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Abstract

Runx1, one of three mammalian runt-domain transcription factor family proteins, is essential for definitive hematopoiesis. Based ‘on
transfection assays, phosphorylation of Runx1 at the three serine residues, Ser249, Ser266, and Ser276, was thought to be important for
trans-activation activity of Runx1. By using “knock-in” gene targeting, we generated mouse strains expressing mutant Runx] protein
that harbored a combined serine-to-alanine substitution at either of two residues, Ser249/Ser266 or Ser249/Ser276. Either mutation
resulted in a lack of major phosphorylated form of Runx1. However, while loss of definitive hematopoiesis and impaired thymocyte dif-
ferentiation was observed following the loss of Runx1, these phenotypes were rescued in those mice lacking the major phosphorylated
form of Runx]. These results not only challenge the predicted regulation of Runx1 activity by phosphorylation at these serine residues,
but also reaffirm the effectiveness of “‘knock-in” mutagenesis as a powerful tool for addressing the physiological relevance of post-trans-

lation modifications.
© 2008 Elsevier Inc. All rights reserved.
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Runx! (also known as AMLI1, CBFal or PEBP2aB)
belongs to the runt-domain transcription factor family,
and functions as o-subunit of the Runx complexes follow-
ing dimerization with the non-DNA binding obligatory
B-subunit CbfP [1]. Genetic studies in several species have
revealed that Runx complexes engage in a variety of bio-
logical activities during the differentiation of many cell
types [2-5). For instances, Runx] has been shown to be
essential for definitive hematopoiesis [6,7). On the other
‘hand, human RUNXI/AMLI gene remains the most fre-
quent target of leukemia-associated chromosomal translo-
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cation or mutations observed in acute myeloid leukemia
(AML) patients [8-10] It is thus important to identify
mechanisms that regulate Runx1 function to further under-
stand the physiological and pathological contribution of
Runx1 in hematopoiesis and leukemia, respectively.

In addition to the regulation of their expression levels,
the biological activities of transcription factors may be reg-
ulated by various post-translational modifications. Runx1
protein has been shown to be phosphorylated by at least
two kinase families, mitogen-activated protein kinase
(MAPK) and homeodomain-interacting protein kinase
(HIPK). Putative amino acid residues destined to be phos-
phorylated by MAPKs or HIPKs were mapped to the
Runx! protein residues Ser249 and Ser266 or Ser249 and
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Ser276, respectively {11-13) In transfection assays, the
mutations converting these serine residues to alanine resi-
dues diminished the Runx1-mediated activation of reporter
genes [12-14]. Given that these serine residues are located
in close proximily to the trans-activation domain of
Runx1, phosphorylation of Runx1 protein has been postu-
lated 1o act as an important regulatory mechanism enhanc-
ing the trans-activation activity of Runxl.

Consistently, impaired hematopoiesis in mice deficient for
both HIPK 1 and BIPK2 has suggested a possible involve-
ment of HIPK-mediated Runxl phosphorylation in
Runxl-dependent programming of hematopoiesis [11].
Runx] has also been shown 1o regulate thymocyte differenti-
ation [15,16)in part through binding to the TCR B enhancer
- (EB) [17). Interestingly phorbol ester-induced activation of
EB by Runx! is dependent upon the phosphorylation of sev-
eral serine/threonine residues including Ser276 {13]. In addi-
tion, Runx! is necessary for the efficient positive selection of
CD47CD8" DP thymocyltes [16], a process influenced by
MAPK pathway downstream of TCR signaling, suggesting
that MAPK-dependent phosphorylation of Runxl plays
an important role in Runxl-mediated gene regulation in
DP thymocytes. Thus, increasing evidence suggests that
phosphorylation at Ser249, Ser266 or Ser276 plays an impor-
tant role in the regulation of Runx1 activity.

In this study, we introduced two types of mutations into
the murine Runx] locus in order to target serine-to-alanine
substitutions at either of two residues, Ser249/Ser266 or
Ser249/Ser276. Unexpectedly, phenotypes resulting from
Runxl1-deficiency that occurs during hematopoiesis and
lymphopoiesis were rescued in those mice, although loss
of phosphorylation at the above-mentioned serine residues
resulted in a loss of the major phosphorylated form of
Runx1. Thus Runx1 protein maintains an activity level suf-

ficient for normal hematopoiesis, even in the absence of

major phosphorylation.

Materials and methods

Generation of Runx]® MI24 ond Runx1P¥134 alleles. A genomic DNA
fragment used to construct the targeting vectors was obtained from the
phage library (Stratagene). Both the 5' long homology region and the 3’
short homology region were PCR amplified with an LA-PCR kit
(TAKARA). The genomic DNA fragments harboring mutations for ser-
ine-to-alanine substitutions at the proposed positions were generated by
employing overlapping PCR techniques. These three DNA fragments were
sequentially ligated into pBluescript vector harboring neomycin-resistant
gene and HSV-thymidine kinase gene in order to generate the targeting
vectors. Transfection into E14 ES cells and generation of chimera mice
were performed as previously described [15}

Immunoblot analysis and antibody generation. Cell lysates were prepared
by sonication in a lysis buffer containing 100 mM Tris-HCl (pH 7.4),
300 mM NaCl, 2mM EDTA, 2% Triton X-100, 0.2% SDS, 0.3% sodium
deoxycholate, a protease inhibitor cocktail (Roche), and phosphatase
inhibitor cocktail (Pierce). Lysates were separated by 10% SDS-PAGE and
. transferred onto polyvinylidene difluoride membranes (Amersham Biosci-
ences). Membranes incubated with the first antibody were reacted with
HRP-labeled anti-rabbit IgG (Amersham Biosciences), and then visualized
with an ECL kit (GE Healthcare). An antibody against the N-terminal end
of the distal promoter-derived Runx] was generated by immunizing rabbits

with the peptides, MASDSIFESFPSYPQCFMRDA. The antibody that
reacted with Runx1 phosphorylated Ser249 was described previously [11],
while that which reacted with Runxl phosphorylated Ser276 will be
described elsewhere by 1.K.

Calf iniestinal alkaline phosphatase (CIAP) ireatment. Immunopre-
cipitation was performed using a Rabbit IgG TrueBlot Set (eBioscience)
according to the manufacturer’s protocol. Immunoprecipitated lysates
bound to beads were incubated with 1 U/uL CIAP (Promega) for 30 min
at 37 °C. After washing twice, samples were boiled with Laemmli sample
buffer (Bio-Rad) to release proteins from beads.

Flow cytometry analyses. All antibodies used for flow cytometry were
from BD Pharmingen or eBioscience. PE-conjugated oGalCer/CD1d-
dimer was kindly provided by Dr. M. Taniguchi (RIXEN, RCAI). For
surface staining, cells were incubated for 15-20 min at 4 °C with the cor-
responding cocktail of fluorescent-labeled antibodies. Data were acquired
with a FACS Calibur (BD Biosciences) and were analyzed with FlowJo
software (Tree Star Inc.).

Cell preparation. Thymocyte subsets were purified by electrical cell
sorting using FACS Vantage (BD Biosciences). CD43* bone marrow cells
and B220" splenic B cells were prepared using MACS beads (Miltenyi
Biotec). For NKT cell preparation, liver cells were suspended in 33%
Percoll solution (Amersham Biosciences) and then centrifuged for 20 min
at room temperature. Pellets were used as liver mononuclear cells for
subsequent study after lysing red blood cells. '

Results and discussion
Generation of Runx1™™'*4 and Runx] PMI3A ynouse strains

Murine Runx]1 protein has been shown to be phosphor-
ylated at Ser249 and Ser266 mainly by Erk [12], while
Ser249 and Ser276 residues are phosphorylated by HIPKs
[11] (Fig. 1B). We therefore constructed thefa_rgeting vec-
tors to introduce mutations leading to serine-to-alanine
substitutions at murine Runx] residues Ser249 and
Ser266 (S249/266A) or at Ser249 and Ser276 (S249/276A)
(Fig. 1A and B). The constructed mutations of the Runxl
gene for S249/266A or S249/276A substitution are referred
to hereafter as phosphorylation mutation 12A (PM12A) or
PMI13A, respectively.

After confirming a homologous recombination in ES cells
by Southern blot, followed by excision of the Neo gene by
transient transfection of Cre recombinase (Fig. 1A and Sup-
plementary Fig. S1), we generated chimera mice from suitable
ES cell clones via transmission of their mutations, thereby
establishing the mouse strains Runx17/24 and Runx]*™'34
(Supplementary Fig. S1). Mice homozygous for either muta-
tion were born at the expected frequency rate and grew nor-
mally. DNA sequencing confirmed that the mutant animals
harbored the constructed mutations (Fig. 1C). Given that
Runx]1-deficient embryos die around 11.5 dpc by massive
hemorrhage [6,7], the normal growth of Runx]MI24/PMiz4
and Runx]TM13A4IPMI3A ice indicates that Runx] function
essential to early mouse development is independent of phos-
phorylation at residues Ser249, Ser266 or Ser276.

Biochemical characterization of Runx]S226%4 gnq
2. .
RunxIS#2754 protein

Using an antibody that recognizes the N-terminal end of
Runx], immunoblot analyses detected Runxl protein
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Fig. 1. Generation of mutant mice expressing Runx or Runx

vectors and the targeted mutant Runx] locus. The black box, the black box marked with an asterisk and the triangle represent exon, mutated exon and
loxP sequences, respectively. The open boxes marked with TK or Neo indicate thimidine kinase genes and neomycin-resistant genes, respectively. The DNA
fragment used in the Southern blot analysis is indicated as a gray box. Restriction enzyme sites shown are Kpnl (K) and Xbal (Xb). (B) Three

phosphorylation serine residues of Runx1 and its putative kinases. The constructed DNA mutations Runx.

2 ; i
JPMI24 and Runx]®M'34 for serine-to-alanine

substitutions on both Ser249 and Ser266 (S249/266A) or on both Ser249 and Ser276 (S249/276A) residues are indicated, respectively. (C) DNA sequences
from mice homozygous for either Runx1”M!?4 or Runx17*/34 confirmed that the constructed mutations were correctly targeted into the Runx] locus.

expressed at two positions (Fig. 2A). However, only the
more rapidly migrating Runx1 protein was detected in thy-
mocytes from Runx]®MI2AIPMI2A ang Ruynx]PMI34IPMI3A
mice (Fig. 2A). An antibody that reacts specifically with
Runx] phosphorylated Ser249 detected Runxl protein at
the position corresponding to the more slowly migrating
Runx1 in wild-type thymocytes, while there were no detect-
able signals in the cell lysates of Runx]FMI24IPMI24 an4
Runx]FMISAIPMI3A mice (Fig. 2A). In similar fashion, an
antibody against Runxi-derived peptide including phos-
phorylated Ser276 (anti-p-S?”® Runx1 antibody) mainly
reacted with the more slowly migrating Runx1 in control
sample, while no reactive protein was detected in thymo-
cytes from Runx]PMI3AIPMI3A  mice (Fig. 2A). The
anti-p-S?’¢ Runx1 antibody still reacted with Runx]524/266A
protein from Runx]TM124IPMI24 mice indicating that phos-
phorylation at Ser276 residues is independent from that
occurring at the Ser249 and Ser266 residues.

To examine whether the Runx152#%276A protein is phos-
phorylated at other residues, we treated wild-type Runxl or
Runx15%49276A srotein with calf intestinal alkaline phos-
phatase (CIAP) prior to immunoblot analyses (Fig. 2B).
Disappearance of the more slowly migrating Runx!1 pro-
tein by CIAP treatment confirmed that Runx! protein in
the upper position undergoes phosphorylation. Further-
more, the position of the CIAP-treated Runx] protein
was slightly lower than that of the more rapidly migrating

Runx1. Similar changes in molecular weight fol]owmg
CIAP treatment were observed in Runx15%%/276A protein.
These results indicate that Runx] protein in thymocytes
is phosphorylated to differing extents, appearing as two dis-
tinct bands (i.e., the major and minor phosphorylated
forms) in immunoblot analyses.

Runx]l protein was detected as two bands in
CD47CD8~ DN thymocytes negative for ofTCR
expression as well as in CD4"CD8* DP thymocyte positive
for afTCR expression (Fig. 2C), indicating that natural
phosphorylation of Runx] protein would occur indepen-
dently from TCR engagement. Runx] expression in
CD43* bone marrow cells containing hematopoietic
stem/progenitors was almost undetectable, although
inactivation of the Runx] gene affected the differentiation
and homeostasis of these cells [6,18). In contrast,
Runx! expression was easily detected in splenic B220* B
lymphocytes as double bands, the upper one of which
was lacked in cells from Runx]PMI3AIPMI3A  1hice
(Fig. 2C). Thus major phosphorylation of Runxl also
occurs in B lymphocytes.

Collectively, these biochemical results indicate that
the Ser249, Ser266, and Ser276 residue are physiological
“phosphorylation sites. Runx] protein in lymphocytes is
naturally phosphorylated to distinct degrees, thus compris-
ing major and minor phosphorylated forms. Phosphoryla-
tion at Ser249 would be essential for sequential
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Fig. 2. Loss of the major phosphorylated form of Runx1 in Runx” MIZAIPMI2A ang Rypi]PMISAIPMISA mice. (A) Immunoblot analyses of total
thymocytes from wild-rype (WT), Runx]*M/24/FMIZ4 (125} and Runx]TMI34/PMI34 (13 mice with three different antibodies recognizing either N-
terminal end (N-terminus), phosphorylated Ser249 (p-S2*°) or phosphorylated Ser276 {(p-5°") of murine Runx] protein. Position of WT Runx] protein
detected by anti-N-terminus antibody is indicated as a reference at the left of middle and lower panel. GAPDH expressions are shown as a Joading control.
(B) Calf intestinal alkaline phosphatase (CIAP) treatment indicated that the most slowly migrating Runx] constitutes a major phosphorylated form of
Runxl, one that is absent in Runx]”M34/PM134 mice (C) Immunoblot analyses of Runx1 with anti-N-terminus Runx1 in CD4~CD8" DN thymocytes
(DN) and CD4*CD8* DP thymocytes (DP) from wild-type mice (left panel), as well as CD43* bone marrow cells (B.M. CD43%) and B220™ splenic cells

(Spl. B220*) from wild-type (WT) and Runx]7M/34/PM134 (13A) mice.

phosphorylation at other residues when generating the
major phosphorylated form of Runx1.

Phosphorylation of Runx] at Ser249, Ser266, and Ser276 is
not essential for early hematopoiesis and myeloid cell
differentiation ’

We next examined the eflect of Runx1®™/?4 or

Runx1M/34 mutation on hematopoietic cell differentia- -

tion. In adult bone marrow, hematopoietic stem/progeni-
tor cells and common lymphoid progenitors (CLPs) are
included in lineage (Lin)~IL-7Ra~c-Kit*Sca-17 cells and
Lin~IL-7R *c-Kit'¥Sca-1'°" subset, respectively. The per-
centages of these populations in Runx]®M/24/PMI24 and
Runx]PMI34IPMI3A 1mice are compatible with those of
wild-type mice. Similarly common myeloid progenitors
(CMPs, Lin~Sca-1-¢-Kit*CD34 " FcyRIII/IT®), granulo-
cyte/macrophage  progenitors (GMPs, Lin™Sca-17¢-
Kit"CD34 FcyRIII/II") and megakaryocyte/erythroid
progenitors (MEPs, Lin~Sca-1"c-Kit"CD34"FcyR11l/
11/} were normally present in Runx]™M1?4/PMI24 and
Runx] PMI3AIPMISA pice (Fig. 3A). Consistent with normal
development of progenitor cells, there were no significant
changes in differentiation of megakaryocyte, monocytes,
granulocytes or erythroblast in bone marrow (Supplemen-
tary Fig. S2). Finally the erythroid or myeloid colony-
forming activity of bone marrow cells in methylcellulose
medium was not influenced by Runx]” MI124 or Runx]TM134
mutation (Fig. 3B).

These results indicate that phosphorylation of Runxl at -
Ser249, Ser266, and Ser276 is nonessential for Runx1 func-
tion required in early hematopoiesis. Considering the fact
that HIPKs have been shown to be important in early
hematopoiesis [11], substrate or interacting molecules other -
than Runx1 may exist in the HIPK-dependent regulation
of early hematopoiesis. .

= Phosphorylation of Runxl at Ser249, Ser266, and Ser276 is

not essential for thymocyte differentiation

Inactivation of the Runx/ gene in early thymocytes pro-
genitors by Lck-Cre transgene partially inhibited thymo-
cyte development. We therefore examined thymocyte
differentiation in Runx]ZM24IPMI24 anG Runx] PMI3AIPMI3A
mice. A decrease in the number of thymocytes concomitant
with the accumulation of CD4~CD8™ DN thymocytes, as
observed in Runx}"". Lck-Cre mice [15), was not observed
in these two mutant mice {Fig. 4A and B). CD4 repression
in CD4_CD8~ DN thymocytes is regulated by the intronic
Cd4 silencer, whose activity requires the binding of RunxI
protein [15). However, CD4 expression levels in
TCRP~CD8§~CD25" populations corresponding to DN3
thymocytes . were normal in Runx]"MI24/PMIZ4- gng
Runx] PMI3AIPMI3A ice (Supplementary Fig. S3).

Erk functions downstream of TCR signaling and plays
an important role in the selection of CD4*CD8 DP thy-
mocytes [19]. As Runx] has been shown not only to be a
substrate of Erk [12] but also important for positive selec-
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the indicated surface markers in the indicated bone marrow fractions from wild:rype (WT), Runx]PM124IPMI24 (12 Ay and Runx]PM134IPMI34 (13A) mice

show normal differentiation of progenitor populations. (B) Normal colony-forming activity in Runx]*™

tion [16], we examined whether Runx1"M1?4 or
Runx1™734 ‘mutation affects the differentiation of
CD47CDS8*DP thymocytes. There were no significant
changes detected in the number of CD47CD8*DP thymo-

cytes or in the percentage of TCRB™HSA™ post-selection

thymocytes (Fig. 4A and B). In addition, decrease in the
percentage of mature thymocytes resulting from the loss
of Runx] was not observed either in Runx]"M/24/PMi24
or Runx]FMI34IPMI34 mice. The ratio of CD4™ single posi-
tive (SP) thymocytes to CD8" SP thymocytes in mature
thymocytes (TCRBMHSA®) was slightly lower in
Runx]FMI3AIPMI3A mutant mice, while loss of Runx! led
to a significant decrease in the number of mature CD4-line-
age thymocytes {16]. Thus, putative Erk phosphorylation
sites are not essential for Runx1-mediated gene regulation,
which is important for positive selection and maturation of
CD4-lineage thymocytes.

Runx1 is also involved in CD4™ T cell homeostasis, in
part by maintaining the expression of IL-7Ra [16].
Although a decrease in the number of CD4" T cells by loss
of Runx1 protein were sufficient enough to reverse the ratio
of CD4™ T cells to CD8™ T cells [16], we observed only a
modest decrease in CD4" T cells in the periphery
(Fig. 4C and D) and normal JL-7Ra expression levels on
CD4™ T cells in Runx]TMIZAIPMI2ZA o4 RyposcPMISAIPMISA
mice (Supplementary Fig. S3)). Finally, while NKT cell
development was defective in mice lacking Runx1 in thy-
mus {20], normal NKT cell development was observed

2 2. -
12A1PMI2A and Ru"x]l’MlSAIPMIJA mice.

Runx]PMIZA/l’IMIZA and  Runxl] PMI3AIPMI3A

in mice
(Fig. 4E).

Using a combined biochemical and genetic approach,
our study revealed that the Runxl protein exists in two
phosphorylated forms at least in lymphocytes. Generation
of the major phosphorylated form requires the Ser249 res-
idue, suggesting that phosphorylation on this serine residue
triggers sequential phosphorylation. It is unclear which
kinase(s) is involved in generation these two phosphory- .
lated forms. Since two phosphorylated forms are detected
in DN thymocytes, these phosphorylation events could
occur independent of TCR engagement. However, it is still
possible that Runx] is phosphorylated by some basic Erk
activity that is independent from TCR stimulation. Further
studies using Erk1/Erk2 deficient thymocytes would be
helpful to address this issue.

Although both Runx]"MI24IPMI24 a1 Rypx]PMI34IPMIS4
mice not only were devoid of phosphorylation on Ser249,
Ser266, and Ser276, but also lacked major phosphorylated
forms of Runx1, hematopoiesis and lymphocytes develop-
ment in those mice remained normal. These observations
counter findings made in previous studies involving phos-
phorylation-dependent trans-activation activity of Runxl
in transfection assay. The maximum trans-activation activ-
ity detectable in a transfection assay may be dependent
upon the phosphorylation of Runxl. However, the latter
is unlikely to be essential to minimum Runx! activity that
is sufficient for normal hematopoiesis in Runx]M124/PMi24
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indicated surface markers in total thymocytes or mature (TCRB"‘HSA”) thymocytes from wild-rype (WT), Runx]°MI2AIPMI2A (17 A) and Runx JPMI34IPMI34
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Runx]PHMBAIPMIIA (137) mice.

and Runx]PMI3AIPMI3A mice Tt is therefore possible that a
competitive repopulation assay in host mice would reveal
the masked effects of RunxI"M!24 or Runx1"™'34 muta-
tion. Alternatively, as Runx! and Runx3 have redundant
functions each other during thymocyte differentiation
[16), the effect of RunxI"'24 and Runx1™*'*# mutations
would become apparent under a Ruxn3-deficient
background. :

At any rate, to address the physiological relevance of
post-translational modifications, gene targeting-based
“knock-in” mutagenesis would likely be the most reli-
able approach. Our results in this study cannot rule
out the possibility that phosphorylation events on
unidentified residues may play important roles in regu-
lating Runxl function. Indeed recent studies have
reported that phosphorylation of Runx] by cyclin-
dependent kinase on residues other than Ser249,

Ser266, and Ser276 was important for trans-activation
of Runxl protein [21]. Further mutation-based
approaches are needed to identify those residues that
are involved in the key post-translational modifications
of Runxl.
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Phosphorylation-of Ephrin-B1 Regulates
Dissemination of Gastric Scirrhous Carcinoma
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The biological functions of Ephs and ephrins in epithe-
lial cells and tumors have recently been highlighted.""g
For example, EphB receptors and ephrin-B ligands are
expressed in normal intestinal epithelium, which contrib-
utes for the restriction of cell migration and positioning
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Interaction of the Eph family of receptor protein ty-
rosine kinase and its ligand ephrin family induces
bidirectional signaling via cell-cell contacts. High ex-
pression of B-type ephrin is frequently found in var-
jous cancer cells, and their expression levels are as-
sociated with high invasion of tumors and poor
prognosis. However, whether ephrin-B1 actually pro-
motes invasion of cancer cells in vivo has not been
shown. We investigated the involvement of ephrin-B1
in regulating the invasiveness of scirrhous gastric
cancer, which is a diffusely infiltrative carcinoma
with high invasion potential. Reduction of ephrin-B1
expression by short interfering RNA or overexpres-
sion of phosphorylation-defective mutant suppressed
migration and invasion of scirrhous gastric cancer
cells in vitro without affecting tumor cell prolifera-
tion and apoptosis. Blocking of tyrosine phosphory-
lation of ephrin-B1 attenuates not only dissemination
of cancer cells injected intraperitoneally but also local
invasion and dissemination of orthotopically im-
planted cancer cells in the gastric wall of nude mice.
Furthermore, blocking of ephrin-B1 phosphorylation
attenuated the activation of Racl GTPase in these in-
vasive gastric cancer cells. Our results suggest that
tyrosine phosphorylation of ephrin-Bl promotes
invasion of cancer cells in vivo and is a potential
therapeutic target in some types of gastrointestinal
cancers. (Am J Pathol 2007 1 71:000-000: DOI
10.2353/ajpath.2007.070033)

Members of the Eph receptor family can be classified into
two groups based on their sequence similarity and their

tumors."®~"® Expression of ephrin-B2 has been reported
in invasive tumor cells and is often highly expressed in
the peripheral region of the tumors especially at the front
of the invasion.* Ephrin-B1 is frequently overexpressed
in gastrointestinal tumors, especially in poorly differenti-
ated invasive tumor cells.’® Although an accumulating
number of reports have suggested that expression of
B-type ephrin is closely associated with tumor cell inva-
sion, whether ephrin-B modifies tumor invasion in vivo has
not been well established.

Ephrin-Bs are tyrosine phosphorylated via Src family
kinases in response to the interaction with EphB recep-
tors, which serves as a docking site for Src homology 2
domain of adaptor protein Grb4, and transduce intracel-
jular signaling.'®'7 We have also demonstrated that eph-
rin-B1 is phosphorylated independently of Eph receptors
through association with an intercellular adhesion mole-
cule, which leads to attenuation of cell-cell adhesion.” In
our recent observations, signaling mediated by eph-
rin-B1 promoted the process of intracellular transport and
secretion of matrix metalloproteinase (M. Tanaka, K.
Sasaki, R. Kamata, and R. Sakai, unpublished data),
which led us to examine in this study whether disruption
of ephrin-B1-mediated signaling, especially through the
tyrosine phosphorylation of ephrin-B1, could suppress
tumor cell invasion.

Scirrhous gastric carcinoma diffusely infiltrates a
broad region of the stomach and frequently associates
with metastasis 1o lymph nodes and peritoneal dissemi-

Supported by the Program tfor the Promotion of Fundamenta! Studies in
Health Science of the Organization for Pharmaceutical Safety and Re-
search of Japan.

Accepled for publication April 10, 2007.

preferential binding 1o the subset of ligands tethered to
the cell surface either by a glycosylphosphatidyl inositol-
anchor (ephrin-A) or a transmembrane domain (ephrin-
B).™® Interaction of the EphB family of receptor protein
tyrosine kinases and its ligand ephrin-B family induces
bidirectional signaling via cell-cell contacts.

Supplemental material for this article can be found on hitp//ajp.
amjpathol.org.
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nation and, therelore, has the worst prognosis among
various types of gastric cancers. We previously estab-
lished two cell lines of human gastric scirrhous carci-
noma possessing high infillrative potential by repeating
cycles of orthotopic transplantation in nude mice and
collecting cancer cells from the ascitic fluid formed as a
result of cancerous peritonitis.’®'® In this study, we show
that reduction of ephrin-B1 expression or blocking of
tyrosine phosphorylation of ephrin-B1 inhibits tumor inva-
sion of these highly invasive gastric cancer cells. Our
resulis suggest that ephrin-B1 represents a rational ther-
apeutic target and that suppression of its phosphoryla-
tion is a strategy for modulating the invasion of some
types of cancers.

Materials and Methods

Plasmids, Antibodies, and Reagents

Plasmids encoding full-length cDNAs of human eph-
rin-B1 and ephrin-B1 with mutations of four tyrosine res-
idues in the cytoplasmic domain (Y313, 317, 324, and
329) ephrin-B1 4YF have already been described.” To
generate the recombinant retrovirus, cONAs were sub-
cloned into the vector pDON-AI (Takara, Kyoto, Japan).
The rabbit polyclonal antibodies for ephrin-B1 (C18) and
a-tubulin were purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). Polyclonal antibody against
tyrosine-phosphorylated ephrin-B1 (ephrin-B1 pY317,
amino acids 314 to 321, which is identical to correspond-
ing region of ephrin-B2, 301 to 308, and ephrin-B3, 308 to
315) was raised in rabbits and affinity-purified as de-
scribed previously.” The monoclonal antibodies for phos-
photyrosine (4G10) and Rac1 were from Upstate Biotech-
nology (Lake Placid, NY). The polyclonai antibodies for
EphB2 and EphB4 were from R&D Systems (Minneapolis,
MN). Fibronectin (bovine), collagen type |, and Matrigel
basement membrane matrices were purchased from
Sigma (St. Louis, MO), Nitta Gelatin, Inc. (Osaka, Japan),
and BD Biosciences (San Jose, CA), respectively.

Cell Culture and Transfection

Gastric carcinoma cell lines were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum.
Mouse fibroblast L cells were cultured in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum. L
cells stably expressing EphB2 (L EphB2) were estab-
lished through transfection of a plasmid encoding human
ephrin-B1in parent L cells, which do not express cognate
receptors for ephrin-B1 as previously described,” and
selection in medium containing hygromycin B at a con-
centration of 400 ug/ml. Recombinant retroviral plasmid
pDON-Al was cotransfected with pCL-10A1 retrovirus
packaging vector (Imgenex, San Diego, CA) into 293gp
cells to allow the production of retroviral particles. Gastric
cancer cells stably expressing ephrin-B1 4YF were es-
tablished by infecting cancer cells with retroviruses and

selected in the medium containing G418 at a concentra-

tion of 500 ug/ml for 3 weeks. The mixture of selected
cells was used for the experiments.

In Vitro Short Interfering RNA (siRNA) Treatment

Two sets of Stealth siRNAs of ephrin-B1 were synthesized
as follows (Invitrogen, Carlsbad, CA): ephrin-B1 sense 1,
5-UAAGGGAAUGAUGAUGUCGCUGGGC-3"; ephrin-B1
antisense 1, 5'-GCCCAGCGACAUCAUCAUUCCCUUA-3";
ephrin-B1 sense 2, UAGUCCGUAAGGGAAUGAUGAU-
GUC-3'; and ephrin-B1 antisense 2, GACAUCAUCAUUC-
CCUUACGGACUA-3’. The control siRNA (scramble H
duplex, 5'-GCGCGCUUUGUAGGAUUCGATAT-3') was
purchased from Dharmacon (Lafayette, CO). siRNAs
were incorporated into cells using Lipofectamine2000
according to the manufacturer’s instructions (Invitrogen).
Assays were performed 72 hours after treatment.

Immunoprecipitation

Cell lysates were prepared with protease inhibitors in
PLC buffer [50 mmol/l. 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, pH 7.5, 150 mmol/L NaCl, 1.5
mmol/L MgCl,, 1 mmol/L ethylene glycol bis(B-amino-
ethyl ether)-N NN’ N'-tetraacetic acid, 10% glycerol, 100
mmol/L NaF, 1 mmol/L NazVO,, and 1% Triton X-100). To
precipitate the proteins, 1 ug of affinity-purified poly-
clonal antibody was incubated with 500 ug of cell lysate
for 2 hours at 4°C and then precipitated with protein G
agarose for 1 hour at 4°C. Immunoprecipitates were ex-
tensively washed with PLC buffer, separated by sodium
dodecyl sulfate-polyacrylamide ge! electrophoresis, and
immunoblotted.

Affinity Precipitation

Affinity precipitation with GST-PBD (p21-binding domain
of p21-activated kinase 1) was performed as described
previously.?° In brief, cells were lysed in the lysis buffer
[50 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid, pH 7.5, 150 mmol/L NaCl, 10 mmol/L MgCl,, 1
mmol/L  ethylene glycol bis(B-aminoethyl ether)-
N.NN' N'-tetraacetic acid, 10% glycerol, 100 mmol/L
NaF, 1 mmol/L NazVO,, and 1% Triton X-100] and incu-
bated with GST-PBD on Sepharose for 1 hour at 4°C.
Precipitants were washed three times in the same buffer,
and endogenous Rac1 was detected by immunoblotting
with anti-Rac1 antibody.

5-Bromo-2'-Deoxyuridine Incorporation

Cell proliteration was assessed by measurement of
5-bromo-2'-deoxyuridine (BrdU) incorporation into the
DNA with Cell Proliferation enzyme-linked immunosor-
bent assay, BrdU (colorimetric) kit (Roche, Basel, Swit-
zerland). In brief, gastric cancer cells were plated onto
96-well plates (1 X 10° cells/well) 48 hours after treat-
ment of siRNAs and further incubated for 24 hours before
the addition of BrdU. Cells were reincubated for 6 hours,
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and incorporated BrdU was detected with peroxidase-
labeled anti-BrdU antibody and developed with tetram-
ethyl-benzidine as a chromogenic substraie according 1o
the manufacturer's instructions (Roche). The absorbance
of the samples was measured at the wavelength of 450
nm using a microplate reader (model 550; Bio-Rad, Her-
cules, CA).

Apoptosis Assays

Gastric cancer cells were plated in triplicate onto 96-well
plates (1 x 10° cells) 48 hours after reatment of siRNAs
and incubated for 24 hours. Cells were lysed to detect

. apoptosis by measurement of nucleosomes in the cyto-

plasm of apoptotic cells using a Cell Death enzyme-
linked immunosorbent assay kil according to the manu-
facturer's instructions (Roche Molecular Biochemicals).
In brief, nucleosomes in cell lysates were detected with
peroxidase-labeled anti-DNA antibody and developed
with 2.2'-azino-di[3-ethylbenzthiazolin-sulfonate] ‘as a
chromogenic substrate. The absorbance of the samples
was measured at the wavelength of 405 nm using a
microplate reader (model 550, Bio-Rad).

Cell Attachment Assay

Cancer cells were detached by phosphate-butfered sa-
line(—) [PBS'™)] containing ethylenediamine tetraacetic
acid (2 mmol/L) and replated on the chamber slides
coated with either collagen type | (100 ug/ml; Nitta Gel-
atin, Inc.), fibronectin (50 ug/mi; Sigma), or Matrigel (85
pg/ml; Asahi Techno Glass Co., Tokyo, Japan). After
incubation for 30 minutes, unattached cells were re-
moved by washing the slides in PBS'~) several times, and
the remaining cells were stained with Giemsa's solution.
The number of attached cells. on each substrate was

" counted.

Cell Staining

Cells were fixed for 5 minutes at room temperature with
4% paraformaldehyde in PBS and permeabilized for 10
minutes with 0.2% Triton X-100. The cells were preincu-
bated in 2% bovine serum albumin for 0.5 hour and
incubated with Alexa546-conjugated phalloidin (Molecu-
lar Probes, Eugene, OR) for 1 hour at room temperature.
Photos were taken with a Radiance 2100 confocal micro-
scope (Bio-Rad).

Overlay Tumor Invasion Assay

Invasion of tumor cells into the monolayer of stromal cells
was monitored basically as described previously.> Gas-
tric cancer cells treated with ephrin-B1 siRNA or control
siRNA were labeled with 2 mmol/L lipophilic tracer DO
(Molecular Probes) and then detached with Hanks' bal-
anced salt solution™ containing 2 mmol/L ethylenedia-
mine tetraacetic acid and seeded on the confluent mono-
layer of parent L cells or L EphB2 cells. After being

Phosphorylation of Ephrin-B1 3
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cultured in the medium with 10% fetal bovine serum for
15 hours, the cells were fixed with 4% paraformaldehyde
in PBS, and the number of invasion foci of cancer cells
was counted using fluorescence microscopy.

in Vivo Tumor Cell 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 in the National Cancer
Center. Peritoneal dissemination of tumors was examined
by intraperitoneal injection of 5 X 10° gastric cancer cells
suspended in 0.3 ml of RPMI 1640 medium into 6-week-
old BALB/c nude mice (CLEA Japan, Inc., Tokyo, Japan).
The mice were sacrificed 2 weeks after injection, and
peritoneal dissemination was evaluated. Orthotopic im-
plantation of gastric cancer cells into BALB/c nude mice
has been described previously.*®*® In brief, 1 x 10° cells
were inoculated into the middle wall of the greater cur-
vature of the glandular stomach by using a 30-gauge
needle. The mice were sacrificed at different time points
after the orthotopic transplanitation of the cancer cells
and subjected to macroscopic and histopathological ex-
amination of the tumors.

Results

Reduction of Ephrin-B1 Expression Attenuates
Tumor Invasion of Gastric Cancer Cells

To examine the involvement of ephrin-B1 for invasion of
tumors, we analyzed cell lines of scirrhous gastric carci-
noma, which is characterized as reduced cell-cell adhe-
sion with high invasion potential. HSC-44PE and HSC-58 .
were originally established from the patients of scirrhous
gastric carcinoma, and highly invasive sublines were
further selected from these parent cells (44As3 from
HSC-44PE; 58As1 and 58As9 from HSC-585-'%). Both
expression and phosphorylation levels of ephrin-B1 were
higher in cells of invasive sublines than in corresponding
parent cell lines, whereas the expression level of control
a-tubulin was not altered in these cell lines (Figure 1a). In
addition, EphB2 was expressed in all of these cell lines,
and HSC-44PE and 44As3 cells also expressed EphB4,
showing the existence of cognate receptors (Figure 1a).

We next examined whether reduction of ephrin-B1 ex-
pression affects cell motility and proliferation of these
gastric cancer cells. The treatment of cefls with two inde-
pendent siRNA of ephrin-B1 effectively reduced eph-
rin-B1 expression level in 58As9 cells and 44As3 cells
(Figure 1b). In addition, phosphorylation of B class ephtin
was greatly reduced by knocking down ephrin-B1, as
judged by the antibody recognizing phosphorylation of
all three members of ephrin-Bs at the tyrosine in the
cytoplasmic region (Figure 1b). From the analysis of in
vitro Transwell assay, reducing the amount of ephrin-B1
in 44As3 cells inhibited migration and invasion through
the extracellular matrix (Figure 2a). Similar results were
also observed in 58As9 cells (Figure 2a). On the other
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Figure 1. Tyrosine phosphorylation of ephrin-B1 is higher in invasive gastric
cancer cell lines, a: As indicoted, lvsates from eclls were subjected o immu-
noprecipitation (17 with anti-ephrin-131 antibody and immunohblotiing (1131
with znti-phosphotyrosine antibody. The expression levels ol ephrin-31.
a-tubulin, Eph132, and EphBi in cach cdll lysie were confirmed by immu-
noblotting (hottom), When eell esates were blotted with ephrin-B1 anii-
Body. severad ephrin-Bl-reactive bands (blinket) were detected because of
the glvcosvlation and difference in tyrosine phosphorylation as reponed ! b
Cellular fevels of ephrin-B1 were analyzed 72 hours after treatment with
SIRNAs by Western blotting using a<tubulin as a loading control, Expression
of cphrin-B3t was reduced in eclls oremed with ephrin-B1 - siRNA
CEFNBISIRNAT, 2). The phosphorvlation level of ephrin-13s was assessed by
the antibody recognizing phosphorylation of “Fyr317 of ¢phrin-B1. which
also detedts  phosphorylation of  corresponding  tyrosine of - ¢phrin-132
Cryr301) and ephrin-B3 (Tyr311) as described in Materials and Methods.

hand, proliferation and apoptosis of these cells were not
significantly affected (Figure 2b). In addition, reduction of
ephrin-B1 expression did not cause remarkable change
in the adhesion of 44As3 and 58As9 cells on different
extracellular matrices, including type | collagen, fibronec-
tin, and Matrigel (Figure 2¢). We further examined
whether overexpression of ephrin-B1 is sufficient to pro-
mote the migration and invasion of cancer cells by stably
expressing ephrin-B1 in one parental cell liné HSC-58.
The migration and invasion through extracellular matrix
was apparently increased by the overexpression of eph-
rin-B1 (Figure 2d).

'Phosphorylation of Ephrin-B1 Promotes

Migration and Invasion of Gastric Cancer Cells

Because the level of tyrosine phosphorylation of eph-
rin-B1 was higher in invasive sublines of gastric cancer
cells, we nexi examined whether blocking of ephrin-B1
phosphorylation in these cells attenuates their migration
and invasion. The stable expression of ephrin-B1 with
mutations of four tyrosine residues in the cyloplasmic
domain (Y313, 317, 324, and 329) ephrin-B1 4YF re-
duced the tyrosine phosphorylation level of ephrin-B1 in
44As3 and 58As9 cells, because overexpression of eph-

rin-B1 4YF prevents endogenous ephrin-B1 from associ-
ation with EphB receplors expressed in these cells (Fig-
ure 3a). From the analysis of in vitro Transwell assay,
migration and invasion of cancer cells stably expressing
ephrin-B1 4YF mutant (44As3 4YF and 58As9 4YF cells)
were decreased compared with the control cells express-
ing mock vector (44As3 mock and 58As9 mock cells)
(Figure 3b). On the other hand, expression of ephrin-B1
4YF did not affect cell proliferation under usual two-di-
mensional cell culture condition (Figure 3c¢). When these
cancer cells expressing mock vector or ephrin-B1 4YF
were implanied subcutaneously in nude mice, the mean
size and weight of the tumors were not significantly dif-
ferent (Figure 3d). To understand the mechanism by
which ephrin-B1 4YF attenuates the cell migration, we
examined activity of Rac1 GTPase, which is a critical
molecule controlling the organization of actin cytoskele-
ton. The activation of Racl was examined by affinity
precipitation of GTP-bound Rac1 with the GST-fusion
protein of the p21-binding domain of p21-activaled ki-
nase 1.2' The activated Rac1 was apparently reduced in
44As3 or 58s9 cells expressing ephrin-B1 4YF compared
with the cells expressing mock vector (Figure 3e). When
the appearance of cytoskeleton of these cancer cells was
examined, formation of large lamellipodia was observed
in most of the mock-containing 44As3 and 58As9 cells,
whereas it was less frequently observed in 44As3 4YF
and 58As9 4YF cells (Figure 3f), which may be consistent
with the reduced Rac1 activity in cancer cells expressing
ephrin-B1 4YF.

Gastric scirrhous carcinoma frequently associates with
peritoneal dissemination through the process that cancer
cells perforate gastric serosa and become exfoliated and
free and then attached on the surface of the peritoneum
and start to invade there. The effect of ephrin-B1 expres-
sion on tumor invasion was further monitored in vitro by
overlay tumor cell invasion assay as a model system for
stromal invasion of cancer cells. When 44As3 cells were
plated onto the monolayer of fibroblasts, L cells, the
formation of tumor cell islands was observed as tumor
cells invaded and grew between the fibroblasts (Figure
4a). The formation of such tumor islands is the sign of
penetration of tumor cells into the sheet of stromal cells,
as used for the evaluation of cancer cell invasion through
endothelial cells or mesothelial cells.2%-2223 The invasion
of 44As3 cells into the fibroblasts monolayer was more
evident when the cancer cells were plated onto L cells
stably expressing EphB2 (L EphB2) than on the parent L
cells, which do not express receptors for ephrin-B17 (Fig-
ure 4b). The invasion foci of 44As3 in monolayer of L
EphB2 cells were decreased in number and size when
expression of ephrin-B1 in cancer cells was reduced
(Figure 4a). In addition, the invasion of 44As3 4YF cells
into the monolayer of L EphB2 cells was also decreased
compared with 44As3 mock cells (Figure 4, a and b).
These resulls indicate that activation of the signaling
mediated by ephrin-B1 phosphorylation in cancer cells
induced by the interaction with EphB2 receptor ex-
pressed in stromal cells enhanced the tumor invasion.

The effect of ephrin-B1 phosphorylation on tumor inva-
sion was further examined in vivo using 44As3 and 58As9
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Figure 2. Reduction of ephrin-B1 expression suppressed cell motility and invasion in 44A53 and 58AsY cells. a: A3 and 38AsY cells teaed with ephrin-B1 siRNA
(sIRNA1, 2) or control siRNA or left untreaied were plied onto a Transwell membrine conted with Matrigel (hottom; 85 pg/em®) or uncoated (1op ) in serum-free
medium, In the lower chamber, medium conttining 5% fetal bovine serum wis added as i chemoatirctant, Afier 10 hours of incubation. the wells were harvested.

and eclls that migrated 1o the Jower surdaee of the membrine were counted. Representative ficlds of
experiments, cach in duplicate, are shown at the right as mean = 8D, The asterisks indicate differe

s3 clls are shown, The results from three independent
from the cells reated with control SIRNA. *P < 0,01, b:

Proliferation and apoptosis of cells were evaluated T2 hours after treatment of siRNAs. Top: Proliferation of the colls was evaluated by measurement of DNA

synthesis through detection of Brdl] incorporation by enzyme-linked immunosothent
measurement of nudleosomes through Cell death detection cnzyme-linked immunosorbent

assay (Roche). Botom: Apoptosis of the cells was examined by
- kit (Roche), As o control, cells were treated with 50 pmol’l

vtopuoside for 12 hours, The results from three independent experiments, cach in duplicate, are shown as the mean 2 SD. e Redudtion of ephrin=B1 expression
did not significantly affect the cell adhesion 1© the exircellular matrix. i4As3 and 38As9 colls reated with ephrin-B1 siRNA (siRNA1, 2) or-control siRNA were

detached by cthylenedizmine tetraaeetic acid and replated on the chamber shides contedd with collagen type 1100 pg/mD, fibroneain (50 pg/mh. or
pe/m, Alier incubigion for 30 minues, unattached edls were removed by washing the slides in PBIS—) several times, and the remaining colls wene

Matrigel (85
tined with

Giemsas solution. The number of attached eells on cach substrate was counted, and the results from three independent experiments, each in duplicate, are shown
as the mean = SD. d: Expression of wild-type ephrin-B) promaotes nvigration and invasion of NSC-38 colls. Wild-type ephrin-B1 was stably expresscd in HSC-58
cells by retrovirus-mediated gene ransfor (HSC-38 RN, The edlls indicated were plited onto o Transwell membrme coated with Matrigel (invasion) or

anconted (migeiion) in serum-free medium and ass:
menn = 8D TP < 001,

cells as a model system for peritoneal dissemination.
When 58As9 or 44As3 cells expressing mock vector were
injected intraperitoneally into nude mice, severe carcino-
matous peritonitis was observed, as previously de-
scribed (Figure 5a, top).™ Innumerable whitish nodules
were observed in the mesentery of almost all mice in-
jected with 58As9 mock cells (Figure 5a, top left) and
44As3 mock cells {data not shown). In addition, many
tumor nodules of 44As3 mock cells were observed in the
peritoneal cavity, including the rectouterine region with
invasion into the retroperitoneum (Figure 5a. top right).
On the other hand, dissemination of cancer cells ex-
pressing ephrin-B1 4YF was apparently modest. Tumor
nodules of 58As9 4YF cells in the mesentery were smallin
size and number compared with those of control 58As9
mock cells (Figure 5b; Table 1). Such reduction of tumor
nodules in the mesentery was also observed in 44As3

ayed as describaed ina. The results from three independent experiments, cach in duplicate, are shown as

cells expressing ephrin-B1 4YF (Table 1). In addition, the
tumor volume involving the rectouterine region was re-
duced in the mice injected with 44As3 4YF cells (Figure
5¢c). These results suggest that ephrin-B1 promotes
peritoneal dissemination of 58As9 and 44As3 gastric
cancer cells through signaling mediated by its tyrosine
phosphorylation.

Blocking of Tyrosine Phosphorylation of Ephrin-
B7 Attenuates Tumor Invasion of Orthotopic
Implanted Gastric Carcinoma

To further evaluate the effect of ephrin-B1 on the process
of tumor invasion, we implanted gastric cancer cells or-

thotopically in the gastric submucosa of nude mice. At 15
days after implantation, 70% of 44As3 tumors expressing
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Figure 3. Blocking of ephrin-B1 phosphorylation suppressed eell migration in vitro. az Lysates of cells stably expressing ephrin-B1 4YF gaed with 11A at carboxyl
werminus ¢+ or control mock vector (=9 were subjected 1o immunoblotting with anti-HA antibody or tyrosine-phosphorylaied ephrin-Bs (cphrin-I31 pY317)or
immunoprecipitation of total ephrin-B1 and immunobloting with anti-phosphotyrosine antibody (pFyr). The amount of immunoprecipitited cphrin-B1, which
includes both endogenous ephrin-B1 and transfected ephrin=B1 4YE, is shown at the bottom. b: As indicated, the cells were seeded onto o "Transwell membrane
couted with Mawigel tnvasion) or uncoated tmigrrion) in serum-free medium s in Figure 2 in the lower chumber, medium containing $% futal bovine serum
wats acdded. Afier 10 hours of incubation, the wells were harvested, and cells that migrated o the lower surface of the membrane were counted., Representative
ficlds are shown, The results from three independent experiments. cach in duplicue, are shown i the bottom as mean = 8D, *P < 0.01, ¢ Profiferation of the
cells under the culture in the medium containing 10% serum was evalumed by counting the coll number at different time points afier being plaed omo dishes,
d: 53 and S8AsY cells (1 X 107 cells/mice) expressing either mock or ephrn-B1 Y1 were implanted subcutancously in the flank of nude mice, and 1he mice
were sacrificed 5 weeks after implantation. The mean weight 2 SD of cight subcutaneous tumors is shown. € Activation of Racl wis examined by affinity
precipitaion of GTP-bound Ract ¢RacT-GFP) with GST-PBD as deseribed in Materials and Methods. The precipitated Racl-GEP and 1ol Racl in ¢ach cell lysate
were detected by immunoblouing with anti-Ract antibody. £: Morphology of gastric cancer cells was monitored, The cells were fixed around 12 hours afier plauing

and stained with phalloidin as described in Materials and Methods for detection of F-actin,

the mock vector formed a large tumor mass involving the
greater omentum because of the disruption of gastric
serosa and invasion into the surrounding fat tissue (Fig-
ure 6a). On the other hand, such local invasion into the
omentum was less frequently observed (18%) in mice
implanted with 44As3 4YF cells, and most tumors re-
mained within the gastric wall at day 15 (Figure 6a; Table
2). The dissemination of 44As3 mock cells was also ob-
served in several tissues, including the liver surface and
mesenteric sheets (Figure 6, b and c). However, we
rarely observed cancer dissemination in the peritoneal
cavity in mice implanted with 44As3 4YF cells (Figure 6,
b and c; Table 2).

Histological examination revealed that expression of
ephrin-B1 4YF did not greatly change the morphology of
the tumor in the gastric wall (Figure 7, ¢, d, I, and m).
However, invasion of control 44As3 mock cells into lym-
phatic vessels in subserosa and metastasis to the re-
gional lymph nodes was more frequently observed than
44As3 4YF cells at day 10 after tumor implantation (70
and 18%. respectively; Figure 7, e-g; Table 3). Histolog-

ical analysis also revealed that the tumor had already
reached the outside of the serosal surface and invaded
into the surrounding fat tissue in 80% of mice implanted
with 44As3 mock cells, whereas it was of low frequency in
mice implanted with 44As3 4YF cells (27%) (Figure 7, h
and i; Table 3). These phenotypes, including lymphatic
vessel invasion, lymph node metastasis, and perforation
of gastric serosa, were developed in the same mice, and
all three phenotypes are overlapped in 7 of 10 mice in the
mock group and in 2 of 10 mice in the 4YF group, sug-
gesting that these are sequential or correlated events.
These results indicate that the disruption of signaling
mediated by phosphorylation of ephrin-B1 suppressed
the invasion and peritoneal dissemination of scirrhous
gastric carcinomas.

Discussion

Ephrin-B1 plays pivotal roles in the migration and inva-
sion of cancer cells. High invasion potential is one of the
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culls expressing mock vector, P < 001, The arrows indicate unfocused Dio-laheled twmor eells, which did not invade but grew on the monolayer.

major characteristics of scirrhous carcinoma, which de-
termines the poor prognosis of this type of cancer. Using
two scirrhous gastri¢ cancer cell lines with high invasion
potential, we show for the first time that ephrin-B1 modi-
fies cancer invasion in vivo. Blocking of the signaling
mediated by tyrosine phosphorylation of ephrin-B1 sup-
pressed the invasion and peritoneal dissemination of
these scirthous cancer cells. Notably, attenuation of
phosphorylation of ephrin-B1 suppressed orthotopically
implanted scirrthous cancer cells invading through the
gastric wall and into the lymphatic vessels. The signifi-
cance of ephrin-B1 in the invasive phenotype of cancer
cells was further obtained from the result that stable
expression of wild-type ephrin-B1in HSC-58, the parental
cell line of 58As9 cells, actually promoted the migration
and invasion of this cell line in vitro (Figure 2d).
“Association with EphB receptors triggers tyrosine
phosphorylation of ephrin-B1, including Tyr317 (corre-
sponding to Tyr298 of Xenopus ephrin-B1), by Src family
kinases, which is a critical requirermnent for interaction with
an Src homology 2/Src homology 3 adaptor, Grb4, to

transduce signaling.’® In the physiological conditions,
phosphorylation of ephrin-B1 is induced by the contact of
ephrin-B1-expressing cells with heterologous cells ex-
pressing EphB receptors. On the other hand, ephrin-B1
also promotes migration of cancer cells in a cell-autono-
mous mechanism as observed in Transwell assay (Fig-
ures 2 and 4b). Because EphB2 receptor was expressed
in 44As3 and 58As9 cells and expression of EphB4 was
also detected in 44As3 cells (Figure 1a), there is a pos-
sibility that ephrin-B1 in these cancer cells may be con-
stitutively stimulated by EphB recepiors coexpressed in
the same cell surface or contacting neighboring cancer
cells. This conclusion may be consistent with the obser-
vation that the basal phosphorylation level of ephrin-B1 is
elevated in 44As3 and 58As9 cells under the usual two-
dimensional culture condition in vitro (Figure 1a). Overex-
pression of ephrin-B1 4YF may suppress tumor invasion
in vivo by blocking cell autonomous phosphorylation of
ephrin-B1 in cancer cells and the induction of ephrin-B1
phosphorylation through the interaction with stromal
cells. There is still the possibility that expression of eph-
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rin-B1 4YF may also block the signaling mediated by
other members of ephrin-Bs that also bind the similar
group of EphB receptors. However, knocking down of
ephrin-B1 by siRNA greatly reduced the phosphorylation
of total ephrin-Bs (Figure 1b), suggesting that ephrin-B1,
but not ephrin-B2 or ephrin-B3, is the major member of
B-class ephrin, which is phosphorylated in these cells.
Consistent with this conclusion, at least treatment of
44As3 and 58As9 cells with ephrin-B2 siRNA did not
affect the phosphorylation level of the corresponding ty-
rosine residue of ephrin-Bs examined by anti-ephrin-B1
pY317 antibody (data not shown).

The ephrin/Eph interaction provides both ephrin-B1-
mediated reverse signaling and EphB-mediated forward
signaling. The expression of ephrin-B1 4YF may sup-
press the invasion of gastric cancer cells by stimulation of
EphB receptor-mediated forward signaling in cancer
cells through acting as a stimulator of EphB receptors,

Table 1.  Mcsenterial Dissemination afier Intraperitoneal
Inocutation of Gastric CGancer Cells
Number of nodules*

Cell 0to 10 10t0 30 >30
44As3 mock ) 0 5 15
44As3 4YF 14 5 1
58As9 mock 0 2 18
58As9 4YF 16 3 1

Mice were sacriticed at 14 days alter inoculation. Data are shown as
the number of mice bearing tumors in the mesentery.
*Number of tumor nodules larger than 2 mm in the mesentery.

Figure 5. Disruption of ephrin-B1 phosphorylation suppressed the peri-
toncal dissemination of §4As3 wnd S8A59 cells. Cells stably expressing a
mock vector or ephin-B1 AYF were injeced intaperitoneally into aude
mice (5 X 0° cells/miced. as Representative appearance of peritonel
disseminuion two weeks afier injection is shown. Lefi: Asterisk indicaies
dissemination of cancer nodules in the meseniery, and arrows indicate
the umor mass, including greater omentum, Right: ‘e pictures were
taken afier resection of intestinal loops. Arrowheads indicate the lumor
nodules of AiAs3 colls disseminaed around the' rectomering region and

. retroperitoneum. br Representative disseeted intestinal loops [rom four or
five mice injecied with 58As9 mock or 38As9 4YT clls, respectively, Noie
kuge wmor nodules in the mesentery of mice injected with control mock
cells. ¢ Representative appearance of the tumors of 44As3 cells involving
rectoueringe region wis compired. Yellow and red arrowheads indicate
uterine homs and tumor mass, respectively, : .

mock

because EphB receptor-mediated forward signaling in-
hibited migration of colorectal tumors in a recent report.24
However, cancer cell invasion was also inhibited by treat-
ment with ephrin-B1 siRNA, which should cause reduc-
tion of forward signaling. Therefore, such inhibitory effect
of forward signaling caused by the overexpression of the
ligand, even if it exists, does not seem to be strong. In
addition, we previously observed that overexpression of
ephrin-B1 in Panct and Capan1 pancreas cancer cells,
in which EphB2 is endogenously expressed, promoted
the peritoneal dissemination of these cells by the similar
experiment in this study (data not shown), which may also
support this conclusion.

We observed that ephrin-B1-expressing cancer cells
invaded more frequently into the monolayer of fibroblasts
expressing EphB2 receptor than into the parent fibro-
blasts in overlay invasion assay. This result suggests that
cancer cells expressing ephrin-B1 may actively invade
into the stromal tissues that express EphB receptors, and
such mechanism may also be involved in the process of
peritoneal dissemination of ephrin-B1-expressing cancer
cells in vivo. For example, stromal cells composed of
mouse mesentery sheets actually expressed cognate re-
ceptors for ephrin-B1 (Supplemental Figure 1 at http://
ajp.amjpathol.org). Again, there is a possibility that
EphB2-mediated forward signaling in L EphB2 fibroblasts
also contributes to the formation of invasion foci of cancer
cells in this overlay assay. However, expression of eph-
rin-B1 4YF prevented the invasion of 44As3 cells into the
monolayer of L EphB2 cells, suggesting that this invasion
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Figure 6. Disruption of ephrin-131 phosphosyla-
tion suppressed the peritoneal dissenination of
orthotopically implanted 44As3 cells. 34As3 eells
expressing cither mock or ephrin-B1 4YF were
orthotopically implanted in submucosa of the
gastric wall as described in Materials and Meth-
ods. The representative macroscopic views of
disseaed organs 15 days after imphmtation, in-
cluding stomach with spleen ta), Tiver (b, and
intesting {€), are shown, Arrowheads indicate
the area involving the tomor (. The right pan-
cIs of ¢ show high magnificuion of the mesen-
tery in the middle pancls. Yellow arrowheads
indicate white tumor nodules,

ephrin-B1
4YF

is considered to depend predominantly on the ephrin-B1- in vitro under the condition that ephrin-B1 was not stimu-

mediated reverse signaling in cancer cells rather than the
forward signaling in fibroblasts. :

Tumor cells expressing ephrin-B1 may gain invasive-
" ness in multiple steps of the cell invasion process. Phos-

phorylation of ephrin-B1 leads to the recruitment of scaf-.

folding protein disheveled via Grb4, which results in
aberrant activation of RhoA.?5-28 Ephrin-B1 makes a com-
plex with Tiam1 to induce Raci activation,?® and we
showed blocking of tyrosine phosphorylation of eph-
rin-B1 decreased the Rac1 activity in this study. Eph-
rin-B1 is -also phosphorylated on tyrosine residues
through physical association with cell adhesion proteins
such as claudin, which attenuates the cell-cell adhesion.”
In addition, EphB2-induced phosphorylation of ephrin-B1
has been reporied to modify the cell-to-substrate adhe-
sion,*” although reduction of ephrin-B1 with siRNA did
not significantly affect cell adhesion to several substrates

lated with exogenous EphB2 receptor. Therefore, phos-
phorylation of ephrin-B1 may regulate cell motility also by
affecting the cell adhesion to substrates in the process of
stromal invasion of tumors in vivo. Blocking of ephrin-B1
phosphorylation by the ephrin-B1 4YF mutant may inhibit
tumor invasion through blocking such multiple events.
We cannot exclude a possibility that phosphorylation-
independent signaling of ephrin-B1 is also involved in the
regulation of cancer cell invasion. For example, proteins
containing PDZ domains make a stable complex with
ephrin-B1 via PDZ domain-binding motif -YXV located at
the carboxyl terminus of ephrin-B1.27 It may be important
to examine the phosphorylation state of ephrin-B1 in vivo
in a wide range of cancers to estimate what types of
cancers will be sensitive for blocking ephrin-B1 phos-
phorylation on tumor suppression. For example, phos-
phorylation of B-type ephrins in invading glioblastoma
has been reported recently.
" We performed intraperitoneal inoculation of cancer

Table 2. Disseminmion at 153 Days afier Ornthotopic i ) g - !
Implantation of 44As3 Gastric Cancer Cells cells into nude mice as a model of peritoneal dissemina-
9 - R o tion of the tumor, as also reported by others.2$2° Al-
e Cd Omentum Liver Mesenterium though many gastric cancer cell lines do not show typical
’%_ \ Mock 7/10 (70) 5/10 (50) 7/10 (70} histological appearance of human scirrhous carcinoma
4YF 211 (18) 1/11 (9) 2/11 (18) when inoculated into nude mice, our system of orthotopic

transplantation of 44As3 cells is a highly reproducible

Number of mice bearing tumor at the site per lotal number of mice ! i X o ;
animal model of peritoneal dissemination of human scir-

bearing tumor (%).
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rhous gastric carcinoma.'®'9-* Because early clinical
diagnosis of scirrhous gastric carcinoma is difficult, peri-
toneal dissemination or metastasis to lymph nodes has
frequently occurred by the time the diagnosis is made.
We observed that expression of ephrin-B1 4YF sup-
pressed not only local invasion of 44As3 cells in the
gastric wall but also the infiltration of cancer cells into
lymphatic vessels and lymph node metastasis. These
results suggest that ephrin-B1 phosphorylation-mediated
signaling may modulate the process of the invasion of
cancer cells to lymphatic vessels. It may be useful to
examine the expression and phosphorylation level of
ephrin-B1 in a surgical specimen of scirrhous gastric
carcinomas to predict lymphatic metastasis of tumors.
Dissemination is a frequent form of the recurrence of

scirrhous gastric carcinoma, which serves as a major ,

factor determining the prognosis. Ephrin-B1 is consid-

Table 3. Histological Analvsis of the Stomach 10 Days after
Onthotopic Implantation of 44As3 Cells
Cell ly ves Lymph node Perforation
Mock 7/10 (70) 7/10 (70) 8/10 (80)
4YF 2/11 (18) 2/11 (18) 311 (27)

Data are shown as the number of mice bearing tumor with lymphatic
vessel invasion (ly ves), metastasis to regional lymph nodes {lymph
node), or perforation of the gastric serosa and infiltrating 1o the
surrounding fat tissue (perforation) per total number of mice bearing
tumor (%).

ephrin-B1 4YF

Figure 7. Histology of stomuch 10 days after onhotopic implmt:aion of
MAs3 cells expressing cither mock (a1 or ephrin-BB1 4YF (-m) M&E
stain. a, b, j. and k: Red arrowheads indicite the area occupicd by
tumor (X20). High magnilication of the cemer of the tumor (hlue box) is
shown in ¢. d, kL and m, respectively (X100). Metastasis 10 the regional
lymph nodes thoxed arca in a and b. indicated by an asterisk) is shown
in e and f with high magnification (X200), Note thin there are numerous
cancer oolls containing signet-ring colls, Infiltration of cancer cells into
lymphatic vessels at the peripheral region of the tumor (hoxed a
indicated by #) is shown in g as an enlarged view, h and i Invasion of
cancer eells imo fat tissue surrounding the stomach. The boxed arca inh
is enlarged in i M. mucosi; MP, muscularis propria; 88, subscrosa.
Arrows indicate esophageal mucosa (b and k).

ered to be a prognostic factor of gastric scirrhous carci-
noma, and the inhibition of a specific cellular signal orig-
inating in ephrin-B1 phosphorylation may be a good
candidate for regulating its invasion and dissemination.
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Summary

Interaction of the Eph family of receptor protein tyrosine
kinases and their ligands, ephrin family members, induces
bi-directional signaling via cell-cell contacts. High
expression of B-type ephrin is associated with high invasion

«~potential of tumors, however, the mechanism by which

ephrin-B promotes cancer cell . invasion is poorly
understood. We show that interaction of ephrin-B1 with the
Eph receptor B2 (EphB2) significantly enhances processing
of the extracellular domain of ephrin-Bl, which is
regulated by the C-terminus. Matrix metalloproteinase-8
(MMP-8) is the key protease that cleaves ephrin-B1, and
the C-terminus of ephrin-B1 regulates activation of the
extracellular release of MMP-8 without requirement of de
novo protein synthesis. One possible mechanism by which
ephrin-B1 regulates the exocytosis of MMP-8 is the

activation of Arfl GTPase, a critical regulator of
membrane trafficking. In support of this hypothesis,
activation of ephrin-Bl increased GTP-bound Arfl, and
the secretion of MMP-8 was reduced by expression of a
dominant-negative mutant of Arfl. Expression of ephrin-
B1 promoted the invasion of cancer cells in vivo, which
required the C-terminus of ephrin-B1. Our results suggest
a novel function of the C-terminus of ephrin-B1 in
activating MMP-8 secretion, which promotes the invasion
of cancer cells.

Supplementary material available online at
http:/fjcs.biologists.org/cgi/content/full/120/13/2179/DC1

Key words: Eph, Ephrin, Metalloproteinase, Secretion

Introduction

The members of the Eph receptor family can be classified into
two groups based on their sequence similarity and their
preferential binding to ligands tethered to the cell surface either
by a glycosylphosphatidyl inositol anchor (ephrin-A) or a
transmembrane domain (ephrin-B) (Murai and Pasquale, 2003;
Blits-Huizinga et al., 2004; Poliakov et al., 2004). The
interaction of Eph receptor B2 (EphB2) protein tyrosine
kinases and their ephrin-B ligands induces bi-directional
signaling via the resultant cell-cell contacts. Ephrin-B has an
intracellular domain, which includes sites for tyrosine
phosphorylation via Src family kinases and a docking site for
proteins with a PDZ domain (Lin et al., 1999; Cowan and
Henkemeyer, 2001; Bong et al., 2004). These sites give ephrin-
B ligands at least two ways of being involved in intracellular
signaling. Although investigation of the functions of Eph

" receptors and ephrins have focused on the development of the

vascular and nervous systems, the roles of Eph-ephrin
pathways in epithelial cells and cancers have also attracted
interest (Batlle et al., 2002; Klein, 2004; Batlle et al., 2005;
Tanaka et al., 2005; Holmberg et al., 2006). Overexpression of
B-type ephrin in cancer cells is reported to correlate with high
invasion and high vascularity of tumors (Meyer et al., 2005;
Castellvi et al., 2006; Nakada et al., 2006), and elevated
expression of ephrin-Bl is observed in poorly differentiated
invasive tumor cells and other tumors with poor clinical
prognosis (Kataoka et al., 2002; Varelias et al, 2002).

However, whether ephrin-B actually modifies tumor invasion

* in vivo has not been established, and the mechanism by which

ephrin-B is involved in the invasion of cancer cells is unknown.

Some ephrins are cleaved by a protease. When ephrin-A5
binds with EphA3, their complex creates a recognition motif
for a disintegrin and metalloproteinase (ADAM)10 membrane
metalloproteinase, which allows effective cleavage of the
extracellular domain of ephrin-A5 (Hattori et al., 2000; Janes
et al., 2005). Protease-mediated cleavage also occurs for B-
type ephrins; a rhomboid transmembrane serine protease
RHBDL2 cleaves the transmembrane domain of ephrin-B3
{Pascall and Brown, 2004), and ephrin-B1 and ephrin-B2 are
processed within the transmembrane region by the presenilin
1 (PS1)-y-secretase system to release an intracellular peptide .
(Georgakopoulos et al., 2006; Tomita et al., 2006).

During the process of screening peptides secreted from
pancreas cancer cell lines, we found evidence that the
extracellular portion (ectodomain) of ephrin-B1 is secreted. This
finding led us to study the mechanism of ephrin-B1 shedding
within the ectodomain in cancer cells. In the present study, we
show that the C-terminus of ephrin-B1 regulates the exocytosis
of MMP-8, a key protease of ephrin-B1 cleavage, in response to
the interaction with its receptor EphB2. An accumulating
number of reports have shown that increased secretion of
metalloproteinases often depends on their transcriptional
activation (Chinni et al., 2006; Raymond et al., 2006; Reuben
and Cheung, 2006). However, increase of MMP-8 secretion



