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Fig. 1. The ectodomain of ephrin-B1

is secreted into the culture medium of A
human pancreas cancer cells.

(A) Various pancreas cancer cell lines
were cultured in medium containing
0.5% FBS. After 6 hours, conditioned
medium was collected and subjected
to immunoprecipitation (IP) and
immunoblotting (IB) with polyclonal
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domain of ephrin-B1 (ephrin-B1
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kDa ephrin-B1 fragment is indicated C

. by an arrowhead. The expression of Fphfi2Fe -+
ephrin-B1 in each cell lysate was ]
confirmed by immunoblotting 50— Judih
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alanine (ephrin-B1 4A) destroying the MMP-8 cleavage site. The conditioned medium of COS-1 cells transfected with wild-type (wt) or muytant
ephrin-B1 (4A), or independent PANC-1 clones stably expressing ephrin-B1 were collected and subjected to immunoprecipitation and

" immunoblotting as described in A. (C) SUIT-4 cells were either treated with EphB2-Fc (4 pg/ml) for 2 hours (+) or left untreated (). The

ephrin-B1 fragment in the medium was detected as in A (left) or the cell lysates were subjected to immunoblotting with anti ephrin-B1 C18
(right pane!). Open and filled arrowheads indicate uncleaved ephrin-B] and its processed fragment (p17), respectively. (D) SUIT-4 cells were
transiently transfected with ephrin-B1 tagged with HA at the C-terminus. Transfected SUIT-4 cells were overlayed on a monolayer of parent
HEK293T cells or HEK293T cells stably expressing EphB2 for 2 hours. Cell lysates were prepared from co-cultured-cells to detect HA-tagged
p17 fragment derived from exogenously expressed ephrin-B1 in SUIT-4 cells by immunoprecipitation. # and * indicate the 1gG heavy chain and

induced by stimulation of ephrin-B1 did not depend on the
elevation of MMP-8 expression level, but rather it was suggested
to depend on the intracellular signaling mediated by ephrin-B1.

MMP-8, also known as neutrophil collagenase, is not only

" expressed in neutrophils, but it is also expressed in wide variety

of cells, including chondrocytes, endothelial cells, synovial
fibroblast and various cancer cells (Siller-Lopez et al., 2000;
Stadlemann et al., 2003; Lint and Libert, 2006). MMP-8 cleaves

all three ae-chains of type I, Il and III collagen and also a wide -

range of non-collagenous substrates, and plays important roles in
inflammation and in cancer progression (Lint and Libert, 2006).
Like other secretory proteins, proenzymes of soluble-type MMPs
are secreted after the process of vesicle transport from Golgi to
the plasma membrane, and then, extracellularly activated by
removal of the propeptide domain (Sternlicht and Werb, 2001).
In neutrophils, MMP-8 is stored in specific granules after being
transported from Golgi, and released following activation by
inflammatory mediators (Sternlicht and Werb, 2001), however,
whether it is also the case in various cancer cells has yet to be
fully investigated. Our analysis of the interaction between MMP-
8 activity and EphB-ephrin-B1 signal transduction revealed a
novel function of the C-terminus of ephrin-B1 in the secretion of
MMP-8, which leads to the cleavage of ephrin-B1 and involves
the negative regulation of the EphB-ephrin-Bl complex.
Moreover, regulation of this MMP family member through the
ephrin-Bl C-terminus may contribute to.the highly invasive
phenotype of ephrin-B1-expressing cancer cells by degradation
of the extracellular matrix.

" light chain, respectively. Open and filled arrowheads indicate uncleaved ephrin-B1 and its processed fragment (p17), respectively.

Results p
The Ephrin-B1 ectodomain is secreted into the culture
medium of pancreatic cancer cell lines

During screening of peptides secreted by the pancreatic cancer
cell line SUIT-4, we identified,using MALDI-MS/MS analysis,
three different peptides derived from ephrin-B1 sharing a
common N-terminus. Analysis of these peptides indicated that
ephrin-B1 undergoes limited cleavage between aa residues 217
and 218. Immunoprecipitation with antibodies against the
extracellular domain of ephrin-B1 revealed a 35 kDa band from
the conditioned media of two out of five pancreatic cancer cell

" lines. The 35 kDa fragment was also detected in COS-1 and

PANC-1 cells when ephrin-B1 was expressed (Fig. 1A,B).

These results indicate that the 35 kDa ectodomain fragment is -
released by cleavage of ephrin-Bl in these cell lines. The

concentration of serum in the medium did not affect the

cleavage of ephrin-B1 (data not shown). The cleavage site in

ephrin-B1 estimated by MALDI-MS/MS was confirmed by the

observation that substitution of the four amino acids (aa) at

positions 216-219 (ephrin-B12'¢2'%) by alanine (ephrin-B1

4A), blocked the production of the 35 kDa ectodomain

fragment in COS-1 and PANC-1 cells (Fig. 1B).

Cleavage of ephrin-B1 ectodomain is enhanced by
interaction with its receptor EphB2, which is regulated by
the C-terminus of ephrin-B1

Next, we examined whether the interaction of ephrin-Bl with
its receptor EphB2 modifies the cleavage of ephrin-Bl.
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Fig. 2. Activation of ephnn-Bl cleavage requires its C-terminus. (A) Wild-type and various mutants of ephnn-B] mgged with Flag al the N-
terminus were expressed in Capan-1 cells by retrovirus-mediated gene transfer. The cells were treated with EphB2-Fc (2 wg/ml) for 1.5 hours
(+) or left untreated (-) and conditioned medium was assayed for the presence of ephrin-B1 fragments by immunoprecipitation (IP) and
immunoblotting (IB) with ann-ﬂag antibody. The filled arrowhead indicates the ephrin-B1 ectodomain fragment. (Bottom) Expression of wild-
type or mutated ephrin-B1 in cell lysates after treatment with EphB2-Fc. The open arrowhead indicates ephrin-B1 AC19. (B) SUTT4 cells were
treated with EphB2-Fc and PP2 or control PP3or left untreated, as indicated. Conditioned medium was collected after 2 hours and sub_]ected 1o
immunoprecipitation and immunoblotting. In the bottom panel, suppression of tyrosme phosphorylauon of ephrin-B1 by PP2 treatment is

shown. # and * indicate the IgG heavy chain and light chain, respectively.

Incubation of SUIT4 cells with purified EphB2-Fc, a fusion
protein of the extracellular domain of EphB2 with the Fc
fragment of mouse IgG2b, significantly increased the amount
of the 35 kDa fragment of ephrin-Bl in the conditioned
medium (Fig. 1C, left). In EphB2-Fc-treated cell extract, a

cellular fragment’ of ephrin-B], produced by ectodomain -
shedding, was. detected by immunoblotting with an anubody,h
reacting to the C-terminal of ephrin-B1i, as a band at 17 kDa

(p17; Fig. 1C, right). The accumulation of p17 was also

detected in ephrin-B 1-expressing cells after contact with cells ..

expressing EphB2.. When ephrin-B1-expressing .cells were
overlayed on EphB2-expressing cells and co-cultured,
significant reduction of uncleaved ephrin-B1 together with
production of the p17 fragment was observed (Fig. 1D). This
result indicates that cleavage of ephrin-B1 is also enhanced
when ephnn-Bl-expressmg cells contact with heterologous
cells expressing the EphB2.

In order to examine the processing mechamsm of the ephnn
B1 ectodomain, several mutants of ephrin-B1 were analyzed.

.The cleavage of ephrin-B1 was also increased by- EphB2-Fc

treatment of Capan-1-cells- expressing wild-type ephrin-Bl
(Fig. 2A). However, expression of ephrin-B1 lacking. the C-
terminus (AC4 and AC19; the MMP-8 cleavage site at aa 217-
218 is intact in these mutants), did not produce the 35 kDa
ectodomain fragment in the culture medium upon treatment
with EphB2-Fc (Fig. 2A). However, mutation of any of the four
tyrosine residues in the cytoplasmic region (4YF) and tyrosines
located at the C-terminus of ephrin-B1 (Y343, 344F) did not
affect. ephrin-B1 cleavage (Fig. 2A). In contrast to the
significant reduction of full length wild-type or YF mutants of
ephrin-B1 in cell lysates after EphB2-Fc treatment, level of C-
terminally truncated ephrin-Bl mutants - remained almost
unchanged (Fig. 2A, bottom panels). We also observed similar
results using PANC-1 cells, and confirmed that expression of
AC mutants were localized on cell membrane (data not shown).
In addition, treatment with PP2, an inhibitor of Src family
kinases, significantly blocked tyrosine phosphorylation of
ephrin-B1, but it did not affect cleavage of ephrin-B1 (Fig. 2B).
Thus, the C-terminus of ephrin-Bl, but not tyrosine
phosphorylation of ephrin-B1, is required for induction of the

proteolysis of ephrin-B1.

ERT TR

The Ephrin-B1 ectodomain is processed by MMP-8 .
The cleavage of ephrin-Bl was inhibited in PANC-1 cells
expressing ephrin-Bl, by incubation. with the pan-matrix
metalloproteinase (MMP) inhibitor GM6001, but not' by
inhibitors of other proteases including a cysteine protease, a
serine protease, an aspartic protease or-calpain (Fig. 3A). The
amount of cleaved ephrin-B1 ectodomain was increased by
treatment of DCI (3,4-dichloroisocoumarin), a serine protease
inhibitor and TPCK (N°®-tosyl-phe chloromethyl ketone), a
chymotrypsin inhibitor of unknown function. As the inhibition
of ephrin-B1 cleavage. by GM6001 was also confirmed in
SUIT-4 cells (data not shown), we further attempted to identify
the metalloproteinase responsible. When SUIT-4 cells were
treated with natural MMP inhibitors, TIMPs, at low
concentration (100 nM), cleavage of ephrin-B1 was most
effectively inhibited by TIMP-1 compared with, TIMP-2 and
TIMP-3 (Fig. 3B). TIMP-3, which is known to-inhibit tumor
necrosis factor-a converting enzyme (TACE) did not inhibit the
cleavage of ephrin-B1 at all at concentrations from 5-250 nM
(data not shown), whereas it completely inhibited the cleavage
of TNF-u expressed in THP-1 .cells at 100 nM (Fig. 3B, right
panel). Among inhibitors of several MMPs expressed in SUIT-
4 cells, including MMP-1, MMP-2 or 3, MMP-8 and MMP-9,
only the inhibitor of MMP-8 blocked the cleavage of ephrin-
B1 (Fig. 3C), and this effect was also seen in COS-1 cells and
PANC-1 cells expressing ephrin-B1. (data not shown).

In order to examine whether MMP-8 cleaves ephrin-B1,
ephrin-Bi-Fc fusion protein, which consists of the entire
extracellular region of ephrin-B1 and the Fc fragment of mouse
1gG2b, was incubated with purified activated MMPs in vitro.
Incubation of ephrin-B1-Fc with activated MMP-8 produced
two fragments of ephrin-Bl-Fc corresponding .to the
pred:cted sizes (Fig. 3D). However, other membrane-type
metalloproteinases such as MT1-MMP and ADAMI10, which
are also expressed in SUIT-4 cells, did not cleave ephnn -B1-
Fc in vitro (Fig. 3D).

Expression of . MMP-8 protein was detected -at
approximately- the same levels in all of the cell lines we
examined (Fig. 4A, left), although it was detected at high level
when the cells were replated and decreased after the cells

. reached confluence (Fig. 4A, right). When expression of
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alanine (ephrin-B1 4A) destroying the MMP-8 cleavage site. The conditioned medium of COS-1 cells transfected with wild-type (wt) or mutant
ephrin-B1 (4A), or independent PANC-] clones stably expressing ephrin-B1 were collected and subjected to immunoprecipitation and . ’
immunoblotting as described in A. (C) SUIT-4 cells were either treated with EphB2-Fc (4 pg/ml) for 2 hours (+) or left untreated (). The
ephrin-B1 fragment in the medium was detected as in A (left) or the cell lysates were subjected to immunoblotting with anti ephrin-B1 C18
(right panel). Open and filled arrowheads indicate uncleaved ephrin-B1 and its processed fragment (p17), respectively. (D) SUIT-4 cells were
transiently transfected with ephrin-B1 tagged with HA at the C-terminus. Transfected SUIT-4 cells were overlayed on a monolayer of parent
HEK?293T cells or HEK293T cells stably expressing EphB2 for 2 hours. Cell lysates were prepared from co-cultured cells to detect HA-tagged
p17 fragment derived from exogenously expressed ephrin-B1 in SUIT-4 cells by immunoprecipitation. # and * indicate the IgG heavy chain and
light chain, respectively. Open and filled arrowheads indicate uncleaved ephrin-B1 and its processed fragment (p17), respectively.

induced by stimulation of ephrin-Bl did not depend on the

elevation of MMP-8 expression level, but rather it was suggested
to depend on the intracellular signaling mediated by ephrin-B1.

MMP-8, also known as neutrophil collagenase, is not only
expressed in neutrophils, but it is also expressed in wide variety
of cells, including chondrocytes, endothelial cells, synovial
fibroblast and various cancer cells (Siller-Lopez et al., 2000;
Stadlemann et al., 2003; Lint and Libert, 2006). MMP-8 cleaves
all three a-chains of type I, I and I collagen and also a wide
range of non-collagenous substrates, and plays important roles in
inflammation and in cancer progression (Lint and Libert, 2006).
Like other secretory proteins, proenzymes of soluble-type MMPs
are secreted after the process of vesicle transport from Golgi to
the plasma membrane, and then, extracellularly activated by

‘removal of the propeptide domain (Sternlicht and Werb, 2001).

In neutrophils, MMP-8 is stored in specific granules after being
transported from Golgi, and released following activation by

inflammatory mediators (Sternlicht and Werb, 2001), however,

whether it is also the case in various cancer cells has yet to be
fully investigated. Our analysis of the interaction between MMP-
8 activity and EphB-ephrin-B1 signal transduction revealed a

‘novel function of the C-terminus of ephrin-B1 in the secretion of

MMP-8, which leads to the cleavage of ephrin-B1 and involves
the negative -regulation of the EphB-ephrin-B1 .complex.
Moreover, regulation of this MMP family member through the
ephrin-Bl C-terminus may contribute to the highly invasive
phenotype of ephrin-B1-expressing cancer cells by degradation
of the extracellular matrix. _

Results

The Ephrin-B1 ectodomain is secreted into the culture
medium of pancreatic cancer cell lines

During screening of peptides secreted by the pancreatic cancer
cell line SUIT-4, we identified,using MALDI-MS/MS analysis,
three different peptides derived from ephrin-B1 sharing a
common N-terminus. Analysis of these peptides indicated that
ephrin-B1 undergoes limited cleavage between aa residues 217
and 218. Immunoprecipitation with antibodies against the
extracellular domain of ephrin-B1 revealed a 35 kDa band from
the conditioned media of two out of five pancreatic cancer cell
lines. The.35 kDa fragment was also detected in COS-1 and
PANC-1 cells when ephrin-Bl was expressed (Fig. 1A,B).
These results indicate that the 35 kDa ectodomain fragment is
released by cleavage of ephrin-B1 in these cell lines. The
concentration of serum in the medium did not affect the
cleavage of ephrin-B1 (data not shown). The cleavage site in
ephrin-B1 estimated by MALDI-MS/MS was confirmed by the
observation that substitution of the four amino acids (aa) at
positions 216-219 (ephrin-B12'62'%) by alanine (ephrin-B1
4A), blocked the production of the 35 kDa ectodomain
fragment in COS-1 and PANC-1 cells (Fig. 1B).

Cleavage of ephrin-B1 ectodomain is enhanced by
interaction with its receptor EphB2, which is regulated by
the C-terminus of ephrin-B1

Next, we examined whether the interaction of ephrin-B1 with
its receptor EphB2 modifies the cleavage of ephrin-Bl.
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Fig. 2. Activation of ephrin-B1 cleavage requires its C-terminus. (A) Wild-type and various mutants of ephrin-B1 tagged with Flag at the N-
terminus were expressed in Capan-1 cells by retrovirus-mediated gene transfer. The cells were treated with EphB2-Fc.(2 pg/ml) for 1.5 hours
(+) or left untreated (~) and conditioned medium was assayed for the presence of ephrin-B1 fragments by immunoprecipitation (IP) and . . .
immunoblotting (IB) with anti-flag antibody. The filled arrowhead indicates the ephrin-B1 ectodomain fragment. (Bottom) Expression of wild-
type or mutated ephrin-B1 in cell lysates after treatment with EphB2-Fc. The open arrowhead indicates ephrin-B1 AC19. (B) SUIT:4 cells were
treated with EphB2-Fc and PP2 or control PP3or left untreated, as indicated. Conditioned medium was collected after 2 hours and.subjected to
immunoprecipitation and immunoblotting. In the bottom panel, suppression of tyrosine phosphorylation of ephrin-B1 by PP2 treatment is

shown. # and * indicate the IgG heavy chain and light chain, respectively.

" Incubation of SUIT-4 cells with purified EphB2-Fc, a fusion

protein of the extracellular domain of EphB2 with the Fc
fragment of mouse IgG2b, significantly increased the amount
of the 35 kDa fragment of ephrin-B1 in the conditioned
medium (Fig. 1C, left). In EphB2-Fc-treated cell extract, a
cellular fragment of ephrin-Bl, produced by ectodomain
shedding, was detected by immunoblotting with an antibody
reacting to the C-terminal of ephrin-B1, as a band at 17 kDa
(p17; Fig. 1C, right). The accumulation of pl17 was also
detected in ephrin-B1-expressing cells after contact with cells
expressing EphB2.. When ephrin-Bl-expressing cells were
overlayed on EphB2-expressing cells and co-cultured,
significant reduction of uncleaved ephrin-B1 together with
production of the p17 fragment was observed (Fig. 1D). This
result indicates that cleavage of ephrin-B1 is also enhanced
when ephrin-Bl-expressing cells contact with heterologous
cells expressing the EphB2. . : .

In order to examine the processing mechanism of the ephrin-
B1 ectodomain, several mutants of ephrin-B1 were analyzed.
The cleavage of ephrin-B1 was also increased by EphB2-Fc
treatment of Capan-1 cells expressing wild-type ephrin-Bl
(Fig. 2A). However, expression -of -ephrin-B1 lacking the C-
terminus (AC4 and AC19; the MMP-8 cleavage site at aa 217-
218 is intact in these mutants), did not produce the 35 kDa
ectodomain fragment in the culture medium upon treatment
with EphB2-Fc (Fig. 2A). However, mutation of any of the four
tyrosine residues in the cytoplasmic region (4YF) and tyrosines
located at the C-terminus of ephrin-B1 (Y343, 344F) did not
affect ephrin-Bl cleavage (Fig. 2A)..In -contrast- to the
significant reduction of full length wild-type or YF mutants of
ephrin-B1 in cell lysates after EphB2-Fc treatment; level of C-
terminally truncated ephrin-Bl mutants remained almost
unchanged (Fig. 2A, bottom panels). We also observed similar
results. using PANC-1 cells, and confirmed that expression of
AC mutants were localized on cell membrane (data not shown).
In addition, treatment with PP2, an inhibitor of Src family
kinases, significantly blocked tyrosine phosphorylation of
ephrin-B1, but it did not affect cleavage of ephrin-B1 (Fig. 2B).
Thus, the C-terminus of ephrin-Bl, but not tyrosine
phosphorylation of ephrin-B1, is required for induction of the
proteolysis of ephrin-B1.

The Ephrin-B1 ectodomain is processed by MMP-8 . >+~
The cleavage of ephrin-Bl was inhibited in PANC-1  cells
expressing ephrin-Bl, by incubation with the pan-matrix
metalloproteinase (MMP) inhibitor GM6001, but not by
inhibitors of other proteases including a cysteine protease, a
serine protease, an aspartic protease or calpain (Fig. 3A). The
amount of cleaved ephrin-B1 ‘ectodomain was increased by
treatment of DCI (3,4-dichloroisocoumarin), a serine protease
inhibitor and TPCK (N°-tosyl-phe chloromethy] ketone), a
chymotrypsin inhibitor of unknown function. As the inhibition
of ephrin-Bl cleavage by GM6001 was also confirmed. in
SUIT-4 cells (data not shown), we further attempted to identify .
the metalloproteinase responsible. When SUIT-4 cells were
treated with natural MMP inhibitors, TIMPs, at low
concentration (100 nM), cleavage of ephrin-Bl, was most
effectively inhibited by TIMP-1 compared with TIMP-2 and -
TIMP-3 (Fig. 3B). TIMP-3, which is known to inhibit tumor
necrosis factor-a converting enzyme (TACE) did not inhibit the
cleavage of ephrin-B1 at all at concentrations from 5-250 nM .,

. (data not shown), whereas it completely inhibited the cleavage

of TNF-a expressed in THP-1 cells at 100 nM (Fig. 3B, right
panel). Among inhibitors of several MMPs expressed in SUIT-
4 cells, including MMP-1, MMP-2 or 3, MMPE-8 and MMP-9,
only the inhibitor of MMP-8 blocked the cleavage of ephrin-
B1 (Fig. 3C), and this effect was also seen in COS-1 cells and
PANC-1 cells expressing ephrin-B1 (data not shown). _
In order to examine whether MMP-8 cleaves ephrin-B1,
ephrin-B1-Fc fusion protein, which consists of the entire
extracellular region of ephrin-B1 and the Fc fragment of mouse
IgG2b, was incubated with purified activated MMPs in vitro.
Incubation of ephrin-B1-Fc with activated MMP-8 produced
two fragments of ephrin-B1-Fc comesponding to the
predicted sizes (Fig. 3D). However, other membrane-type
metalloproteinases such as MT1-MMP and ADAM 10, which
are also expressed in SUIT-4 cells, did not cleave ephrin-B1-
Fc in vitro (Fig. 3D). . .
Expression of MMP-8 protein was detected at
approximately the same: levels in all of the cell lines we
examined (Fig. 4A, left), although it was detected at high level
when the cells were replated and decreased after the cells
reached confluence (Fig. 4A, right). When expression of
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Fig. 3. Screening of a protease that cleaves the extracellular domain
of ephrin-B1. (A) Panc-1 cells transiently expressing Flag-tagged
ephrin-B1 were incubated with various protease inhibitors for 4
hours in medium containing 0.5% FBS: leupeptin and E644
(Loxistatin), a cystein protease inhibitor; GM6001, a pan-MMP
inhibitor; PD150606, a calpain inhibitor; pepstatin A, an aspartic

- protease inhibitor; DCI (3,4-dichloroisocoumarin), a serine protease

inhibitor; TPCK (N®-tosyl-phe chloromethyl ketone), a chymotrypsin
inhibitor. The cleavage of ephrin-B1 ectodomain was examined as
described in Fig. 2A. (B) Left: SUIT-4 cells were incubated with
EphB2-Fc (2 pg/m1) together with or without TIMPs (100 nM for
each) as indicated for 2 hours. The processed ephrin-B1 fragment
was detected in the culture medium. Right: THP-1 cells were treated
with PMA (10 ng/ml) together with or without TIMP-3 (100 nM) for
6 hours. Open arrowhead indicates the processed fragment of TNF-a
in the medium detected by immunoprecipitation with anti TNF-a
antibody. (C) SUIT-4 cells were treated with various MMP inhibitors
as indicated (1 uM for MMP-8 inhibitor and 5 pM for others) for 4
hours. Ephrin-B1 fragment was detected in the medium. (D) Purified
ephrin-B1-Fc protein was incubated with activated MMP in vitro for
1 hour at 37°C, separated by SDS-PAGE, and immunoblotted with
anti-Fc mouse IgG or anti-ephrin-B1. Bottom: a schematic
representation of ephrin-B1-Fc with the MMP-8 cleavage site
indicated by a dotted line. Open and filled airowheads indicate
uncleaved ephrin-B 1-Fc and the processed fragments, respectively.

MMP-8 was reduced in SUIT-4 cells by treatment of cells with
siRNA, the amount of processed ephrin-B1 ectodomain in the
culture medium was decreased (Fig. 4B). By contrast,
overexpression of activated MMP-§ c¢DNA, in which the
propeptide domain was removed, in SUIT-4 cells evidently
increased the cleavage of ephrin-B1 (Fig. 4C).

As some MMPs and their substrates physically associate

 directly or indirectly and make a protein complex, interaction

between MMP-8 and ephrin-B1 was examined (Sawicki et al.,
2005; Yu et al., 2007). Ephrin-B1 was coprecipitated with
MMP-8 from extracts of L ephrin-B1 cells by MMP-8-specific
antibodies, but not by control normal rabbit IgG1, indicating
that MMP-8 forms a complex with ephrin-B1 (Fig. 4D).
However, association of MMP-8 with the receptor EphB2 was

not detected (data not shown). These results also suggest that
MMP-8 is the key metalloproteinase that cleaves the ephrin-
B1 ectodomain.

Stimutation of ephrin-B1 activates secretion of MMP-8,
which is regulated by the C-terminus of ephrin-B1

To understand the mechanism of activation of ephrin-B1
cleavage by EphB2, we next examined whether it is
accompanied by an increase in MMP-8 expression. The level
of intracellular expression of MMP-8 mRNA was not affected
by treatment with EphB2-Fc or contact of ephrin-Bl-
expressing cells with EphB2-expressing cells for 4 hours or
longer (Fig. 5A). Moreover, the amount of processed ephrin-
B1 ectodomain produced in the medium was not altered by the -
addition of cyclohexamide or actinomysin D, inhibitors of de
novo synthesis of mRNA and proteins, respectively (Fig. 5B).
These results indicate that activation of ephrin-B1 cleavage by
EphB2 does not depend on the increased amount of MMP-8.
In addition, when the de novo synthesis of MMP-8 was
blocked, the amount of intracellular MMP-8 protein decreased
slightly after 4 hours or longer treatment of ephrin-Bl-
expressing cells with EphB2-Fc (Fig. 5C), which suggests that
stimulation of ephrin-Bl activates extracellular release of
MMP-8 protein from the cytoplasm. Actually, the amount of
MMP-8 protein in the culture medium was remarkably elevated
after incubation of the cells with EphB2-Fc as detected by
immunoprecipitation (Fig. SD).

In order to show directly that stimulation of ephrin-B1
increased exocytosis of MMP-8, which was already
synthesized and present in the cytoplasm, SUIT-4 cells were
pulse-labeled with [*Sjmethionine. When pulse-labeled cells
were treated with EphB2-Fc, a higher amount of labeled MMP-
8 protein was detected in the medium compared to treatment
of cells with Fc (Fig. SE, left). However, secretion of labeled
MMP-7, which was examined as a control, was not altered by
EphB2-Fc treatment (Fig. 5E, right). In addition, the secretion
of [*S]methionine-labeled MMP-8 was also increased by
EphB2-Fc treatment of Capan-1 cells expressing wild-type
ephrin-B1, but it was not found in the media of cells expressing
ephrin-B1 lacking the C-terminus (AC4 and AC19) (Fig. SF,
left). Consistently, the total amount of MMP-8 protein in the
culture medium from cells expressing wild-type ephrin-B1 was
higher than in the medium from AC4 ephrin-B1-expressing
cells (Fig. SF, right). These results suggest that stimulation of
ephrin-B1 by EphB2 upregulates the process of MMP-8

. exocytosis, and the C-terminus of ephrin-B1 regulates this

event.

Stimulation of ephrin-B1 by EphB2 induces activation of
Arf1 GTPase

To further confirm that activation of MMP-8 secretion is
involved in the elevated ephrin-Bl cleavage in response to
stimulation with EphB2, the cells were treated with brefeldin A,
an inhibitor of membrane trafficking through the Golgi, which
blocks the secretion of proteins (Tamaki and Yamashina, 2002).
EphB2-stimulated cleavage of ephrin-B1 was apparently
reduced by brefeldin A treatment (Fig. 6A). As a mode of action
of brefeldin A is to inhibit activation of ADP ribosylation factor
1 (Arfl), a ras family GTPase, by blocking of the exchange
reaction from Arf1-GDP to Arfl-GTP (Niu et al., 2005; Zeeh et
al., 2006), we further examined the activity of Arfl in ephrin-
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Fig. 4. MMP-8 is the key protease of ephnn-Bl c]eavage (A) Expressxon of MMP-8 in cell lysates. Left The mdlcated cells were seeded on

plates not to reach confluence. Cell fysates were prepared on the day after

plating. Right: cell lysates were prepared 4 hours (4h) or 3 days (d3)

after being plated on dishes. The cells were confluent on day 3 after plating. (B) SUIT-4 cells treated with either MMP-8 siRNA or control
scrambled siRNA (control), or left untreated. The cells were detached 48 hours later, replatéd 6n new plates and further incubated for 24 hours.
Left: Cellular levels of MMP-8 were analyzed 72 hours after treatment of SUIT-4 cells with siRNAs. Right: the culture medium was replaced
with one fresh medium or medium containing EphB2-Fc (2 g/ml) and incubated for 2 hours fo detect ephrin-Bl ectodomain in the medium.-
(C) SUIT-4 cells were transiently transfected with the indicated volume of a p]asmld encoding Flag-tagged activated MMP-8 cDNA. After 48
hours of wansfection, the medium was replaced and the cells were further incubated for 6 hours to deiect processed ephrin-B1 ectodomain in
the medium. The expression of transfected MMP-8 in each cell lysate was confirmed by immunoblotting with anti-Flag antibody (bottom).
(D) The lysate of L ephrin-B1 cells was immunoprecipitated with anti-MMP-8 polyclonal antibody or control rabbit IgG1, and subjected to
immunoblotting with anti-ephrin-B1 C18 antibody. HRP-conjugated anti-rabbit 1gG (TrueBlot) was used as the secondary antibody for
immunoblotting to avdid cross reaction with denatured rabbit IgG heavy chain of the’ antibody used for immunoprecipitation. The arrowhead
indicates coprecipitated ephrin-B1. The astensk md:cates the IgG light chain.

B1-expressing cancer cells. To examine the amount of activated,
GTP-bound Arfl, a pull-down approach was performed with an
adaptor protein GGA3, which specifically binds to GTP-bound
Arfs (Dell’ Angelica et al., 2000): As a control experiment, we
confirmed that constitutively activated Arfl (Q71L), but not a
dominant negative mutant of Arfl (T31N) was coprecipitated
with GST-tagged GGA3 (Fig. 6B, right panel). Incubation of
SUIT-4 cells with EphB2-Fc increased the amount of Arfl1-GTP
coprecipitated with GST-tagged GGA3 (Fig. 6B): Similar results
were also observed. in PANC-1 cells expressing ephrin-Bl,
whereas treatment with EphB2-Fc did not affect activation of
Arf1 in parent PANC-1 cells, which: express ephrin-B1 in trace
amounts (Fig. 6B). The amount of Arf1-GTP was also increased
by EphB2-Fc treatment of Capan-1 cells expressing wild-type
ephrin-B1 or ephrin-B1 4YF mutant, but not'in cells expressing
AC4 ephrin-B1 (Fig. 6C). These results suggest that stimulation
of ephrin-Bl1 by EphB2 activates "Arfl, and the signaling
mediated by the C-terminus of ephrin-B1 is involved in this
pathway. Furthermore, -treatment of cells with brefeldin A, or

- overexpression of dominant negative mutant of Arfl, Arfl

T31N, decreased the secretion of MMP-8 in Capan-1 cells,
indicating that ‘Arfl regulates the secretion of MMP-8 (Fig. 6D).

The C-termmus of ephrin-B1 is mvolved in the invasion
by cancer cells

To investigate the biological implication of metalloproteinase
activation caused by ephrin-Bl-mediated signaling, we

\

examined changes in the invasiveness of ephrm -B l-expressmg
cells with or. without stimulation by EphB2 using an in vitro
cell invasion assay. The invasion of collagen by Capan-l cells
was promoted by expression of ephrin-B1 and treatment of the
cells with EphB2-Fc, and this invasion was inhibited by the
addition of an MMP-8 inhibitor (Fig. 7A). On the other hand,
the invasion by Capan-1 cells expressing AC4 ephrin-B1, or by
parent Capan-1 cells was not significantly promoted by
EphB2-Fc treatment (Fig. 7A).

We further examined whether. expressxon of ephrin-B1
acwally promotes cancer cell invasion in vivo using PANC-1
cells as a model system to study peritoneal dissemination.
PANC-1 cells stably expressing wild-type ephrin-B1 (PANC-
1 ephrin-B1) or AC4 ephrm-Bl (PANC-1 AC4) were
established fo compare. their invasiveness with that of parent
PANC-1 cells. Expresswn of wild-type or mutated ephrin-B1

- did not affect BrdU incorporation into cells grown under

normal two-dimensional cell culture conditions (data - not
shown). When these cells were injected intraperitoneally into
nude mice, PANC-1 ephrin-Bl cells formed many tumor
nodules in the mesenteric sheets and also in the pentoneal
cavity, mcludmg the rectouterine region. By contrast, in mice
injected with parent PANC-1 cells or PANC-1 AC4 cells, such
tumors in mesentery sheets were fewer and smaller, and the
total tumér volume involving the rectouterine region was much
less (Fig. 7B.C, Table 1). The cells composing the mesenteric
sheets express cognate receptors for ephrin-B1, EphB2 and
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Fig. 5. Stimulation of ephrin-B1 with EphB2 incréases MMP-8 secretion. (A) SUIT-4 cells were left untreated or were treated with EphB2-Fc

. or co-cultured with either parent or EphB2-expressing HEK?293 cells for 4 hours. Cellular levels of MMP-8 were analyzed by RT-PCR using

GAPDH as a control. (B) SUIT-4 cells were incubated with or without EphB2-Fc for 2 hours in the presence or absence of cyclohexamide
(CHX, 100 wg/ml) or actinomycin D (ACND, § pg/ml) to detect the ephrin-B1 ectodomain in the medium. (C) SUIT-4 cells or PANC-1 cells
stably expressing ephrin-B1 were treated with actinomycin D (5 pg/ml) together with or without EphB2-Fc (2 p.g/ml) for 4 hours. Cell lysates
were prepared and intracellular expression levels of MMP-8 were analyzed by western blotting using a-tubulin as a loading control.

(D) Conditioned medium of SUIT-4 cells were collected after the cells were treated with EphB2-Fc or left untreated for 4 hours in serum-free
medium. Proteins secreted in the medium were precipitated with trichloroacetic acid (10%), resuspended in sample buffer, and subjected to
immunoblotting with anti MMP-8 polyclonal antibody. Arrowheads indicate MMP-8 protein (proenzyme and activated). (E) SUTT4 cells were
metabolically labeled with [*S)methionine, then treated with EphB2-Fc or control Fc for 2 hours. The amount of labeled MMP-8 (left panel) or
MMP-7 (right panel) in the medium was evaluated through immunoprecipitation from the conditioned medium followed by SDS-PAGE and
autoradiography. Arrowhead indicates MMP-8 (proenzyme and activated; left) or MMP-7 (right) in the medium. (F) Wild-type and mutants of
ephrin-B 1 were expressed in Capan-1 cells as in Fig. 2A, and [33S}methionine-labeled MMP-8 was detected in the medium (left panel). Right:
The total amount of MMP-8 in the conditioned medium of Capan-1 cells was evaluated using the trichloroacetic acid (TCA) precipitation
procedure, followed by immunoblotting with anti MMP-8 antibody as inD.

EphB4 (see Fig. S1 in supplementary material). These results

" indicate that ephrin-B1 actually promotes cancer cell invasion,

which requires the C-terminus of ephrin-Bl. EphB2 and
EphB4 expressed in cells of the mesenteric sheet might act as
interaction partners for ephrin-B1 present on PANC-1 cells.

Discussion

The interaction of Eph family receptor protein tyrosine kinases
with their ligands, ephrin family proteins, induces bi-
directional signaling. In this study, we showed for the first time
that ephrin-B1 regulates the activation and release of a
metalloproteinase. We observed that binding of EphB2 to
ephrin-B1 promotes secretion of MMP-8 without increasing
the expression level of MMP-8. Activation of several
molecules, such as Erk, p38 and PI 3-kinase or Akt cause

- transcriptional activation of metalloproteinases (Chinni et al.,

2006; Raymond et al., 2006; Reuben and Cheung, 2006). In
our study, however, activation of ephrin-B1 by EphB2 binding
did not alter the phosphorylation levels of Erk-1, 2, p38 or Akt
(data not shown), as also reported by others (Huynh-Do et al.,,
2002). Our observation that ephrin-Bl-induced secretion of

MMP-8 was sensitive to brefeldin A, which blocks the
membrane trafficking of coated vesicles at the Glogi/trans-
Golgi network suggests that ephrin-B1 signaling resulted in
increased transport of MMP-8 from the cytoplasm to the cell
surface (Tamaki and Yamashina, 2002).

Regulation of the secretion of MMP-8 enables ephrin-Bl
signaling to play an important role in regulating MMP-8
activity. Like other soluble MMPs, MMP-8 is proteolytically
activated extracellularly by removal of its propeptide domain,
and physiologically relevant level of MMP protease activity
requires efficient release of the protease to the cellular surface
(Sternlicht and Werb, 2001). Although the molecular
mechanism of the MMP-8 secretory pathway is not well
understood, our data indicate that signaling mediated by the
carboxyl-terminal region of ephrin-B1 is involved. Notably,
removal of the C-terminus of ephrin-B1 resulted-in significant
reduction of MMP-8 secretion and cleavage of the extracellular
domain of ephrin-B1. In addition, the C-terminus of ephrin-B1
regulates the signal leading to activation of Arfl, a critical
regulator of membrane traffic in the secretory pathway and one
target of brefeldin A (Tamaki and Yamashina, 2002; Donaldson
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Fig. 6. Stimulation of ephrin-B1
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with EphB2-Fc (4 pg/ml) for 20 TphB2-Fe AFITAIN - - +
minutes before being lysed. Arf1- 20— R
GTP was pulled down with GST- A1-GTP cultyre medium SN Smeavie '
GGA3 bound to glutathione-- 20~ i e il ks 1B MMP-8
Sepharose. As controls, lysates of Total Arf) i cell Iysote PN
COS-1 cells transiently transfected ) 1B ephrin-B1 51 v, ol
with plasmids encoding Arfl T3IN cell Iysute o g
or Arfl1 Q71L, HA tagged at the C- 1B flag : BAMI20= W

terminus were analyzed (B, right

panel). Open arrowhead indicates cross-reacted GST-GGA3 used for the pull-down assay. (D) Suppression of Arf] activation decreased the
MMP-8 secretion. Capan-1 cells stably expressing ephrin-B1 were used. In the right lane, Arf] T3IN was also transiently expressed in the cells

‘by retrovirus mediated gene transfer. All cells were treated with EphB2-Fc together with (middle Jane) or without brefeldin A for 4 hours, and

the conditioned medium was subjected to TCA precipitation to detect MMP-8 through immunoblotting. The filled arrowhead indicates
endogenous Arfl, and the open arrowhead indicates HA-tagged Arf] T31N (bottom).

et al., 2005). Arfl GTPase regulates the membrane association
of coat proteins involved in intracellular membrane trafficking,
which is critical for the vesicle transport of secretory proteins
at the Golgi (Donaldson et al., 2005). Actually we observed
that treatment of cells with brefeldin A, or expression of Arfl
T3IN inhibited the secretion of MMP-8. Therefore, as one
possibility, secretion of MMP-8 is upregulated by activation of
Arfl GTPase through ephrin-B1 signaling, although the
molecular mechanisms connecting ephrin-B1 and Arfl are still
not well understood. As ephrin-B1 has a docking site for the
PDZ domain at the C-terminus, some protein containing PDZ
domains may be involved in this pathway. As a consequence,
the increase of secreted MMP-8 may trigger the degradation of
extracellular matrix and the cleavage of ephrin-B1 as a possible
feedback mechanism (Fig. 8). In our preliminary observations,
Arfl activation occurs as fast as 10 minutes after stimulation
with EphB2-Fc, and some increase of MMP-8 in the culture
medium was detected from 0.5 hours after addition of EphB2-
Fc. By contrast, the cleavage of ephrin-B1 was observed at 1
hour, but not at 10 minutes after stimulation with EphB2-Fc,
by immunoblotting of a cleaved C-terminal fragment of ephrin-
B1, p17, in cell lysates (data not shown). Although we cannot
determine the precise time point of MMP-8 secretion because
of the limitation of the antibody’s sensitivity, these
observations are compatible with the model that ephrin-Bl

reverse signaling induces Arfl activation, which leads to

MMP-8 release and ephrin-B1 - cleavage. As extracellular
activation of MMPs can be triggered by activation of other
MMPs, there is the possibility that ephrin-Bl-mediated
signaling may synergistically promote activity of several
MMPs. In addition, Arfl GTPase may involve the intracellular
transport of not only MMP-8, but also several other MMPs.
Whether metalloproteinases other than MMP-8 are also

upregulated by EphB2 stimulation of ephrin-B1 should also be
investigated. : ‘

We show that the 35 kDa ephrin-B1 fragment in the culture
medium of SUIT4 cells was generated by cleavage at aa 218.
From the experiments using natural inhibitors of
metalloproteinases, TIMP-1 but not TIMP-2 and TIMP-3
effectively blocked the cleavage of ephrin-Bl. Among these
TIMPs, TIMP-3 most effectively inhibits the function of ADAM
family metalloproteinase, including - ADAM-17 (TACE),
ADAM-10 and ADAM-TS4 (Amour et al., 2000; Brew et al.,

* 2000; Hashimoto et al., 2001). In addition, membrane-type

metalloproteinases (MT-MMPs) are preferentially inhibited by
TIMP-2 and TIMP-3, but not by TIMP-1 (Brew et al., 2000).
Our observation that cleavage of ephrin-B1 was most effectively
inhibited by TIMP-1, but not by TIMP-2 or TIMP-3 suggests
that it is unlikely that those members of the ADAMs family are
critically involved. However, we cannot exclude that TIMP-3-
independent ADAM metalloproteinases may contribute to the
processing of ephrin-B1. Together with the observation that
ephrin-B] cleavage was at least partially inhibited by RNA
interference of MMP-8, and it was increased by overexpression
of MMP-8, our results suggest that MMP-8 is the key
metalloproteinase that cleaves ephrin-B1 ectodomain.

In addition to an extracellular 35 kDa peptide derived from
the N-terminal of ephrin-Bl1, stimulation of ephrin-Bi-
expressing cells with EphB2-Fc resulted in the production of
a 17 kDa intracellular fragment (p17) derived from the C-
terminus of ephrin-B1. As detection of p17 was abolished in L
cells expressing the ephrin-B1 4A mutant (data not shown),
pl7 was generated by cleavage of ephrin-B1 within the
extracellular domain at aa 218. Ephrin-B1 and ephrin-B2 are
cleaved ‘within the transmembrane region by presenilin-
dependent y-secretase, which releases an approximately 12
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Fig. 7. The C-terminus of ephrin-B1 A
regulates the invasion of cancer cells. .
(A) Wild-type (WT) ephrin-B1 or AC4
ephrin-B1 mutant was expressed in
Capan-1 cells. The cells were seeded
onto a Transwell membrane coated with
a collagen matrix (25 pg/ cm?) in
serum-free medium containing control
Fc or EphB2-Fc (4 pg/ml) with or
without addition of the MMP-8 inhibitor
(1 uM). In the lower chamber, medium
containing 5% FBS was added as a
chemoattractant. After 8 hours
incubation, the wells were harvested and
cells that had invaded the collagen were
counted. Representative fields are
shown. (Right) The results from three
independent experiments, each in
duplicate, are shown as the mean = s.d.
*P<0.01. (B) PANC-1 ephrin-B1 cells
or PANC-1 cells transfected witha
mock vector (mock) were injected
intraperitoneally into nude mice. The
representative appearance of intestinal
loops 8 weeks after injection is shown.
Arrows indicate disseminated tumor
nodules in the mesentery. The right

collagen invasion assay

Drarem
2 BWT eplrini)
D ACA cplwin-BI

S DWT eplrin-hi
~MMP8 inh

panel shows the histology of the tumors in the mesentery (X 100). The asterisk indicates a tumor nodule. Microscopic invasion of cancer cells
was observed in the mesenteric sheet (blanket). (C) Representative appearance of the tumors of panc] cells expressing either mock vector, wild-
type or AC4 ephrin-B1 in the rectouterine region was compared. Yellow and red arrowheads indicate uterine homns and tumor nodules,

respectively.

kDa intracellular fragment (Georgakopoulos et al., 2006;
Tomita et al., 2006). Although p17 may be further processed
by v-secretase and produce a small intracellular peptide, we
did not detect such a product, possibly because of its rapid
degradation or cell type-dependent differences in protease
activity. .
One possible function of ephrin-Bl-mediated MMP-8
secretion is processing of ephrin-B1 and downregulation of
EhpB2-stimulated ephrin-B1 intracellular signaling. Unlike
wild-type ephrin-B1 protein, AC ephrin-B1 protein was not

reduced after EphB2-Fc treatment, which seems to suggest that -

cleavage of ephrin-B1 contributes to the down regulation of
ephrin-B1 after stimulation. However, recent reports show the
trans-endocytosis of ephrin-B1 after engagement with EphB

receptors, which regulates ephrin-B-mediated cell repulsion.

(Zimmer et al., 2003; Marston et al., 2003; Parker et al., 2004).
We also observed that ephrin-B1 4A, which also triggers Arfl
activation and release of MMP-8, but is resistant to cleavage,

Table 1. Mesenterial dissemination after intraperitoneal
inoculation of cancer cells

Number of nodules*
Cell line 0-10 10-30 30+
Mock 16 2 0
WT ephrin-B1} 0 4 17
AC4 ephrin-B1 12 4 3

Data are shown as the number of mice with tumors in the mesentery.
*Number of tumor nodules larger than 2 mm in the mesentery per body.

was degraded and decreased in amount after stimulation with
EphB2-Fc almost to the same degree with wild-type ephrin-B1
(data not shown). Because the C-terminus of ephrin-B1 may
also modify its endocytosis, we cannot conclude at present that
ephrin-B1 cleavage greatly affects the stability and turnover of
the EphB-ephrin-B1 complex on the cell surface. Rather, the
biological significance of ephrin-Bl-mediated MMP-8
secretion is considered to be the promotion of the invasion
potential of cancer cells via degradation of surmounding
extracellular matrix. However, addition of the 35 kDa ephrin-
B1 ectodomain prepared from conditioned medium of ephrin-
B1 expressing COS-1 .cells inhibited the motility of EphB2-
expressing cells, similar to the effect of unclustered ephrin-B1-
Fc, indicating the possible biological effect of secreted
fragments on cell movement, whereas it did not affect cell
proliferation (see Fig. S2 in supplementary material).

The potential significance of ephrin-Bl in cancer cell
invasion is supported by our finding that ephrin-B1-mediated
collagen invasion by Capan-1 cells was related to MMP-8. The
inability of AC-ephrin-B1 to promote collagen invasion in the
same assay revealed that signaling through C-terminus of
ephrin-B1 affects the invasion ability of cancer cells. In
addition, expression of ephrin-B1 in the pancreas cancer cells,
PANC-1, promoted the dissemination of intraperitoneally
injected cells into the mesentery and peritoneal cavity where
they formed tumor nodules, demonstrating for the first time
that ephrin-B1 actually promotes cancer cell invasion in vivo.
Overexpression of B-type ephrins in cancer cells would affect
cell-cell adhesion by their interaction with cell adhesion
proteins such as claudin (Tanaka et al., 2005). Ephrin-Bl-
mediated intracellular signaling also results in aberrant
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Fig. 8. Diagram showing the possible mechamsrn of ephrm-Bl- :
mediated stimulation of MMP-8 secretion and cell invasion. When
ephrin-B1 is stimulated by EphB receptors, Arfl GTPase is activated
through signaling mediated by. the C-terininus ephrin-B1, which may
stimulate the transport of MMP- 8 for extracellular release. The -

increase of secreted MMP-8 triggers the degradauon of extracelluiér ,' ;

matrix (ECM) and cleavage of ephnn-B]

activation of RhoA and Réc] (Tanaka &t al;, 2003; Tanaka et
al., 2004; Lee et al., 2005). Together, events such as these
would result in increased cell motility.. These findings in

conjunction with the ephnn-Bl ‘induction of MMP-8 secrenon, ‘

indicate that ephrin-B1 overexpressxon ‘would result in an
enhanced potential for invasion of surrounding tissues. For
example, both MMP-8 and ephrin-B1 are frequently expressed

- in ovarian cancers, and their expression correlates with tumor
"grade and a poor prognosis (Castellvi et al., 2006; Varelias et

al., 2002). Ephrin-B1 could also be involved in invasion of

‘cancer cells circulating in the blood into sheets of endothelial

cells which express EphB receptors and play a role in
extravasation and metastasis. The inhibition of a specific

“cellular signal originating in ephrin-B1 stimulation may be a

good candidate for regulating tumor invasion.

Materials and Methods - .

Plasmids, antibodies and reagents

Plasmids encoding full-length cDNASs of human ephrin-B1 and the Fc fusxon protein
construct of EphB2 and ephrin-B1 have been described previously (Tanaka et al.,
2004). Fc fusion proteins were purified from the culture medium of COS-1. ce]ls

! transfected with plasmids encoding EphB2-F¢ or ephrin-Bl-Fc using a protein A
" Sepharose column as described previously (Tanaka et al., 2004). Mutants of ephrin-

B1 lacking the cytoplasmic tail (AC4 and AC19, truncation of four or 19 aa residues
at the C-terminus, respectively) were generated using PCR-based techniques.
Alanine substitution of four aa in the extracellular domain (aa 216-219) of ephrin-
B, ephrin-B1 4A, was performed using the Altered Sites Mutagenesis System
(Promega). Generation of Ephrin-B1 with mutations of four tyrosine residues in the
cytoplasmic domain (Y313, 317, 324, 329) and ephrin-B1 4YF, have been described
prewously (Tanaka et al, 2005). For msking flag-tagged ephrin-B1, a DNA
fragment encoding the Flng tag was inserted 3’ to the signal peptide of ephrin-B1
(sa 1-24). To generate o plasmid encoding human activated MMP-8 cDNA
corresponding to nucleotides 336-824 of the reported (GenBank

_number BC074988) was amplified with RT-PCR from a cDNA template denved
. from U937 cells. The amplified MMP-8 cDNA was tagged with the signal peptide

and Flag at the 5' terminus, and cloned into pcDNA3. GST-GGA3 was generated
by cloning of PCR-amplified cDNA corresponding to aa 1-313 of human GGA3
short isoform (GenBank accession number AF219139) into pGEX4T2 (Amersham
Pharmacia). The plasmids encoding wild-type Arf] and Arf] T3)N bearing the HA
epitope at the C-terminus were donated from J. S. Bonifacino (National Institute of
Child Health and Human Development, NIH, Bethesda, MA). To generate the
recombinant retrovirus, cONAs were subcloned into pDON-Al vector (Takara).
Monoclonal and polyclonal antibodies that recognize the Flag tag were purchased

respectively.  Antibodies that recognize the HA tog were from InvivoGen
(InvivoGen, San Diego, CA; monoclona) antibody) and Santa Cruz Biotechnology
Inc. (polyclonal antibody). Rabbit polyclonal antibody that recognizes ephrin-B}
(C18) was purchased from Santa Cruz Biotechnology, Inc. The goat polyclonal
antibody against ephrin-B1, which reacts with the entire extracellular domain, was
purchased from R&D Sysiems. The polyclonal antibody against tyrosine-
phosphorylated ephrin-B] (ephrin-B] pY317, aa residues 314-321) was raised in
rabbits and affinity-purified as described previously (Tanaka et al., 2005). EphB2
and EphB4 polyclonal antibodies were from R&D Systems. Polyclonal and mouse
monoclonal antibodies for MMP-8 were purchased from Chemicon and Daiichi Fine
Chemical (Takaoka, Japan), respectively. The monoclonal antibody for
phosphotyrosine (4G10) and Arfl was from Upstate-Biotechnology and Affinity

'Blomgents xespecuvely TrueBlot . anti-rabbit 1gG secondary, antibody was

purchased from eBioscience (San Diego, CA). Cyclohexamide and actinomycin D
were purchnsed from Sigma, Purified TIMP-1, and, 2 were purchased from
Calbiochem, and TIMP-3 was from Sigma. The protease inhibitors shown in Fig.
3 and purified MMP-] (proenzyme), MMP-8 (proenzyme), MT1-MMP (catalytic
domain, aa, 89 265) and ADAMI0 (mature active ectodomain, aa 19-673) were
purchased,: from Calbiochem. The MMP-8. inhibitor. is = (3R)-(+)-[2-

'(4-methoxybenzcnesu]fonyl)—l 2,3 ,4-terahydroisoquinoline-3-hydroxamate).  Src

family kinase inhibitor 4-amino-5-(4-chlorophenyl)-7-(1-butyl)pyrazolo[3,4-

.- dlpyrimidine. (PP2)- and the structural analog 4-nm1no-7-phenylpymzolo[3 4-
,vd]pynnudme (PPB) were purchased from Cnlbxochem

Cell culture transfectlon and retrowrus mfection :

-

K SUIT-4 (Kawano et al., 2004) and the other pancreas carcinoma cell lines were
. cultired in RPMI1640 supplemented with 10% fetal bovine serum. Mice fibroblast - *-
L cells and COS:1 cells were cultured in DMEM with 10%, fetal bovine serum. For

transient expmssnon assays, COS-1 cells and SUIT-4 cells, were transfected with -
plasmld DNA"using Lipof ine 2000 (lnvnrogen) Recombinant

retroviral ‘plasmid, pDON-Al was cotransfected with pCblOAl retrovirus '

packaging vector (IMGENEX) into 293gp cells to allow the production of retroviral
particles. Capan-1 cells were infected with retroviruses for transient expression of

ephrin-B] or Arf] mutants, and used for experiments 48 hours afier infection. For
some experiments, Capan-1 cells stably expressing wild-type ephrin-Bl were
established after retrovirus infection through the selection in medium containing
G418 (600 p.g/ml). L cells stably expressing ephrin-B1 or EphB2 were established
as described and cultured in medium containing hygromycin B at a concentration
of 400 ug/m) (Tanaka et al., 2005). PANC-1 cells stably expressmg ephrin-B] were
established through selection in medium containing puromycin at a’ Goncentration

of 2 pg/ml for 2-3 weeks. Well isolated colonies were characterized further. ’

c

In vnro snRNA treatment

* Stealth siRNA (Invitrogen) of MMP-8 was synthesized as follows. Sense: 5'-

AAGGCAUGAGCAAGGAUUCCAUUGG-3'; antisense: 5'-CCAAUGGAAUCC-
UUGCUCAUGCCUU-3". The control siRNA (scramble 11 duplex: 5'-GCG-
CGCUUUGUAGGAUUCGATAT-3') was purchased from Dharmacon. SiRNAs
were incorporated into cells using Lipofectamine™ 2000 according to the
manufacturer’s mstrucuons (Invnrogcn) Assays were performed 72 hours post
treatment.

Peptidomic analysis of secretory proteins

SUIT4 cells were cultured in serum-free RPM11640 medium and the conditioned
medium was collected. Cleared supernatant was loaded onto a SepPak C18 cartridge
(Waters) for peptide extraction. Peptides bound to the cartridge were eluted with
0.1% trifluoroacetic acid (TFA)/60% acetonitrile (ACN) and lyophilized. The
resultant sample was reconstituted with the same solvent and applied to an HPLC
gel filtration column (Pharmacia). Fractions containing peptides with a molecular
mass below 8,000 Da were subjected to reductive alkylation as described previously
(Sasaki et al., 2002) and desalted with an Empore disk cartridge (3M). The desalted
material was separated with a 75 mm X 100 mm CI8 column (LC Packings,
Sunnyvale, CA) before matrix assisted laser desorption ionisation (MALDI)-
MS/MS analysis using an Ultimate HPLC pump and gradient programmer (LC
Packings). The solvent system was 5% acetonitrile (ACN) (solvent A) and 95%
ACN (solvent B): both contained 0.3% TFA. A linear gradient from'5% B to 60%
B over 50 minutes was used. Eluates were spotted at 20-second intervals using
Probot (LC Packings) on a MALDI target plate. Mass spectra were obtained in
reflector mode on a (MALDI-TOF/TOF 4700 mass spectrometer (Applied .
Biosystems). lon signals above S/N 25 observed in the MSMS spectra were selected
for MSMS ion search against human entries in the NCBI nr database using the
Mascot (Matrix Science) search algorithm with no enzyme specification, with the
mass tolerance of precursor jons and product ions set at 100 ppm and 0.25 Da,
Tespectively.

Immunoprecipitation and immunoblotting
Cell lysates were prepared with protease inhibitors in PLC buffer [50 mM HEPES
(pH 7.5), 150 mM NaCl, 1.5 mM MgCly, 1 mM EGTA, 10% glycerol, 100 mM

from Sigma and Affinity Bioreagents (Affinity Bioreagents, Golden, CO), =~ NaF, 1 mM Na;VO, and 1% Triton X-100]. To precipitate the proteins, 1 pg of
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monocional or affinity purified polyclonal antibody was incubated with 500 p.g of
cell lysate for 2 hours at 4°C, and then precipitated with protein G agarose for ! hr
at 4°C. Immunoprecipitates were extensively washed with PLC buffer, separated by
SDS-PAGE, and immuncblotted. In some experiments, TrueBlot anti-rabbit 1gG
(eBioscience), which does not react to the denatured rabbit 1gG, was used as the
secondary antibody of the immunoblotting. For detection of MMP-8, rabbit
polyclonal antibody was basically used in this study, however, almost the same
results were obtained by using mouse monoclonal antibody.

RT-PCR

Total RNA was prepared from cultured cells by Jsogen (Nippon Gene) according
to the manufacturer's instructions and treated with DNase ). cDNA was synthesized
from 2 pg of total RNA, and polymerase chain reactions (PCR) were performed in
a 25 p reaction volume at an annealing temperature of 55°C. The linear area of the
PCR for each reaction was defined; 15 cycles for GAPDH and 25 cycles for MMP-
8. Specific primers for MMP-8 and GAPDH have been described previously
(Wahlgren et al., 2001; Woo et al., 2003); the expected PCR products were 352 bp
and 300 bp, respectively. PCR products were subjected to electrophoresis on 2%
agarose gels, and DNA was visualized by ethidium bromide staining.

Metabolic labeling

Cells cultured in 60 mm diameter dishes were preincubated in methionine-free
DMEM (Sigma) for 1 hour, then cultured in 1.5 ml of methionine-free medium
containing 0.15 mCi of [**S)methionine (Amersham) for a further 4 hours. The cells
were rinsed extensively and incubated in medium supplemented with EphB2-Fc or
control Fc at 4 pg/ml for 2 hours. MMP-8 in the conditioned medium was purified
by immunoprecipitation using an anti-MMP-8 polyclonal antibody and separated
on SDS-PAGE. The gel was dried and subjected to autoradiography. The results
were visualized with a Bio Imaging Analyzer (BAS1000; Fuji).

In vitro cleavage of ephrin-B1

Purified MMP-1 and MMP-8 were activated prior to use by treatment with 2 mM
p-aminophenylmercuric acetate for 90 minutes at 37°C and dialyzed against 50 mM
Tris-HC] (pH 7.5) containing 150 mM NaCl, 5 mM CaCl; and 50 pM ZnCl..
Activated enzymes (10 nM, each) were incubated with ephrin-B1-Fc (2 M) in 50
mM Tris-HCl (pH 7.5) containing 150 mM NaCl, 5 mM CaCly, 50 pM ZaCl; and
0.05% SDS at 37°C for 1 hour, separated by SDS-PAGE, and immunoblotted with
anti-Fc of mouse IgG.

Arf1-GTP pull-down assay

To assess the amount of activated Arfl-GTP in cells, we performed a pull-down
assay by using 8 GST-GGA3 construct (Dell's Angelica et al., 2000). Briefly, cells
were left untreated or treated with EphB2-Fc (4 pg/ml) for 20 minutes. Cell lysates
were prepared in lysis buffer [SO mM HEPES (pH 7.5), 150 mM NaCl, 10 mM
MgCly, 10% g]yceml 100 mM NaF, ]| mM Na;VO4 and 1% Triton X-100], and
then incubated with gluthathione-Sepharose beads containing 8 GST-GGA3 fusion
protein for 45 minules at 4°C. Precipitates were washed four times in the same
buffer, and the precipitated Arf] was detected by immunoblotting.

In vivo tumor invasion assay

The animal experimental protocols were approved by the Committee for Ethics of
Animal Experimentation, and the experiments were conducted in accordance with
the guidelines for Animal Experiments of the National Cancer Center. Peritoneal
dissemination of tumors was tested by intraperitoneal injection of 1X 107 PANC-1
cells suspended in 0.3 ml of RPMI1640 medium into 6-week-0ld BALB/c nude
mice (CLEA Japan, Inc.). The mice were sacrificed 8 weeks after injection, and
peritoneal di jon was evaluated. To examine expression of Eph receptors in
mesentery-derived cells, the mesenteric sheets were cut along the streak of arteries
as described previously (Akedo et al., 1986). The cells were collected from dissected
sheets by incubating at 37°C for about 20 minutes in 0.25% trypsin in PBS.

We thank D. B. Alexander (Department of Molecular Toxicology,
Nagoya City University) for useful discussions and critical reading of
this manuscript. We thank J. S. Bonifacino (National Institute of Child
Health and Human Development, NIH) for donating Arf] plasmids.
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Malignant tumor cells f;cquently achieve resistance to anoikis, a form of apoptesis induced by detachment from
the basement membrane, which results in the anchorage-independent growth of these cells. Although the involve-

ment of Src family kinases (SFKs) in this alteration has been reported, little is known about the signaling pathways

involved in the regulation of anoikis under the control of SFKs. In this study, we identified a membrane protein,
CUB-domain-containing protein 1 (CDCP1), as an SFK-binding phosphoprotein associated with the anchorage
independence of human lung adenocarcinoma, Using RNA interference suppression and overexpression of CDCP1
mutants in lung cancer cells, we found that tyrosine-phosphorylated CDCP1 is required to overcome anoikis in lung
cancer cells. An apoptosis-related molecule, protein kinase C8, was found to be phosphorylated by the CDCP1-SFK
complex and was essential for anoikis resistance downstream of CDCP1. Loss of CDCP1 also inhibited the
metastatic potential of the A549 cells in vivo. Our findings indicate that CDCP1 is a novel target for treating
cancer-specific disorders, such as metastasis, by regulating anoikis in lung adenocarcinoma. )

Src family kinases (SFKs) play important roles in various cell
functions, including cell proliferation, cell adhesion, and cell
migration, under the control of extracellular stimuli (26). Many

" studies have shown elevated activity of SFKs or increased pro-
tein expression in a variety of human cancers (31). Thie activ-
ities of SFKs often correlate with the malignant potential of
cancer and poor prognosis (36). SFKs may contribute 10 vari-
ous aspects of tumor progression, including uncontrolled pro-

. liferation and migration, disruption of cell-cell contacts, inva-
siveness, angiogenesis, and resistance to apoplosis.

Anoikis is a form of apoptosis triggered by the loss of cell
survival signals generated from interaction with the extracel-
lular matrix (10). Anoikis is considered to be physiologically
important in the maintenance of homeostasis and tissue archi-
tecture (24). On the other hand, the resistance to anoikis
acquired during carcinogenesis has been described as a core
aspect of cancer cells for tumor progression and metastasis
(12). This property indicates the existence of survival signals in
tumor cells, which compensate for similar signals supported by
cell-matrix interactions. Since they were originally described by
Frisch and Francis (9), several previous reports have shown the
crucial role of SFKs in the anoikis resistance of tumor cells.
Viral Src oncoprotein abrogates anoikis in epithelial cells (13).
Src activation is also important for resistance to anoikis in
various cancers, such as colon tumor and Jung adenocarcinoma
cells (33, 35). However, the exact mechanism that is responsi-
ble for the anoikis resistance mediated by SFKs in human
cancer cells has not been cleatly elucidated.

The purpose of this study, therefore, was to identify the key
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molecules of anoikis resistance, which mediate signals from
activated SFKs in human cancer cells. For that purpose, we
analyzed proteins binding to SFKs with and without cell at-
tachment in a number of human lung cancer cell lines. We
found that tyrosine phosphorylation of a 135-kDa SFK-binding
protein is associated with elevated anchorage independence in
a group of lung cancer cell lines, especially in a cell suspension
condition. This 135-kDa phosphoprotein was purified and
identified as CUB-domain-containing protein 1 (CDCP1) by
mass spectrometry. The protein CDCP1 is a type 1 transmem-
brane protein that has possible roles in cell-cell and cell-matrix
adhesion (3, 5). The molecule has been reported to be highly
expressed in lung, breast, and colon cancers (6, 28). Using an
RNA interference (RNAI) technique, it was determined that
CDCP1 is required for the survival of lung cancer cells both in
suspension culture and in soft agar. This study identifies a
novel modulator that sustains anoikis resistance under the
control of SFKs in lung cancer cells.

MATERIALS AND METHODS

Plasmids, antibodies, and reagents. Full-length cDNA of human CDCP] with
a FLAG tag at the C terminus (wild 1ype |WT]) was obtained by reverse tran-
scription-PCR amplification from the mRNA of A549 human lung adenocarci-
noma cells and cloned into pcDNA3.] (lnvitrogen). The cytoplasmic-domain
mutants of CDCP1, Y734F (Tvr734 1o Phe), Y762F (Tyr762 to Phe), and Y2F
(Y734 and Y762 double mutant). were generated by PCR using the overlap
extension method of Ho et al. (14). The C2 domain of protcin kinase C8 (PKC3)
corresponding to amino acids (1 to 160) with a hemagglutinin (HA) 1ag at the C
terminus was obtained by PCR and cloned into pcDNA3.) (Invitrogen). To
express the Fyn Sre homology 2 (SH2) domain fused with ghutathione S-trans-
ferase (GST) protein (GST-FynSH2), a cDNA fragment of the Fyn SH2 domain
corresponding 10 nucleotides 1018 10 1299 of the reported seyuence (GenBank
accession number NM 002037) was amplified by PCR and cloned into pGEX4T2
(Amersham Pharmacia). .

Antiphosphotyrosine antibody (4G10) and anti-c-Src antibody (clone GD11)
were purchased from Upstate Biotechnology. Anti-Akt antibody, anti-phospho-
Akt (Serd73) amibody, anti-ERK1,2 antibody (p44/p42 mitogen-activated pro-
tein kinase [MAPK] antibody). anti-phospho-ERK12 antibody (phospho-pd4/
P42 MAPK [Thi202/Tyr204] antibody), anti-p38MAPK amibody, anti-phospho-



7650 UEKITA ET AL.

p3SMAPK  (Thr180/Tyr182) aniibody, and anti-phospho-PKCS (Tyr311)
antibody were purchased from Cell Signaling. Anti-HA (Y-11), anti-PKCS (C-
20), and anmi-Fyn (FYN3) antibodies were purchased from Santa Cruz Biotech-
nology. Ami-FLAG aniibody (Anti-FLAG M2 peroxidase conjugate specific
antibody) and antitubulin amibody (clone B-5-1-2) were purchased from Sigma.
The anti-c-Yes antibody was purchased from Transduction Laboraiories. An
anti-CDCP1 antihody (ab1377) was purchased from Abcam Lid. To generate the
CDCPI antibody, anti-CDCP] and the anti-phospho-CDCPI1 (Tvi734) antibody
were oblained by rabbit immunization using the cytoplasmic domain of CDCP1
fused to GST, and the amino peptides NDSHV(pY )AVIEC of CDCP1 were
obtained from MBL Co., Lid. Horseradish peroxidase (HRP)-conjugated anti-
mouse and anti-rabbit antibodies were purchased from Amersham Pharmacia,
The HRP-conjugaied anti-goat immunoglobulin G (1gG) antibody was pur-
chased from ZYMED. Mouse, rabbit, and goat IgGs were purchased from
DakoCytomation. The SFK inhibitor PP2 and the structural analog PP3 were
purchased from Calbiochem-Novabiochem Lid. Etoposide and Rottlerin were
purchased from Sigma-Aldrich.

Cel culture and transfection. The human lung adenocarcinoma cell lines
AS549, PC14, and 11322 and human lung squamous carcinoma ccll lines 14520 and
H157 were maintained in RPMI 1640 medium with 1092 fetal bovine serum
(FBS) at 37°C with 5% CO,. For transfcction, cells were seeded on a cell culture
plate or a 2-methaciyloyloxyethyl phosphorylcholine (MPC)-coated plate (Nunc)
at 1.5 X 10° cells per six wells or 9.0 X 10° cells/10-cm plate, and transfection was
performéd afier 14 h. Expression plasmids were transfected by Lipofectamine 2000
(Invitrogen) according 1o the manufacturer's instructions, To investigate the eflect of
PP2 weatment, cells were trenied with 10 uM of PP2 or 10 uM of PP3.

Construction of dicer, stealth siRNAs, and miR RNAJ vectors. Dicer small
interfering RNAs (siRNAs) of human ¢-Sre, Fyn, and ¢-Yes were genernled
using the BLOCK-iT RNAi TOPO transcription kit and BLOCK-T complete
dicer RNAI kit (Invitrogen) according 1o the manufacturer’s instructions. In the
generation of siRNA for Src, a 726-bp fragment from the initiation codon of
human ¢-Src was chosen as the target sequence and amplified by PCR using the
primers forward, 5'-ATGGGTAGCAACAAGAGCAAG-3, and reverse, 5'-G
TGGCACAGGCCATCGGCGTG-3'. As for Fyn and ¢-Yes, 999-bp and 857-bp
fragments were chosen as the targel sequences, respectively, and amplified with
the following primers: Fyn forward, 5-ATGGGCTGTGTGCAATGTAGG-3,
and reverse, 5'“CACCACTGCATAGAGCTGGAC-3'; c-Yes forward, 5'-CTGAA
AATACTCCAGAGCCTG-3', and reverse, 5'-CTTTGTCCTAGTTITAACCTCT
AG-3'. Dicer siRNA of LacZ was generated by the same procedure as dicer iRNAs
of ¢-Src, Fyn, and c-Yes and was used as a negative control. The stealth siRNAs of
human CDCP), PKCS, and the negative conirol were ordered from Invitrogen.
Specific primers were as follows: CDCP1 forward, 5'-GCUCUGCCACGAGAAA
GCAACAUUA-3', and reverse, 5-UAAUGUUGCUUUCUCGUGGCAGAGC-
3'; PKCB forward, 5'-GGUGCAGAAGAAGCCGACCAUGUAU-3', and reverse,
5'-“AUACAUGGUCGGCUUCUUCUGCACC-3". Transfection of both dicer and
stealth siRNAs was performed with Lipofectamine 2000 (lnvitrogen), and the eflect
was analyzed less than 48 h after the transfection.

A system stably expressing siRNA was generated using the BLOCK-IT Pol
11 miR RNAI expression vector kit (Invitrogen) according to the manufac-
turer’s instructions. In the generation of the miR RNA;j vector for humans,
CDCP1 was chosen as the target sequence, using the forward primer 5'-TG
CTGAATGTTGCTTTCTCGTGGCAGGTTTTGGCCACTGACTGACCT
GCCACGAAAGCAACATT-3' and the reverse primer 5'-CCTGAATGTT
GCTTTCGTGGCAGGTCAGTCAGTGGCCAAAACCTGCCACGAGAA
AGCAACATTC-3'. Cells stably expressing the miR RNAi vector for CDCP1
and LacZ werc established and cultured in medium containing blasticidin
(Invivogen) at a concentration of 10 pg/ml for 3 weeks. Two clones expressing
the CDCP1 RNAI vector (miCDCP1-1 and -2) were selected by significant
suppression of the CDCP] protein (<109), and two clones from the control
LacZ vector were also selected (miLacZ-1 and -2).

Soft-agar colony assay. Six-well tissue culture plates were coated with a layer
of RPMI 1640-109- FBS containing 0.5% ultrapure agarose (Invitrogen). Sub-
confluent A549 cells transfected with the dicer siRNA or miR RNA;j vector-
expressed clone were treated with EDTA, washed in phosphatc-buffered saline
twice, and resvspended in RPMI 1640-10% FBS at 6 x 10° cells/ml. Then, a
500-p1 cell sample was added to 1 ml of RPMI 1640-10% FBS containing 0.5%
ultrapure agarose (final concentration, 0.33%). The cells were platcd on the
coated tissue culture plates, allowed 1o solidify, and then placed in a 37°
incubator. Afier 30 days, colonies were scanned using a GS-800 calibraied den-
sitometer (Bio-Rad). and the numbers of colonies per well were determined.
Soft-agar assays were performed three times.

Immunoprecipitation and Western blotting. Cell lysates were prepared with
protease inhibitors in PLC bufler (10 mM Tris-11Cl, pH 7.5, 5 mM EGTA, 150
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mM NaCl, 1% Triton X-100, 10% glycerol, 10 pg/ml aprotinin, 1 mM sodivm
orthovanadate {NayVO,]. and 100 ug/ml leupepiin). The protein concentration
was measwred by BCA protein assay (Pierce). For purification, 1 pg of mono-
clonal or affinity-purified polycional antibody was added 10 the proteins, which
were then incubated with 500 pl (2 mg/ml} of cell lysate for 2 h at 4°C. Next, they
were precipitatcd with protein A- or protein G-agarose for 3 h at 4°C. The
immunoprecipitates were extensively washed with PLC bufler and prepared lor
Western blotting.

For Wesicrn blotting, samples were separated on sodium dodecyl sulfalc-
polyacrylamide gel clectrophoresis and transferred to a polyvinylidene difluoride
membrane (Immobilon-P; Millipore). Afier blocking of the membrane with
blocking buffer (Blocking One; Nakarai Tesque), the membrane was probed with
antibodics for detection. The membrane was funther probed with HRP-conju-
gated anii-mouse, anti-rabbit, or anti-goat 1gG (1:4,000) to visvalize the reacted
antibody.

Images were captured by a moleculdr imager (GS-800; Bio-Rad), and the
density of each smear was guantified using Quantity One software (Bio-Rad).

Identification of CDCPL. Isolated GST-FynSH2 protein coupled with cyvano-
gen bromide (CNBr) was used to purify the 135-kDa and 70-kIDa proteins from
the A549 cells cultured for 48 h on MPC-coated plates in growth medium.
Briefly, ~3 X 107 suspended A549 cells in a total of 400 dishes (10-cm dish; 30
ml culture medium) were collected and lysed in PLC buffer. The cell lysate was
rotated for 8 h at 4°C with GST-FynSH2 protein and washed four times vsing
PLC buffer before being eluted with GST-FynSH2-coupled protcins using 8 M
urea buffer (8 M urea, 10 mM Tris-HCJ, pB-7.4, 150 mM NaCl, 1% Triton
X-100). Secondly, the eluted sumple was dinlyzed three times against a 100-fold
volume of dialysis bufler (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM
Na,VO,), and then the sample was affinity purified with antiphosphotyrosine
monoclonal amibody (4G10) coupled with CNBr. 4G10-coupled proteins were
washed four times using PLC buffer and once using heptyl-glucoside buffer (10
mM Tris-HCl, pH 7.4, 150 mM NaQl, 0.1% heptyl-glucoside). Next, the samples
were cluted using 0.1 M phenvlphosphate in heptyl-glucoside buffer. The purified
135-kDa and 70-kDa proteins were concentrated, electrophoresed, and blotted
onto a ProBlott membrane (Applicd Biosysiems). After visvalization with col- -
loidal gold t1otal-protein stain (Bio-Rad), the isolated 135-kDa and 70-kDa
bands were analyzed by mass spectrometry. Four sets of amino acid sequences
determined from the 135-kDa band and an amino acid sequence determined
from the 70-kDa band indicated that both the 135-kDa and 70-kDa proteins
were CDCP1.

Apoptosis assay. Each cell was treated with EDTA, and 1 X 10° cells were
resceded onto normal or MPC-coated 96-well plates. After 24 h, the cclls were
lvsed and used for the detection of apoptosis. Apoplosis levels were determined
using a cell death ELISA kit (Roche Molecular Biochemicals), which detects the
presence of nucleosomes in the cyloplasm of apoptotic cells. The absorbance of
the samples was mcasured at a wavelength of 405 nm using a microplate reader
model 550 (Bio-Rad). ' .

BrdU incorporation assay. Cell proliferation was analyzed with the cell pro-
liferation ELISA BrdU kit according to the manufacturer’s instructions (Roche
Molecular Biochemicals) based on the measurement of 3-bromo-2’-deoxyuridine
(BrdU) incorporation during DNA synthesis of proliferating cells. Briefly, A549
cells were cultured in triplicate for 24 h in 96-well plates (1.0 X 10° cellshvell)
with or without cell attachment. The cells were subjected 10 BrdU incorporation
for 6 h. The colorimetric change was measured at 450 nm on a microplate reader
mode) 550 (Bio-Rad).

Infection of retroviral constructs. The retroviral vectors PQCXIN (Clontech)
and pCMSCVbsd were used to express human CDCP1 (WT) and Y734F with a
FLAG tag at the C terminus and full-length cDNA of Fyn kinase with a double HA
tag ot the C terminus (FynHA), respectively. pCMSCVbsd contains the blasticidin
resistince gene in place of the puromvcin resistance gene of pCMSCVpuro (20).
These retrovirus vectors were converted into the destination vectoss with a vector
conversion kit (Invitrogen). The ¢DNA scgments were first cloned into
pDONR221 and then into the destination vector, pDEST-PQCXIN or pDEST-
CMSCVhsd, according to the manufacturer’s instructions (Invitrogen). The pro-
duction of recombinant retroviruses was performed as described previously (25).
Bricfly, the retroviral vector and the packaging construct pCL-10A1 were co-
transfected into 293T cells using TransIT-293 (Mirus Co.. Madison. W1) accord-
ing 10 the manufacturer’s instructions, and culture fluid was harvested 4810 72 h
posttransfection. H322 cells were infected with the viral fluid in the presence of
4 mg/ml Polybrene, and the infecled cells were sclected in the presence of 800
ng/ml G418 or 5 pug/mi blasticidin. For combinations of retroviral infections, cells
were first transduced with CDCP1 and then with Fyn kinase.

Experimental metastasis assay. Femnle BALB/cAlcl-nu/nu nude mice wore
purchased from CLEA Japan Inc. All of the mice used in these experiments were
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FIG. 1. Anchorage independence of lung adcnocarcinoma cells requires SFK. (A) The effect of SFKs on anchorage independence was
determined by soft-agar assay. A549 cells were treated with the SFK inhibitor PP2'(10 pM) and SFK dicer RNAI [bars Sre(—). Fyn(—). and
Yes(—)), and controls [bars Parent, PP3, and LacZ(—)] were seeded onto each soft-agar plate (3 X 10 celis). Colonies equal 10 and larger than
0.5 mm in diameter were counted after 30 days. The error bars represent standard deviations, and the asterisk indicates statistically significant
differences (P < 0.01) between the parent and PP2 treatment cells, while the double asterisk indicates statistically significant differences (# < 0.01)
between LacZ(-) and each of the SFK RNAI treatment cells. (B) A549 cells ransiently transfected with c-Src, Fyn, ¢-Yes, or LacZ dicer RNAI
(dRNAI) were incubated for 48 h in culture plates. The cells were lysed and subjected 10 immunoblotting with the indicated antibodies. (C) Cell
growth in A549 cells was subjected 10 a determination of the number of cells, as described for panel A. Approximately 2 X 10* cells were seeded
onto normal (Adhesion) or MPC-coated (Suspension) culture plates with medium. The growth medium was changed every 2 days. The total cell
number on each plate was determined every 2 days by a Coulter particle counter 21 (Beckman). (D) SFKs did not affect the phosphorylation of
Akt, Erki/2, or p3SMAPK. The lysate of suspended A549 cells transiently transfected with dicer RNAi for each of the SFKs was prepared and

subjected 10 immunaoblotting with the indicated antibodies.

6 10 8 weeks old. A549 clones generated by the miR RNAI system and H322 cells
were evaluated by experimental metastasis assay, as described by Fidler et al. (8).
Bricfly, cells (5 X 10° cells/0.2 ml of mediuim without serum; n = 6) were injected
into the 1ail veins of mice. The mice were sacrificed 100 days after cell inoculation
for the counting of melastatic nodules. The numbers of lung metastases and
nodule formations were delermined. ’

To determine the eflect of CDCP1 on tumor growth in nude mice, A549
clones (3 X 10" cells/0.2 ml of medium without serum) were subcutancously
injected into the right flanks of mice. The mice were killed at 30 days. The
results are expressed as the mean weight of tumors from three mice =
standard error.

RESULTS

The anchorage independence of lung cancer cells involves
SFKs. We first examined the involvement of SFKs in the
anchorage independence of A549 lung adenocarcinoma
cells using the colony formation assay on soft agar with or

without PP2, an SFK inhibitor (Fig. 1A). A549 cells and cells
treated with PP3, an inactive derivative of PP2, formed a
similar number of colonies in soft agar, while the addition of
PP2 caused a significant decrease in the numbers of colo-
nies. A similar effect of PP2 was observed in most lung
cancer cells, such as the PC3, PCi4, HS20, and LK2 cell
lines (data not shown). '

To determine which member of the SFKs mainly contributes
10 the anchorage independence of A549 cells, individual ex-
pression of ¢-Src, Fyn, and c-Yes was downregulated using
RNA:I technology (Fig. 1B), and colony formation assays were
performed on soft agar (Fig. 1A). A549 cells treated with Fyn
or ¢-Yes siRNAs formed significantly fewer colonies than the
control cells treated with LacZ siRNA, while cells treated with
c-Src siRNA formed slightly fewer colonies. We also observed
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a similar suppressive effect of Fyn and c-Yes RNAj in PC14
and H520 lung cancer cells (data not shown).

To further assess. the significance of SFKs during the an-
chorage-independent growth, the effects of PP2 or RNAI for
each SFK on cell growih were examined with or without cell
attachment using a normal culture dish or MPC-coated dish,
respectively. In adherent culture, no significant eflect on cell
numbers was observed by treatment with PP2 or by any siRNA
for the SFKs (Fig. 1C, Adhesion). In suspension culture, how-
ever, AS49 cells treated with PP2 or with siRNAs for Fyn or
c-Yes showed a significant reduction of cell counts compared
with untreated cells, while cells ireated with ¢-Src siRNA
showed only a slight reduction in cell pumbers (Fig. 1C, Sus-
pension). Neither control siRNA nor PP3 had a detectable
effect on cell growth in-suspension culture.

The phosphatidylinositol (P1) 3-kinase/Akt pathway and the -

MAPK pathway are the most significant pathways mediating
growth factor signals during cell survival and cell prolifération.
We therefore examined whether downstream signals of SFKs,
which lead to anchorage independence of A549 cells, involve
the activation of these two pathways. Suppression of the ex-
~ pression of c-Src, Fyn, or ¢-Yes by each RNAi had no signifi-
cant eflects on the phosphorylation of Akt and ERK in the
suspension culture of A549 cells. These sets of siRNAs also
had no effect on the phosphorylation of p38MAPK (Fig. 1D).

Taken together, these data suggest that Fyn and c-Yes are
required for anchorage -independence in A549 cells, and the
cellular signals mediated by these kinases are independent of
the Akt, ERK, and p38MAPK pathways.

Purification of 135-kDa and- 70-kDa phosphotyrosine pro-
teins associating with SFKs in suspension culture. To identify
which molecules mediate the SFK signals specific for anchor-
age independence, we analyzed the phosphotyrosine-contain-
ing proteins that bind to SFKs. Among the proteins associated
with SFKs, two proteins with molecular masses of 135 kDa and
70 kDa were prominently phosphorylated, even in suspension
culture (Fig. 2A), and these proteins were also phosphorylated
in PC14 and H520 cell lines, which also exhibit a high level of
anchorage independence (Fig! .A High). In contrast, the
H322 and H157 cell lines, whlch formed a small number of
colonies in soft agar (Fig. 2A, Low), displayed rather lower
levels of phosphorylation of these two proteins (Fig. 2A). Us-
ing these results, we sought to identify proteins that function as
downstream mediators of SFKs in anchorage-independent
growth.

As several antibodies against the known phosphoproteins
failed to recognize the 135-kDa and 70-kDa proteins, we ap-
plied affinity purification. Using A549 cells cultured for 48 h
with and without cell attachment, these 135-kDa and 70-kDa
proteins were pulled down with the Fyn SH2 domain more
cfficiently under suspension conditions (Fig. 2B). A total of
~12 X 10*° cells in suspension culture were first purified with
the Fyn SH2 domain. After purification by a second affinity
column using a 4G10 antiphosphotyrosine antibody, samples
were analyzed by Western blotting (Fig. 2C, WB) and colloidal
gold total-protein stain (Fig. 2C, G). Bands corresponding 1o
the two proteins were cut out and analyzed by mass spectrom-
etry. Four péptides from the 135-kDa band and one peptide
from the 70-kDa band were determined by mass spectrometry
to be the recently identified membrane protein CDCP1 (Fig,
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2C). The proteins at molecular masses of both 135 kDa and 70
kDa in the suspension culture appeared to contain the single
protein CDCPI. The 70-kDa protein was estimated to be a
cleaved product of ])5 kDa CDCP], as previously reported
(5)-

ldentification of the major phosphoprotein of the 135-kDa
and 70-kDa proteins as CDCP1 and its association with an-
chorage independence. Anti-CDCP1 antibody recognized pro-
teins of exactly the same molecular masses as the 135-kDa and
70-kDa proteins both in the whole-cell lysate and in the sample
pulled down by the Fyn SH2 domain (Fig. 3A, WCL and PD).
CDCP1 was also clearly coimmunoprecipitated with each SFK
molecule originally expressed in A549 cells, especially with
Fyn and c-Yes, which is consistent with the original 135-kDa
protein (Fig. 3A, IP). On the other hand, immunoprecipi-
tation with anti-CDCP1 antibody revealed that CDCP1 was
strongly associated with Fyn and ¢- Yes and very weakly with
c-Src (Fig. 3B). .

To confirm that the phosphory]auon of CDCP1 in each lung
cancer cell line is associated with high anchorage indepen-
dence, we generated a phosphospecific antibody (p-CDCP1
| Tyr734]) against tyrosine 734 of CDCP1, which is reported 10
be a major phosphorylation site for SFK (1, 5), and analyzed
the phosphorylation of CDCP1 in each cell line (Fig. 3C).
Prominent phosphorylation of CDCP1 was observed in the
A3549, PC14, and H520 lung cancer cells with high anchorage
independence (Fig. 3C, High), while the H322 and H157 cells,
which have low anchorage independence (Fig. 3C, Low), ex-
hibited rather low levels of phosphorylation of CDCP1. From
these results, we concluded that the 135-kDa phosphoprotein
detected in lung cancer cells is CDCP1, and its phosphoryla-
tion status appears to be associated with anchorage indepen-
dence.

We cxamined whether the phosphorylation of CDCP1 is
altered with or without cell attachment in the culture. After
detachment of A549 cells with EDTA, the cells were either
plated on a normal dish to cause readhesion or plated on an
MPC-coated dish to grow in suspension for 48 h. Under either
plating condition, the phosphorylation level of CDCP1 was
continuously increased until 24 h; however, it exhibited a sud-
den decrease at 48 h in adhesion culture, while it increased
further in suspension culture (Fig. 3D). Notably, thése dynamic
changes of phosphorylation during cell suspension and read-
hesion appear 10 partially reflect the change in the expression
level of CDCP1.

CDCP1 is a regulator of anoikis resistance in lung adeno-
carcinoma. Next, we checked whether CDCP1 is involved in
the regulation of the anchorage independence of A549 cells
under the control of SFK activity. For this purpose, we obtained
the stable A549 cell clones miCDCP1-1 and miCDCP1-2, which
showed suppressed expression of the CDCP1 protein, by using
the siRNA for CDCP1 with a BLOCK-T Pol Il miR RNAi
expression vector sysiem (Fig. 4A). Both of the clones
formed significantly fewer colonies in the soft-agar assay
than the LacZ clones (Fig. 4B), suggesting thatr CDCP1 is
actually required for the anchorage independence of A549
lung adenocarcinoma.

Anchorage independence may reflect the persistence of
growth and/or survival of cancer cells in suspension; therefore,
the effects of CDCP1 expression in suspended cells on cell
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FIG. 2. Purification of phosphotyrosine-containing 135-kDa and 70-kDa protein-forming complexes with SFKs in suspension culture. (A) An-
chorage independence in a series of lung cancer cell lines was examined by soft-agar assay (top). The large number of colonies formed in the lung
cancer cell lines A549, PC14, and H520 (High) and the small number of colonies formed in the H322 and H157 cell lines (Low) cultured for 48 h
under both adhesion and suspension conditions were collecied and subjected to immunoprecipitation (IP) with anti-Fyn (Fyn3) antibody and
immunoblotting (1B) with antiphosphotyrosine (4G10) antibody. Phosphotyrosine-containing proteins coimmunoprecipitated with Fyn at the
molecular masses of 135 kDa and 70 kDa are indicated by arrowheads. The asterisk indicates phosphorylated Fyn. The expression of Fyn in each
cell lysate was confirmed by immunoblotting (bottom). A, adhesion; S, suspension. The error bars represent standard deviations. (B) GST-FynSH2
protein generated by Escherichia coli was used to pull down the lysate of A549 cells cultured under adhesion or suspension conditions. The isolated
samples were immunoblotted with amiphosphotyrosine (4G10) antibody. The arrowheads indicate the phosphotyrosine-containing 135-kDa and
70-kDa proteins. (C) Phosphotyrosine-containing proteins (135 kDa and 70 kDa) were purified according 1o the protocol described in Materials
and Methods. Aliguots of the purified 135-kDa and 70-kDa phosphotyrosine-containing proteins were examined by Western blotting (WB) using
antiphosphotyrosine (4G10) antibody, and the remaining samples were stained with colloidal gold total-protein stain (G). Four peptides

determined by mass spectrometry (peptides 1 to 4) were identified within the sequence of CDCPL.

proliferation and on cell apoptosis were individually examined.
Each miCDCP1 clone in suspension culture showed an in-
creased level of apoptosis compared with miLacZ clones (Fig.
4C). In contrast, no significant change in the cell growth level was
observed in each of the miCDCP1 and miLacZ clones compared
with the parental A549 cells in suspension culture (Fig. 4D).
Importantly, there was no significant change in either cell growth
or apoptosis in the adhesion culture (Fig. 4C and D). -

We also examined the effect of the expression of phosphor-
ylated CDCP1 on cell proliferation and cell apoptosis using
H322 lung adenocarcinoma cells with low anchorage indepen-
dence. CDCP1 (WT) and/or Fyn kinase with double HA tags
at the C terminus (FynHA) were expressed in H322 cells by
retroviral vectors, and the expression was checked by West-
ern blotting (Fig. 5A). Additionally, a CDCP] mutant lack-
ing a putative SFK-binding site (Y734F) was also expressed

(2). An increased level of phosphorylation of CDCP1 was
observed in H322 cells overexpressing both WT and Fyn
kinase (Fig. 5A, WT+FynHA), which caused an inhibition
of apoptosis in suspension culture (Fig. 5B). These changes
were not observed with either Fyn kinase or WT CDCP1
alone. On the other hand, expression of Y734F alone in-
creased the level.of apoptosis in suspension culture, suggest-
ing a dominant-negative effect of this. CDCP1 mutant (Fig.
5B, Y734F). A slight enhancement of cell proliferation in
suspension culture was observed by expressing Fyn kinase
and either WT or mutant CDCP1, but this change was not
significant (Fig. 5C).

These results suggest that phosphorylation of CDCP1 con-
fers anchorage independence through the inhibition of apop-
tosis. In other words, phosphorylation of CDCP1 regulates
resistance 1o anoikis in lung cancer cells.
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FIG. 3. Identification of the 135-kDa and 70-kDa proteins as CDCP1 and its phosphorylation associated with anchorage independence. (A) The
lysate of A549 cells was subjected to whole-cell lysate (WCL) or pull-down assay with GST-FynSH2 protein (PD) or immunoprecipitated with
anti-c-Src, anti-Fyn, and anti-c-Yes antibodies (IP).and immunoblotied (IB) with anti-CDCPI1 antibody. The same blot was rehybridized with
antiphosphotyrosine (4G10) antibody. (B) The lysate of A549 cells was immunoprecipitated with anti-CDCP1 antibody (ab1377) or goat IgG as
indicated. The precipilates were subjected to immunoblotting with anti-c-Src, anti-Fyn, anti-c-Yes, and .anti-CDCP1 antibodies. (C) The large
number of colonies formed by the Jung cancer cell lines A549, PC14, and H520 (High) and the small number of colonies formed by the H322 and H157
cell lines (Low) cultured for 48 b in the susperision condition Were collected and subjected to immunoblotting with anti-phospho-CDCP1 (Tyr734) and
CDCP1 antibodies. This experiment was performed three times. The ratio of the phosphorylation Jevel in each lung adenocarcinoma cell was measured
as described in Materials and Methods. The error bays represent standard deviations. (D) Time course analysis of CDCP1 expression and phosphorylation
with or without cell attachment. A549 cells were reseeded on normal cell culture plates and an MPC-coated plate at a density of 1.5 X 10° cells per plate
with complete medium. For the preparation of the reseeding cells, 2 mM EDTA/Hanks’ balanced salt solution was used to detach the cells. For each time
point, cells were collected and subjected 10 immunoblotting with the indicated antibody. The same membrane rehybridized with antitubulin antibody
confirmed the concentration of total proteins in each lysate ((tubulin). The arrowheads indicate CDCP1.

PKCS is a signal molecule downstream of CDCP1 during
anoikis resistance in lung adenocarcinoma. CDCP1 protein
has been shown to bind PKC3 in a phosphorylation-dependent
manner (2). PKCS is a regulator of apoptosis, and it has been
reported that the phosphorylation of PKC3 requires the activ-
ity of SFKs (37). By treatment with the SFK inhibitor PP2,
both the association of PKC8 with CDCP1 and the phosphor-
ylation of PKC3'at Tyr311 were clearly inhibited (Fig. 6A).
CDCP1 (WT) and the CDCP1 protein with a point mutation at
Tyr734 (Y734F) were C-terminally FLAG tagged and ex-
pressed in COS7 cells. After transfection with each plasmid,
he association of the Fyn SH2 domain with WT and Y734F
mutants was examined. The Fyn SH2 domain was able 10 pull
down the WT but not the Y734F mutants (Fig. 6B, PD: Fyn
SH2). The levels of tyrosine phosphorylation of Y734F mu-

tants was much lower than that of the WT in A549 cells (Fig.
6B, IB: 4G10), suggesting that Tyr734 of CDCP1 directly binds
10 Fyn and that the association is essential for the phosphory-
lation of CDCP1. The association between CDCP! and PKCS
was also impaired in the Y734F mutant compared with the
WT, indicating that the phosphorylation of CDCP1 is required
for the association. :

Overexpression of- Y734F in A549 cells also blocked the
association between PKCS and CDCP1 and the phosphoryla-
tion of PKCS at Tyr311 (Fig. 6B). Moreover, treatment with
CDCP1 siRNA also decreased the phosphorylation level of
PKC3 (Fig. 6C). In addition, the phosphorylation level of
PKCBS at Tyr311 was elevated in H322 cells by overexpressing
both WT CDCP1 and Fyn kinase but not significantly with
either the WT, the Y734F mutant, or Fyn kinase alone (see the
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FIG. 4. CDCP1 confers anchorage independence by inhibiting apoptosis in suspended lung adenocarcinoma. (A) CDCPl-defective A549 cell
clones (miCDCP1-1 and miCDCP1-2) were generated by an miR RNAJ expression vector kit (Invitrogen). miLacZ-1 and miLacZ-2 were control
clones. The expression of CDCP1 in each clone (1.5 X 10° cells) cultured for 24 h in an MPC-coated plate was examined by Western blotting using
CDCP1 antibody. The concentration of total protein in each clone was confirmed by the same membrane rehybridized with antitubulin antibody
(bottom). The arrowheads indicate CDCP1. (B) Each CDCPI-defective clone and control clone was seeded onto soft-agar plates (3 X 10° cells)
(right). Colonies equal to and larger than 0.5 mm in diameter were counted after 30 days. The error bars represent standard deviations, and the
asterisks indicate statistically significant differences (P < 0.01) (left). (C) CDCP1-defective AS549 cell clones (miCDCP1-1 and -2) and control miLacZ
clones (1.0 X 10° cells) were cultured in normal and MPC-coated 96-well plates. Afier 24 b, the cells were lysed and apoptosis was examined using a cell
death ELISA kit (Roche). The total apoptotic level of A349 cells was examined by treatment with etoposide (25 wM). The relative apoptosis levels are
shown as the Jevels of apoptosis in each clone compared with those of parental cells. In suspension culture, miCDCP1 clones exhibited an increased level
of apoptasis compared with that of miLacZ clones. The error bars represent standard deviations, and the asterisks indicate statistically significant
differences (P < 0.01). (D) Cell proliferation was determined with a cell proliferation ELISA BrdU kit (Roche). Each clone (1.0 X 10° cells) was cultured
on normal and MPC~coated 96-well plates. No significant change in cell proliferation was observed in the miCDCP1 or in miL.acZ clones compared with

parental A549 cells with or without cell attachment. The error bars represent standard deviations.

supplemental material). Therefore, CDCP1 might be required
for the phosphorylation of PKCS by linking PKC8 to SFKs in
a phosphorylation-dependent manner.

To check whether PKC3 can regulate anoikis in lung ade-.

nocarcinoma cells, cell apoptosis caused by the suspension of
miCDCP1 and miLacZ clones was examined with or without
PKC8 RNAI. As shown in Fig. 6D, PKC8 RNAI increased the
level of apoptosis in the control A549 cells (milacZ) to a
degree similar 10 that achieved by the suppression of CDCP1
expression (miCDCP1); however, no additive eflect on cell
apoptosis was observed by the suppression of both CDCP1 and
PKC3. Similar results were obtained from two other indepen-
dent sets of siRNAs for PKC3 (data not shown). Moreover,
treatment with the PKC inhibitor Rottlerin increased the level
of apoptosis compared with the parental A549 cells (Fig. 6E).
We also examined whether the blocking of the CDCP1-PKCS
signal pathway aflects anoikis resistance in A549 cells by over-
expressing the C2 domain of PKC3, which has been shown to

be responsible for the association with tyrosine-phosphory-
lated CDCP1 (2). The HA-tagged C2 domain of PKC3
(C2HA) expressed in A549 cells was actually associated with
phosphorylated CDCP1 (Fig. 6F, upper panel) and suppressed
the tyrosine phosphorylation levels of PKCS (Fig. 6F, bottom).
At the same time, overexpression of C2ZHA resulted in a sig-
nificant increase in the level of apoptosis in suspension culture
compared with a mock-transfected control, while it had no

-significant effect on adherent culture (Fig. 6G).

These results suggest that the CDCP1-SFK complex is re-
quired for the phosphorylation, of PKC8 under suspension
conditions and that PKCS3 is a signal molecule for regulating
anoikis resistance downstream of CDCP1 signaling,.

CDCP1 aflects the metastatic potential of A549 lung adeno-
carcinoma in vive. Anchorage independence is thought to be
an important characieristic of cancer cells that acquire meta-
static potential. In order to determine the effect of CDCP1 for
in vivo metastasis, miCDCP1 and miLacZ cells were injected
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FIG. 5. Anoikis resistance was recovered by phosphorylated CDCP1 in H'522 cells with low anchorage independence. (A) H322 cells that
overexpressed CDCP1 (WT), a CDCP1. mutant (Y 734F), and/or Fyn kinase tagged with HA (FynHA) was incubated for 24 h in MPC-coated
plates. The cells were lysed and subjected to immunoblotting with the indicated antibodies. (B) Cells, as indicated (1.0 X 10° cclls), were culturcd
in normal and MPC-coated 96-well plates.-Afier 24 h, the cells were lysed and apoptosis was examined using a cell death ELISA kit (Rochc) The
total apoploue level of mock-infected cells was examined by treatment with etoposide (25 pM): The relative. apopiosis levels are shown as the levels
of apoptosis in each of the cells compared with mock-infected cells in adhesion culture. The error bars represent standard deviations, and the
asterisk indicates a statistically significant diflerence (P < 0.05) between mock-transfected cells and other cells in suspension culture. (C) Cell
proliferation was determined with a cell prohfcrauon ELISA BrdU kit (Roche). Each of the cells (1.0 X 10 cells) was cultured on normal and
MPC-coated 96-well plates. No significant change in cell proliferation was observed in each of the cells compared with mock-infected cells wuh
or without cell attachment (BrdU). The error bars represent standard deviations.

into the tail veins of mice and raised for 100 days. The meta-
static capacity was assessed {rom the number of metastatic cell
nodules in mouse lungs. The frequency and number of the
metastatic nodules observed in the lungs of each miCDCP]
clonie were much less than those found in A549 miLacZ (Fig.
7B). Additionally, H322 cells that belong to the group with Jow
anchorage independence displayed metastasis in only one out
of six mice. The average of each of the metastatic nodules and
the results of metastasis for each mouse are shown in Table 1.
Interestingly, no significant change in tumor growth in nude
mice was observed in the miCDCP1-1 clone compared with the
A549 miLacZ-1 clone (Fig. 7A). Since the melastatic assay
mimics only the middle and late processes of metastasis, these
results indicate that CDCP1 affects the later process in the
metastasis of lung adenocarcinoma in vivo, possibly through
the regulation of anchorage independence.

DISCUSSION

This study has identified CDCP1 as a crucial regulatory
molecule of anoikis resistance in lung cancer cells. The signal

mediated by the CDCP1-SFK complex appears to play the
principal role in overcoming anoikis. CDCP1 has previously
been identified as a novel epithelial tumor antigen (28) and as
a tumor-associated protein preferentially expressed by highly
metastatic epidermoid carcinoma (15), although little is known
about the function of CDCP1 in tumor cells. Some putative
functions have been suggested, such as the hypothesis that
CDCP1 is a mitotic substrate of SFKs under cell cycle regula-
tion in MDA-468 breast cancer cells (3). In this study, we
found a distinct novel function of CDCP1 in tumor cells that
occurs through phosphorylation by SFKs.

We found that the disruption of CDCP1 expression in- A549
cells-resulted in defective colony formation in soft agar, sug-
gesting that CDCP1 affects anchorage independence (Fig. 4B).
Anchorage independence is an outstanding characteristic of
tumor cells, which confers the ability to grow without atlach-
ment* to the extracellular matrix. Anchorage independence
may come from either persistent cell growth or resistance 10
apoptosis in a suspension condition. As found in this study,
CDCP1 does not significantly affect cell growth. A key finding
here is that the loss of CDCP1 induces the apoptosis of lung



