immunoprecipitated samples were scparated using
sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and blotted on a polyvinylidene fluoride (PVDF) membrane.
The membranes were blocked with 3% bovine serum albumin
(BSA) in Tris-buffered saline with 0.05% Tween-20 (TBST) and
then probed with monoclonal anti-EGFR antibody (Upstate
Biotechnology), monoclonal phospho-tyrosine antibody, pd4/
42 MAP kinase antibody or phospho-p44/42 MAP kinase antibody
(Cell Signaling, Beverly, MA, USA), followed by incubation
with a monoclonal or polyclonal HRP-conjugated secondary
antibody (Cell Signaling). An enhanced chemiluminescence
detection system (GE Healthcare, Buckinghamshire, UK) was
then used for visualization. Images were visualized by LAS-
3000 (Fujifilm, Tokyo, Japan) and the data were quantified by
automated densitometry using Multigauge ver. 3.0 (Fujifilm).

Lectin blotting. Whole cell lysates and immunoprecipitated
samples were separated using SDS-PAGE and blotted on a PYDF
membrane. The membrane was blocked with 5% BSA in TBST
for 1 h at room temperature. The membrane was probed with
biotinylated aleuria aurantia lectin (AAL, Scikagaku, Tokyo,
Japan) for 1 h at room temperature, washed, and treated using
the Vectastain ABC kit (Vector Laboratories, Burlingame, CA,
USA) as a second antibody.

Cell proliferation assay. To evaluate the growth response to
EGF stimulation, we used the tetrazolium dye (3,4,5-dimethyl-2H-
tetrazolium bromide, MTT) assay. The cells were seeded at a
density of 0.5-1.5 % 10° cells/well in 96-well plates under a serum-
reduced condition (HEK293 cells, 4% FBS: A549 cells, 2%
FBS). Twenty-four hours later, the cells were stimulated with
EGF (R&D Systems, Minncapolis, MN, USA) at 20 ng/mL.
After 48-72 h of incubation at 37°C, the MTT solution was
added to cach well and the plates were incubated for 3 h at
37°C. After centrifuging the plates at 400g for 5min, the
medium was discarded from ecach well, and 200 L of
dimethylsulfoxide was added to each well. The optical density
was measured at 570 nm. For the growth curve experiments, the
cells were seeded at a density of 2x 10* cells/well in 96-well
plates in the presence of 10% FBS or under the serum-reduced
condition in the presence of 20 ng/mL of EGF. Cell proliferation
was estimated by measuring the absorbance at 570 nm at 24 h
intervals up to 72 h.

Growth inhibitory assay, To evaluate the growth inhibition in
the presence of various concentrations of gefitinib, we used the
MTT assay. The cells were seeded at a density of 1.5 or
2 x 10° cells/well in 96-well plates in the presence of 10% FBS
or under the serum-reduced condition in the presence of 20 ng/mL
of EGE Twenty-four hours later, gefitinib was added and the
incubation was continued further for 72 h at 37°C. The assay
was conducted in triplicate.

Soft agar assay for colony formation. To confirm the data
obtained from the growth inhibitory assay, we performed colony
assays of A549 cells. Five hundred cells in 0.35% agar in
DMEM containing 10% FBS and each concentration of EGF or
gefitinib were seeded onto 6-well plates on an underlayer of
0.5% agar containing DMEM. The plates were incubated at
37°C for 14 days, and then the colonics were stained by erystal
violet and counted under a microscope. The colony assay was
performed in triplicate.

Statistical analysis. All statistical calculations were performed
using a Student’s r-test by StatView ver. 5 software (SAS
Institute, Cary, NC, USA). P <0.05 was considered significant.

Result

Establishment of FUTB overexpression and knockdown cells. To ex-
amine whether an increase or decresse in the fucosylation of

doi: 10.1111/),1345-7006.2008.00847 x
© 2008 lapanese Cancer Association



(8) substrate (s)
GlcNAcf1-2Manu! 8

5 Manp1-4GIcNACH1-4GICNAG-Asn-PABA
GlcNAcp1-2Manal 7

GDP-Fucose
at-6-Fucosyliransferase(FUT8) |5 oop
Product (P)

Fucal <
GlcNAcfi1-2Manal

N6

6
Manp1-4GlcNAcp1-4GlcNAc-Asn-PABA
GlcNAcR1-2Manat 7 3

(b) i (i) 283/EGFR {il) 203/EGFR/FUTS (d) (5?
£ oll é‘*& ée\
: 1\ § &
3 ’K ¢ |\ & &
§1 | S SN (.
& 0 5 10 15 20 26 30 0 5 10 15 20 25 30 35 s W 1B: AAL-lectin
Elution time (min) Elution time (min) — —
(c) 02 rfﬂfmi 0 ”;’Ff"“"““‘“ - 1B; EGFR
s -

P

RN

\

P

PN

Fluorescence Intensity

10 15 20 25 30 0 §
Elution time (min)

al,6-Fucosyltransferase (FUT8)

0 5

Fig. 1.

10 15 20 25 30
Elution time (min)
activity of HEK293 cells. (a) Schema of FUT8 reaction pathway. Asn, asparagine; Fuc, Fucose; Man,

enzyme
mannose; PABA, 4-(2-pyridylamino) butylamine. (b) Analysis of FUTE activity in cells overexpressing FUTB. FUTS activity was measured using high-
performance liquid chromatography. (i) 293/EGFR; (ii) 20/EGFR/FUTS. P, pmduct. S, subutrm {© Analysh of FUTB activity in FUT8 knockdown cells,

(i) 293/EGFR/control; (i) 293/EGFRihFUTS. (d) Effect of FUTS

receptor (EGFR) fucosylation. The cell

lysate from 293/EGFR or 293/EGFR/FUTS cells was subjected to sodium ¢ dodecyhulfan polywyhmkh gel electrophoresis followed by lectin blotting

using blotinylated Aleuria aurantia lectin (AAL). 1B, immunoblot.

EGFR affected EGF-mediated cellular growth and sensitivity to
gefitinib, we transfected EGFR and FUTS retrovirally. We also
constructed 293/EGFR/shFUTS cells by the stable knockdown
of intrinsic FUTS. FUTS enzyme activity was measured by
reverse-phase HPLC using a fluorescent substrate (GnGn-bi-
Asn-PABA; Fig. 1a). FUTR activity was 25-times higher in 293/
EGFR/FUTS cells than in 293/EGFR (44.1 U/L and 1.8 U/L,
respectively; Fig. 1b). On the other hand, the activity in 293/
EGFR/shFUTS cells was 43% of that in 293/EGFR/control cells
(Fig. 1c). We next compared fucosylated EGFR between 293/EGFR
and 293/EGFR/FUTS cells using lectin blotting with Aleuria
aurantia lectin, which recognizes core fucosylation on n-glycans.
The fucosylation of EGFR was increased in 293/EGFR/FUT8
cells, compared with that in 293/EGFR cells (Fig. 1d). These
findings indicated that the overexpression or knockdown of
FUTS was functional and FUTR regulated the fucosylation of
EGFR, as expected.

EGFR fucosylation regulates EGF-mediated cellular growth in
HEK293 and A549 cells. We next examined whether EGFR fucosyl-
ation affected the cellular growth in response to EGF ligand
stimulation. Overexpression of FUT8 was associaled with a
significant increase, by approximately 20%, of the cellular
growth in response to EGF stimulation (# < 0.05; Fig. 2a). In

Matsumoto et al.

growth curve experiments, the proliferative activity of 203/
EGFR/FUTS cells was slightly increased as compared with
that of 293/EGFR cells under normal conditions of culture in
the presence of 10% FBS (Fig. 2b). The doubling times of
293/EGFR/FUTS and 293/EGFR cells were 27.5 and 28.5 h,
mpoctnve However, remarkable increase of the proliferative
activity ui‘ 293/EGFR/FUTS cells was observed as compared
with that of the 293/EGFR cells in the presence of EGF
stimulation (P < 0.05; Fig. 2c); the doubling times under this
condition were 23.9 and 25.4 h, respectively. Next, FUTS
knockdown significantly decreased, by imately 20%,
the cellular growth in response to EGF stimulation (P < 0.05;
Fig. 2d). In growth curve experiments, there was no difference
in the proliferative activity between 293/EGFR/shFUTS cells
and 293/EGFR/control cells under normal conditions of culture
(Fig. 2e), but significant decrease of the proliferative activity of
293/EGFR/shFUTS cells was found as compared with that of
the 293/EGFR/control cells in the presence of EGF stimulation
(P <0.05; Fig.2f); the doubling times of the 293/EGFR/
shFUTS and 293/EGFR/control cells under this condition were
28.8 and 27.3 h, respectively. These findings suggest that the
level of EGFR fucosylation regulated the cellular growth in
response to EGF. To study whether the same phenomenon
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Fig.2. Cellular growth response to epidermal growth factor (EGF) stimulation in HEK293 cells. (a) The 293/EGFR and 293/EGERFUTS cells were
seeded (1.5 x 107 cells’well) in 96-well plates under a serum-reduced condition and stimulated with 20 ng/mL of EGF and further incubated for 48 h
at 37°C. (0), EGF (-); (M), EGF (+). (b) Growth curve experiments in the 293/EGFR (solid line) and 293/EGFR/FUTS (dotted line) cells. The cells were
cultured under a 10% fetal bovine serum (FBS) condition. (c) The 293/EGFR (solid line) and 293/EGFR/FUTS (dotted line) cells were cultured under
the presence of 20 ng/mL of EGF to a ser duced condition, (d) The 293/EGFR/control and 293/EGFR/shFUTS cells were seeded (1.5 x 107 cells/
well) in 96-well plates under a serum-reduced condition and stimulated with 20 ng/mL of EGF and incubated for 72 h at 37°C. (1), EGF (-); (W),
EGF (+). (e) Growth curve experiments in the 293/EGFR/control (solid line) and 293/EGFRhFUTS (dotted line) cells. The cells were cultured under
a 10% FBS condition. (f) The 293/EGFR/control (solid line) and 293/EGFR/shFUTS (dotted line) cells were cultured under the presence of 20 ng/mL

of EGF to a serum-reduced condition. OD value, 570 nm. *P < 0.05; scale lines, standard deviation (SD).

occurs in human cancer cells, we constructed A549/shFUTS,
in which FUT8 was stably knocked down, and examined the
relationship between the fucosylation level of EGFR and the
response to EGF ligand stimulation. No FUTS catalytic activity
was detected by FUTB knockdown in the A549 cells (Fig. 3a).
A lectin blot analysis demonstrated that the fucosylation of
EGFR was decreased in A549/shFUTS cells, while the expression
level of EGFR was similar in the control cells (Fig. 3b). We
examined whether this reduction in EGFR fucosylation affected
the EGF-mediated growth response. We found that A549/
shFUTS cells had significantly decreased EGF-mediated cellular
growth by approximately 20%, compared with control cells
(# < 0.05; Fig. 3c) by the MTT assay. In the growth curve
experiments, a slight decrease of the proliferative activity of the
A549/shFUTS cells was observed as compared with that of
the A549/control cells under normal conditions of culture in
the presence of 10% FBS (Fig. 3d); the doubling times of the
A549/shFUT8 and A549/control cells were 23.1 and 22.7h,
respectively. However, the A549/shFUTS cells showed marked
decrease of proliferative activity as compared with A549/control
cells in the presence of EGF stimulation (¥ < 0.05, Fig. 3¢); the
doubling times of the A549/shFUTS and A549/control cells
were 22.2 and 20.8 h, respectively. These results suggest that the
level of EGFR fucosylation regulated the cellular growth in
response to EGF even in human cancer cells.

Modification of EGFR fucosylation affects cell sensitivity to
gefitinib. We then examined whether an increase or decrease in
EGFR fucosylation affected the sensitivity of HEK293 cells to
gefitinib. Overexpression of FUTS significantly enhanced the
cellular sensitivity to gefitinib as compared with that of the

1614

control cells in the presence of EGF under a serum-reduced
condition; the IC,, values of the drug for these cells were
35 0.1 and 5.6 £ 0.3, respectively (P < 0.03; Fig. 4a). However,
no significant difference in the IC,, values of the drug was noted
between the two types of cells under normal culture conditions
in the presence of 10% FBS (Fig. 4b). In addition, FUTS
knockdown significantly decreased the cellular sensitivity to
gefitinib as compared with that of the control cells in the
presence of EGF under the serum-reduced condition; the ICq,
values of the drug for these cells were 7.3+ 0.4 and 4.4 + 1.0,
respectively (£ <0.05; Fig. 4c). On the other hand, no
significant difference in the IC; values of the drug were noted
among the cells when they were cultured under normal conditions
(Fig. 4d). These results suggest that EGFR fucosylation modulates
the cellular sensitivity to gefitinib.

We also examined the sensitivity of A549 cells to gefitinib.
FUTB knockdown significantly decreased the sensitivity of the
A549 cells to gefitinib in the presence of 20 ng/mL of EGF
under the serum-reduced condition; the IC,, values of the A549/
shFUT8 and AS549/control cells were 3.1 +03 and 13£0.2,
respectively (P < 0.05; Fig. 5a). However, no significant difference
in the ICy, values were noted among the cells when they were
cultured under normal conditions, similar to the observations for
HEK293 cells (Fig. 5b). These results suggest that the EGFR
fucosylation level affected the sensitivity of human cancer cells
to gefitinib. To confirm the data obtained from the growth
inhibitory assay, we performed colony assays with the A549
cells. Colony formation of A549/control, but not of the AS49/
shFUT8 cells, was significantly inhibited by 1 puM gefitinib
(P < 0.05; Fig. 5¢).
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Fucosylation status of EGFR regulates EGFR signaling. We examined
the effect of FUT8 knockdown on the phosphorylation levels of
EGFR and the EGFR-mediated intracellular signaling pathway
in A549 cells. FUT8 knockdown decreased the lation
levels of EGFR in the presence of EGF stimulation (Fig. 5d).
FUTS knockdown also decreased the EGF-mediated phosphoryl-
ation of mitogen-activated protein kinase in the presence of 0.2
and 2 ng/mlL of EGF (Fig. 5e). These results suggest that low
EGFR fucosylation levels decrease the EGFR-mediated intracellular
signaling pathway's response to EGF stimulation.

Discussion

The of this study was to investigate whether the
modification of EGFR fucosylation affected EGF-mediated
cellular growth and cell sensitivity to gefitinib. We found that
the increase in EGFR fucosylation resulting from FUTS over-
expression enhanced the response to EGF stimulation and the
sensitivity of the cells to gefitinib. A decrease in EGFR
fucosylation resulting from FUT8 knockdown weakened the
EGF-mediated cellular growth response and cell sensitivity.
Two possible mechanisms may explain how EGFR fucosylation
affects the EGF-mediated growth response. First, the binding
affinity of EGFR to the EGF ligand might be affected by the
modified fucosylation of the receptor. n-Acetylglucosaminyl-
transferase III (GnT III) is known to catal the addition of
n-acetylglucosamine in B1-4 linkage to the B-linked mannose of
the trimannosyl core of n-linked oligosaccharides to produce a
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bisecting GlcNac residue. Rebbaa ef al. reported that the overex-
pression of GnT 111 in glioma cells modifies the glycosylation of
its receptor, resulting in a decrease in EGF binding and EGFR
autophosphorylation;® this finding suggests that the carbohy-
drate structure at the extracellular domain of EGFR affects the
binding affinity with its ligand and the receptor activity. This
evidence supports this first possible mechanism. Another possi-
bility is that the ability of the receptor to form dimers might
be affected by the glycosylation ol'P the receptor. Tsuda ef al.
reported that a specific n-glycosylation mutant of domain 111
of EGFR leads to ligand-independent dimerization and

rylation, resulting in the spontaneous activation of the receptor.®"
These findings indicate that n-linked oligosaccharides in
extracellular domain Il of EGFR play a crucial role in receptor
dimerization, independent of ligand binding. The type I
EGFR (EGFRvIII), which lacks exons 2-7 in the extracellular
domain, is constitutively phosphorylated independently of
EGF-ligand stimulation. Fernandes ef al. demonstrated that
the rece; eptor self association is highly dependent on a
conformation induced by n-linked glycosylation, suggcsl.mg
that n-linked ohsgsmhmdes play an important role in this
autodimerization.’

Regarding fucosylation, Wang ef al. reported that EGF
decreased EGF binding to EGFR in Fut8 knockout mice, result-
ing in a higher responsiveness of the receptor to its ligand.“"
Many studies have reported that the murant EGFR (i.e. 15-base
deletion or L858R) signaling is constitutively active without
ligand condition. Thus, we speculated that wild-type EGFR
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might be suitable for a study of the effects of fi lation. Our

results also demonstrate that modifications of EGFR fucosyla-
uonlhmugh overexpression or knockdown of FUTS alter
EGF-mediated cellular growth responses in both HEK293 and

A549 cells.

growth factor receptor is overexpressed in various
human tumors, and the overexpression of EGFR is associated
with a poor pmgnnmm’ Many rescarchers bave studied the
biological and clinical significance of EGFR mutations, i
cxon 19 deletions and the LB58R point mutation in exon 21,
which behave like constitutively-active receptors.®** Patients
with constitutively-active mutants of EGFR are more sensitive
to gefitinib. However, some paticnts respond to EGFR-TKI even
though they do not carry such EGFR mutations;™*” suggesting
the presence of one or more undefined factors that affects sensi-
tivity to gefitinib in addition to EGFR mutations. Although the
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GFP image analysis in the mouse orthotopic
bladder cancer model
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Abstract. Precise and objective measurements of tumor
response have yet to be standardized in the mouse orthotopic
bladder cancer model. In this study, we used image analysis
ummmmwwym
tumor size in response to chemotherapy. KU-7 human bladder
cancer cells transfected with GFP were intravesically inoculated
into 8-week-old female nude mice. Fourteen days afier tumor
cell inoculation, the mice were assigned into a control (PBS)
group or a doxorubicin (conc. 1,0 mg/ml) treatment group
and received a single instillation of treatment. Fourteen days
after treatment, the bladders were surgically exposed and
fluorescent images were captured and later analyzed wsing
image analysis. Bladders were processed for histological
examination. Tumor incidence determined by GFP expression
and histology was 100 and 80%, respectively, in the doxo-
rubicin treatment group. A 9-fold (histology) vs. 12-fold
(GFP expression) difference in tumor regression measured by
tumor arca (P<0.05) and & 5-fold (histology) vs. 9-fold (GFP
expression) difference in tumor regression measured by the
percent of tumor area in the bladder (P<0.001) were observed
in the doxorubicin treatment group. Our findings suggest that
means to measure fumor growth and treatment response in
the mouse arthotopic bladder cancer model in lieu of histo-
logical methods, Consequently, the number of mice required
in an experiment can be reduced since tissue samples are not
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needed for histology, thus making tissue samples readily
available for additional assays in both a labor-effective and
cost-cffective manner.

Introduction

In the United States alone, urinary bladder cancer accounts
for over 60,000 new cases per year and in Japan, over 16,000
new cases are reported anpually (1,2). In Japan and western
countries over 90% of the bladder carcinomas are urothelial
carcinomas (3). Transurethral resection in combination with
intravesical Bacille Calmette-Guérin (BCG) or chemotherapy
are the mainstay for treatment of these lesions; however, 5-
and 10-year recurrence rates of over 60 and 90%, respectively,
posc a major challenge in the treatment and eradication of
disease (3,4). These factors combined necessitate further
evaluation of new treatment stralegies.

Orthotopic tumor models provide researchers with an
invaluable research tool, as tumor cells are able to grow in a
native environment that more closely resembles its narural
state. The mouse orthotopic bladder cancer model has been
used for over 30 years, recently this model was modified by
using human bladder cancer cells transfected with green
fluorescent protein (GFP) implanted transurethally for in vivo
visualization of tumor growth (5-7). GFP, a spomtaneously
fluorescent protein that absorbs UV-blue light and emits green
fuorescence, has been shown to be suitable in monitoring
and visualizing tumors in vivo (8). Additionally, tracking cells
that stably express GFP in vivo allows for & rapid and more
precise method for detecting tumor cells than the more
traditionsl histological methods (9). Orthotopic bladder cancer
models have already been used successfully to measure the
treatment efficacy in chemotherapy, immunotherapy, gene
therapy, and chemoprevention models (10-13). '!‘huqm
pmﬂumuﬂmsf«mumw-gm
in vivo; however, the challenge to accurately, practically, and
objectively measure tumor response remains.
means to measure tumor response have either been qualitative
(rather than quantitative) or subjective. The use of computer
assisted image analysis provides a solution to this problem in
that it allows for a means to measure data in an unbiased
manner. Measurement data can be spatially calibrated and
since the manner of analysis is standardized, the results are
consistently reproduced.
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We propose a model that allows the use of image analysis
software 1o accurately measure the growth and response of
orthotopically implanted GFP-labeled human bladder cancer
cells to intravesical drug treatment. For this purpose, we used
doxorubicin (Dox), an anthracycline antibiotic commonly used
in maintenance therapy for superficial bladder cancer (4).

Materials and methods

Bladder cancer cell line and transfection. KU-7, a human
bladder cancer cell line derived from a superficial

tumor was used for our experiments (14). KU-7 cells were
maintained in Gibco DMEM (Dulbecco's modified Eagle's
medium) (Invitrogen, Carlsbad, CA) supplemented with
10% fetal calf serum in a 37°C incubator with 5% CO.. Stable
GFP clones were generated as previously described (7). GFP
expression was confirmed under a fluorescence microscope.

Orthotopic tumor implantation and intravesical treatment.
Prior to bladder instillation, the cells were trypsinized and
re-suspended in serum-free DMEM at a concentration of
1x10* cells/ml. A method for the orthotopic instillation of
tumor cells has been described (7). Briefly, eleven 8-week-
old female athymic nude mice were anesthetized by intra-
peritoneal injection with Nembutal (Dainippon Sumitomo
Pharma, Osaka, Japan). A 24-gauge catheter was inserted
transurethrally into the bladder (Fig. 1A) and washed with
200 pl of PBS (phosphate-buffered saline). The bladder was
emptied and 100 g of 0.2% trypsin in 0.02 EDTA (Invitrogen,
Carlsbad, CA) was infused and retained for 20 min. A 100-ul
KU-7/GFP cell suspension containing 1x10” cells was instilled
into the bladder thereafier. The urethra was then ligated for
2-3 h with a purse-string suture to prevent leakage of tumor
cells. Fourteen days after cell implantation, the animals were
assigned to a control (PBS) (n=6) or doxorubicin (doxorubicin
hydrochloride) (Kyowa Hakko Co. Lud., Tokyo, Japan) (conc.
1.0 mg/ml) (n=5) treatment group and received a single
intravesical treatment instillation that was retained for 1 h by
purse-string suture,

In vivo fluorescence analysis of mouse bladders. Twenty-
cight days following the instillation of tumor cells, the mice
were again anesthetized as previously described and the
bladders were surgically exposed, The whole mouse was
placed under a Leica MZFL (FLVO III) dissecting stereo-
microscope equipped with a fluorescent light source with a
GFP2 filter and a CCD camera (Leica Microsystems,
Heerbrugg, Switzerland). The exposed bladders were examined
under fluorescence for the presence of tumors and digital
images were captured under both fluorescent and incandescent
light (Fig. 1B-D). The mice were then sacrificed and bladders
were removed then fixed in 10% neutral buffered formalin.

Histological examination. The bladders were fixed overnight
in 10% neutral buffered formalin and then transferred to 70%
ethanol. Bladders were then sliced transversally in half and
examined under a stereomicroscope. Tumor presence was
confirmed and representative images were captumd The
samples were then embedded in paraffin, and
stained with hematoxylin and eosin (H&E). Tumors were

verified under a light microscope and representative digital
images were recorded for subsequent image analysis.

Image analysis. Image analysis was performed with Image]
public domain software available through the National
Institutes of Health (Bethesda, MD; available at http://rsb.
info.nih.gov/ij/). All images were spatially calibrated for area
measurements. Fig. 2 demonstrates an example of the process
used to analyze and measure the bladders and tumors. Images
of the processed bladders were captured from H&E stained
slides and both the bladder and tumors were traced individually
and identified by creating a ROI (region of interest) for each.
The arca was then calculated for each of the selected ROIs.
Multiple step sections were taken from the embedded
bladders and sections containing the largest tumor size were
used for the area calculations. In cases with multiple tumors,
lesions were identified and measured individually, however,
the measurement data from multiple tumors in an individual
bladder was pooled and the area is represented as a single
area measurement.

Staristical analysis. Data were statistically analyzed vsing
the Studeat's t-test and differences were considered to be
significant at P<0.05. For comparisons between histological
analysis and GFP expression, regression analysis was per-
formed. Statistical analysis was carried out using SigmaStat
3.5 (Systat Software, Inc., Jose, CA).

Results

Tumor incidence. We first measured tumor incidence for the
implanted KU-7/GFP cancer cells. To measure tumor incidence
by GFP expression, surgically exposed bladders were viewed
under blue fluorescent light. Bladders without umors failed
to demonstrate any fluorescence; on the other hand, bladders
with wmors expressing GFP were casily identified by green
nests of cells to multiple clusters and/or large masses (Fig. 3).
Tumor incidence is defined as the percentage of mice with
visible tumors and was determined by direct observation
of positive GFP cells within the bladder in vivo and/or the
presence of tumor cells in the bladder by histological examin-
ation. Tumor incidence measured by GFP expression was
100% for all mice in the control and doxorubicin groups.
Tumor incidence measured by histological analysis was
100% for the control group but 80% for the doxorubicin
treatment group. Histological analysis for tumor incidence
failed to reveal microscopic lesions that were clearly detectable
by GFP fluorescence.

Measurements of tumor area. Next, we confirmed that cells
emitting the green fluorescence were indeed the KU-7/GFP
inoculated. To accomplish this, we examined the H&E stained
paraffin sections of bladder tumors and compared them with
the in vivo GFP image and the image of the transversally sliced
gross bladders. Once confirmed, we proceeded o measure the
bladders and tumors. Tumor size measurements are represented
by tumor area and tumor area percent and were calculated
by histological analysis and GFP expression. Tumer area is
defined a the area of positive GFP emitting rcgions of green
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Figure |. The anatomical view of the auds mouse during the urinary cathe-
terization procedure (A). Jn wivo digital images were obtained by first making
& trantverss incision across the lower abdomen to expose the bladder The
exposed bladder was filled with PBS an image was scquired using 2 magsten
lght source (B), The bisdder was then exposed to & 470-nm wavclength
bloe light and an image was captured throogh a 530-nm wavelength comission
filer (C). The two images are merged logether for the purpose of demon-
strating the anatomical location of GFP-labeled wmor cells within the hindder
in vive (D).

fluorescent light in the images captured in vivo or regions of
tumor bounded by the ROI in sclected histological slides. All
area measurements are represented by mm?’. To avoid possible
differences that may have occurred by having bladders
expanded to different diameters, we calculated the umor area
percent. Tumor area percent represents the percent of bladder
area comprised of tumor, Regression analysis determined the
R? values for tumor area and tumor area percent to be 0.281
and 0.692, respectively (Fig. 4). Doxorubicin efficacy against

o

Figure 2. Bladder images were capiured under tungsten light (A) and
flucrescent light (B) in vive, The mw usmanipulated image was then adjusted
and correcied to remove non-specific fluorescence (C). Non-specific
fuorescence was subtracted from the background by adjusting contrast and
brightness and sclecting the sppropri i and mini light and
dark set-levels for each individual image. The correctad image was convened
to u 16-bit inverted grayscale image, and & mask using color-coded contour
lines corresponding to light intensity ( ding to GFP ) was
applied 10 identify the wmor (D). Tumor tissue (arrows) was confirmed with
the gross bladder (E-F) and the comresponding H&E stained section (G).

tumor growth resulted in a 9- and 12-fold decrease of
tumor area when measured by histological analysis and
GFP expression, respectively (Fig. 5A). Similarly, a 5- and
9.25-fold difference in tumor growth was noted when

taken under &

the

of KU-T/GFP cells lry the emission of green fluorescent

Figure 3. Rep images of bladd

light source d

light. No tumor is preseat in (A) and 23 small microscopic lesion is visible (B). Tumors muy appear &3 multiple tumor clusters of varying sizes (C-E) or s 2 large

mass (F).
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measuring tumor response as a percent of the total bladder
area as measured by histological analysis and GFP expression,
respectively (Fig. 5B).

Although correlation analysis does not demonstrate a
strong correlation between tumor sizes measured by GFP and
histological analysis, reproducibility and sensitivity were
greater by using GFP analysis alone. Similar results were
obtained by repeating similar experiments at varying time
points (data not shown).

Discussion

The orthotopic bladder cancer model has proven to be one of
the most effective models to study wmor biclogy, particularly
in studics involving intravesical therapy. This is due to the
fact that tumors are directly exposed to the chemotherapeutic
agents in their natural environment (15). Unlike ectopic xeno-
graft models that grow casily visible subcutaneous tumors,

phed as tumor area (A) and tumor area percent (B) by GFP

Tumor Area Percent

Control Dox  Conved

GFP

and histological

bladder orthotopic models grow tumors intermally that cannot
be visualized grossly in vivo and thus renders a challenge to
methods to determine tumor burden in the orthotopic bladder
cancer model consist of weighing the bladder and histological
analysis (16). However, sensitivity and objectivity in measuring
tumor burden is limited due to variability of bladder and
tumor size, especially in the casc of microscopic disease. Use
of GFP-labeled bladder cancer cells in the orthotopic bladder
cancer model provides an added means to qualitatively
identify such tumors in vive, however, precise and objective
quantitative methods have yet to be developed.

The focus of this experiment is to establish a method to
measure tumaor size in an objective and efficient manner. We

rubicin against the more traditional histological evaluation
method. Our results clearly elucidate some of the benefits
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gained by using this method versus the more traditional
histological method, namely sensitivity and objectivity. This
technique allows for a more sensitive and faster method to
detect tumor presence in the bladder, especially in cases
involving microscopic lesions. Use of image analysis provides
not only &n objective solution for the interpretation of visual
data; it also allows us to establish a workflow in a convenient
and efficient manner (17). Our data suggest that measuring
the amount of GFP fluorescence emission is sufficient to
determine tamor burden and calculate tumor response o
trestment.

In traditional methods, tumor burden is calculated by
histological examination (i.c., H&E stained slides) usually
examining a single plane of the tumor, thus giving us only a
snapshot that may or may not be accurate. Large tumors pose
a problem in that they arc irregular which may lead to biss
whea searching for the best representative section to analyze
and quantify, Furthermore, small tumors present a different
problem in that they may be too small to accurately capture
in a thin section and may therefore lead to inaccuracies as
they may be missed during routine histological procedures.
Another complication is that we suempt (o examine a two-
dimensional object and interpret it as a three-dimensional
structure. These differences are supported by our comrelation’
analysis data of tumor size measurements by GFP emission
and histology confirming that these are in fact two separate

An alternate method used to determine tumor burden in
the orthotopic bladder cancer model is weighing the bladder;
however, this only compares the bladder of one mouse versus
that of other mice (18). The problem with this method is that
it does not provide any information pertaining to the location of
the lesion or the number of lesions involved. Another method
used by some investigators is to measure urine PSA (prostate
specific antigen) levels generated by tumors of genetically
modified cancer cells to produce PSA (19). An advantage to
this method is that it allows for a non-invasive method for the
determination of tumor growth, however, it fails to provide
nymighnmmemphoiupcddmunrlodmglb:
number of tumors present or tumor distribution and location
in the bladder. Use of bioluminescent particles, such as firefly
in vivo measurements of labeled mmors (20,21). The drawback
to this method is the investment involved as it requi
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EphA4 promotes cell proliferation and migration through
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Abstract

The Eph receptor tyrosine kinases and their ephrin ligands
form a unique cell-cell contact-mediated bidirectional
signaling mechanism for regulating cell localization and
organization. High expression of Eph receptors in a wide
variety of human tumors indicates some roles in tumor
progression, which makes these proteins potential targets
for anticancer therapy. For this purpose, we did gene
expression profiling for 47 surgical specimens of brain
tumors including 32 high-grade glioma using a microarray
technique. The analysis, focused on the receptor tyrosine
kinases, showed that EphA4 mRNA in the tumors was
4-fold higher than in normal brain tissue. To investigate
the biological signifi of EphA4 overexpression in
these tumors, we analyzed EphAd4-induced phenotypic
changes and the signaling mechanisms using human
glioma U251 cells. EphA4 promoted fibroblast growth
factor 2-mediated cell proliferation and migration accom-
panied with enh t of fibroblast growth factor
2-triggered mitogen-activated protein kinase and Akt
phosphorylation. In addition, active forms of Rac1 and
Cdc42 increased in the EphAd-overexpressing cells.
Furthermore, we found that EphA4 formed a heterorecep-
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tor complex with fibroblast growth factor receptor 1
(FGFR1) in the cells and that the EphA4-FGFR1 complex
potentiated FGFR-mediated downstream signaling. Thus,
our results indicate that EphA4 plays an important role in
malignant phenotypes of glioblastoma by enhancing
cell proliferation and migration through accelerating a
canonical FGFR signaling pathway. [Mol Cancer Ther
2008;7(9):2768- 78]

Introduction

The Eph receptors represent the largest family of receptor
protein tyrosine kinases and interact with their ligands,
ephrins, The Eph receptors and ephrins are divided into
two subclasses, A and B, based on their homologies,
structures, and binding affinities (1). Fourteen Eph recep-
tors and eight ephrin ligands have been identified thus far
in mammals (2-4). Ephrin-A ligands are anchored to
the plasma membrane by a glycosylphosphatidylinositol
modification. Ephrin-B ligands have a transmembrane
domain and a short cytoplasmic tail. The Eph-ephrin
system relays a direct cell-cell contact-mediated bidirec-
tional signaling pathway (5, 6). This bidirectional signaling
is fundamentally involved in developmental processes
(7-9) or in the remodeling of blood vessels (10, 11). Eph-
ephrin signaling mainly affects the cell shape and motility
by regulating cytoskeletal organization and cell adhesion
and also influences cell proliferation and cell-fate determi-
nation (3). Therefore, it is speculated that Eph signaling
could play some roles in tumorigenesis as one of their
possible consequences.

More recently, the genes for Eph receptors and ephrins
have been recognized to be differentially expressed in
various human tumors including malignant melanoma,
glioma, prostate cancer, breast cancer, small cell lung
cancer, endometrial cancer, esophageal cancer, gastric
cancer, and colorectal cancer (12-18), Profound distortion
of expression patterns could be correlated with altered
tumor behavior such as increased invasiveness or increased
metastatic potential and consequently with poor patient
outcome. Despite the widely observed phenomenon of
Eph receptor overexpression, their role has not been fully
elucidated in the process of malignant phenotypes.
However, recent bodies of evidence have implicated Eph
involvement in the tumor progression of human cancers
including malignant gliomas (19, 20).

The fibroblast growth factor receptor (FGFR) also belongs
to a family of receptor protein ine kinases and consists
of four members, FGFR1, FGFR2, FGFR3, and FGFR4. At
the present, 23 FGF ligands have been cloned and known to
bind to and activate FGFRs with their different affinities
(21). The FGFR-associated substrate 2a (FRS2a) is a docking
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