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Figure 5. Models of Efp action as E3 ligase. Estrogen-induced RING
finger protein Efp recognizes a cell cycle inhibitor 14-3-3Z which keeps
Cyclin B in cytoplasm. Efp modifies 14-3-3% with ubiquitin and the
resulting ubiquitinated 14-3-3X is recruited to 26S proteosome to be
destroyed. The dissociated cyclin B is now capable of entering the nucleus
where it drives cell cycle.

MID1. It has been shown that MID1 associates with microtu-
bules, whereas mutant forms of MID1 do not.®* These results
suggest that MIDI has a physiological role in microtubule dy-
namics.

Recently, the o4 £rotein, a regulatory subunit of protein phos-
phatase 2A (PP2A)" was isolated by yeast two-hybrid screening
with MID1 as bait. It was demonstrated that the B-box 1 is suf-
ficient for a strong interaction with a4. MID2,% which is highly
similar to MID1, also binds a4. Cellular localizations of MID1
and o4 are coincident with cytoskeletal structures and MID1
with a mutation at the C terminus that mimics the mutant pro-
tein of some individuals with OS results in the formation of cyto-
plasmic clumps containing both proteins. The identified substrate
for E3 ligase activity of MID1 is a cytosolic PP2A. In contrast,
addition of a proteasome inhibitor to OS-derived fibroblasts ex-
pressing dysfunctional MID1 does not cause either enrichment
of PP2A or accumulation of the enzyme’s polyubiquitinated
forms,®’ suggesting that MID1 mutations result in decreased pro-
teolysis of the C subunit of PP2A in individuals with OS.

PML

PML also belongs to a subfamily of proteins containing a
RBCC/TRIM motif.**% PML has been implicated in the patho-
genesis of acute promyelocytic leukemia that arises following a
reciprocal chromosomal translocation that fuses the PML gene
located on chromosome 15 with the retinoic acid receptor alpha
(RARa) gene located on chromosome 17. The resulting
PML-RAR@ fusion protein preserves most of the functional do-
mains of both PML and RARa, but it lacks C-terminus of PML
and N-terminus of RARa The fusion protein shows cell type-
and promoter-specific differences from the wild type RARa,>>#%:9
while it maintains a responsiveness to retinoic acid. Overexpression
of PML-RAR® inhibits vitamin D3 and transforming growth
factor B-induced differentiation and also reduces serum
starvation-induced apoptosis in U937 cells.” In addition, dimer-
ization of PML with PML-RARa is required to block differen-
tiation.”! Thus, PML-RARa is considered to function as a domi-
nant negative protein by interfering with the function of PML
and RARa.
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In normal cells, cellular distribution of PML is found to form
a discrete subnuclear compartment (nuclear body, NB)”*7 or
PML oncogenic domain.” Other proteins containing Sp100”°
and PLZF (for promyelocytic leukemia zinc ﬁnger)76 have been
reported to localize to the NBs. Interestingly, PLZF-RARa fu-
sion protein is also found in a rare form of APL.”7 It is shown that
the nuclear bodies were dispersed into a microspeckle pattern in
APL cells bur reformed with retinoic acid treatment by which
APL cells differentiated into granulocytes. In addition, the NB is
the preferred site where the eatly steps of transcription and repli-
cation of DNA virus occurs.”® Therefore, the regulation of NB
formation is thought to be involved in the pathogenesis of APL.
Recently, PML is shown to be covalently modified by SUMO-1
(Small Ubiquitin-like Modifier-1) of ubiquitin-like proteins.”
Mutations in the PML RING finger disrupt the nuclear body
formation in vivo>® and cause a failure of growth suppression,go’81
apoptosis and anti-viral activities®? of PML. The dependence on
an intact RING finger for PML NBs formation implies specific
protein interactions regulated by the RING structure. Recent stud-
ies have shown that PML RING interacting with the SUMO-1
E2 enzyme UBCY is SUMO modified and the sumolylation of
PML has an important role in regulating the formation of NBs.®?

PML has two B-boxes (B1 and B2) adjacent to the RING
domain. Mutations of conserved zinc-chelating residues in Bl
and/or B2 boxes collapsed PML NB formation, whereas they did
not affect PML oligomcrization.M PML B-boxes are also involved
in growth suppression.so It has been revealed that PML is
sumoylated in B1 box which is responsible for binding of the 118
proteasomal subunit to PML NBs.%

The coiled coil region in PML is indispensable for
multimerization or heterodimerization with PML-RARe, %7180
formation of PML NB and growth suppression activity.** Nota-
bly, the important role of the coiled coil domain for the complex
formation is also suggested from the studies of other RBCC/TRIM
subfamily.43’57

TRIMS

TRIMS, a member of RBCC subfamily, is shown to interact
with SOCS-1 (suppressor of cytokine signaling-1) which is in-
duced by cytokines and inhibits cytokine signaling by binding to
downstream signaling molecules such as JAK (Janus kinase) ki-
nases.®” % The B-box coiled coil region of TRIMS is sufficient
for efficient interaction with SOCS-1, but the RING portion of
the protein is not required for the binding. By contrast, both the
SOCS box and the SH2 domain in SOCS-1 appear to be neces-
sary for the interaction between SOCS-1 and TRIMS. It was
found that exogenous coexpression of TRIM8/GERP with
SOCS-1 decreased the stability of SOCS-1 protein and TRIMS
restored the IFN-y-mediated transcription which was inhibited
by the expression of SOCS-1.”° These results suggest that TRIM8
is the putative E3 ligase for SOCS-1 and inhibits SOCS-1 func-

tion by targeting it for proteasomal degradation.

TRIM11

TRIM11 is a member of the protein family composed of a
RING finger domain, which is a putative E3 ubiquitin ligase, a
B-box domain, a coiled coil domain and a SPRY domain. A re-
cent experiment with yeast two-hybrid screening has revealed that
TRIM11 can interact with Humanin®! which is a newly identi-
fied anti-apoptotic peptide that specifically suppresses Alzheimer’s
disease (AD)-related neurotoxicity. It is known that Bax
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(Bcl2-associated X protein) has a crucial role in apoptosis. In re-
sponse to death stimuli, Bax protein changes the conformation
exposing membrane-targeting domains, translocates to mitochon-
drial membrane and releases the cytochrome ¢ and other
apoptogenic proteins. Indeed, Humanin is shown to bind with
Bax and prevents the translocation of Bax from cytosol to mito-
chondria.?? Moreover, Humanin blocks Bax association with iso-
lated mitochondria and suppresses cytochrome c release. There-
fore, Humanin seems to exert its anti-apoptotic effect by
intetfering the Bax function.

The coiled coil domain of TRIM11 is indispensable for the
interaction with Humanin. The SPRY domain also contributes
to the recognition of Humanin, whereas SPRY domain alone can-
not. It was found that the intracellular level of Humanin was
drastically reduced by the coexpression of TRIM11, and muta-
tion of the RING finger domain or treatment with proteasome
inhibitor attenuates the effect of TRIM11 on the intracellular
level of Humanin.”! These results suggest that the TRIM11 par-
ticipates in the ubiquitin-mediated degradation of Humanin as
an E3 ligase.

SSA/Ro (88A1, TRIM?21)

Sjdgren syndrome is an autoimmune disease in which exo-
crine glands including salivary and lacrimal glands develop a
chronic inflammation, and whose symptoms are dry eyes, dry
mouth and fatigue. Autoantibodies to Ro recognize a ribonucle-
oprotein complex composed of small single-stranded RNAs and
of one or more peptides. Although the Ro autoantigen is hetero-
geneous and found in most tissues and cells with differences in
structure and quantity across tissues, it is detected in 35 to 50%
of patients with systemic lupus erythematosus and in up to 97%
of patients with Sjégren syndrome.” The 60-kD protein (Ro60)
and the 52-kD protein (Ro52) were identified®® and, another
novel 56-kD protein (Ro56/SS-56) has been identified, recently.”
Ro052 and Ro56 proteins belong to RBCC-SPRY subfamily. It is
thought that the Ro autoantigen is involved in the regulation of
transcription because it possesses functional domains associated
with gene-regulation and binds to nucleic acids.” Its precise func-
tion is not understood, however. In a study, Ro52 was reported
to be ubiquitinated in the cell.” The observation suggests that
Ro52 may be downregulated by the ubiquitin—proteasome path-
way in vivo. Interestingly, sera from patients with Sjogren syn-
drome showed heterogeneity in their reactivity to
poly-ubiquitinated Ro52, probably because of their differing an-
tigenic determinants. This heterogeneity of the reactivity may be
associated with the varying clinical features found in Sjdgren pa-
tients.

Conclusion

Here, we summarized the structural characteristics and func-
tions of RING finger proteins specifically in terms of the E3 li-
gase activity. However, relatively few proteins have been really
proven to function as E3 ligase. Thus, most RING finger pro-
teins remain to be further investigated. Investigation of the RING
finger proteins as a novel E3 ligase family will elucidate impor-
tant mechanisms of cellular protein degradation and provide new
insight into the physiological and pathophysiological roles of the
pathway. Particularly, the molecular mechanisms of specific sub-
strate recoghition by E3 with the RING and other associated
domains must be determined. Moreover, the RING finger pro-
teins such as PML may possess unknown functions other than

Zinc Finger Proteins

E3 ligase. Functional analysis of the RING finger proteins will
help to understand biological roles of the family including the
ubiquitin-mediated protein degradation pathway.
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Tyrosine phosphorylation of paxillin affects the metastatic potential
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To acquire information on signal alteration corresponding
to the changes in metastatic potential, we analysed protein
tyrosine phosphorylation of low- and high-metastatic
human osteosarcoma HuQG9 sublines, which were recently
established as the first metastatic model of human
osteosarcoma. Tyrosine phosphorylation of proteins
around 60, 70, and 120-130kDa was enhanced in high-
metastatic sublines. Among these proteins, the protein
around 70 kDa, which was most remarkably phosphory-
lated, was identified as paxillin, a scaffold protein in
integrin signaling. Activity of Src family kinase correlated
well with metastatic potential, and a Src family kinase
inhibitor, PP2, not only abolished tyrosine phosphoryla-
tion of paxillin but also impaired the motility of high-
metastatic sublines. The expression of paxillin was also
elevated in high-metastatic sublines, and knocking down
of paxillin expression by RNAi method resulted in
attenuated motility of high-metastatic cells. We also
demonstrated that the phosphorylated form of paxillin is
essential for the migration-promoting effect in human
osteosarcoma. These findings suggest that enhanced
activity of Src family kinases and overexpression of
paxillin synergistically contribute to the high metastatic
potential of human osteosarcoma through the hyperpho-
sphorylation of paxillin.

Oncogene (2005) 24, 4754-4764. doi:10.1038/sj.onc.1208654;
published online 2 May 2005

Keywords: osteosarcoma; pulmonary metastasis; paxil-
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Introduction

Multiple steps of tumor metastasis are regulated by
various external stimuli such as hormones, cytokines
and extracellular matrices. As major mediators of these
stimuli, both receptor and nonreceptor tyrosine kinases
play important roles to elicit intracellular signal
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2005; published online 2 May 2005

transduction in response to the metastatic environment
of tumor cells (Pawson, 2004). Various processes such as
cell adhesion, anchorage-independent growth, cell mo-
tility, and cell invasion, which are essential components
of tumor metastasis, are regulated by tyrosine phos-
phorylation. Indeed, the activation of Src family
tyrosine kinases is frequently found during proliferation
and metastasis of human cancers (Yeatman, 2004),
indicating that tumor progression is reflected by the
activity of tyrosine kinase and phosphorylation states
of substrates in metastatic tumors.

Osteosarcoma is a primary malignant bone tumor
that usually affects teenagers and frequent metastasis to
the lungs is a clinical characteristic of osteosarcoma. As
many as 20% of patients are estimated to have
pulmonary metastases at the time of diagnosis and their
prognosis is extremely poor with 10-20% 5-year
survival rate (Meyers et al., 1993; Tsuchiya et al.,
2002). Even though patients did not have metastases at
the time of diagnosis, 35-50% of them developed
pulmonary metastases during treatment (Huth and
Eilber, 1989; Ward et al., 1994). For this reason,
pulmonary metastasis of osteosarcoma requires effective
prevention and treatment.

Investigation of pulmonary metastasis of human
osteosarcoma was impeded by the lack of a proper
metastatic model of human osteosarcoma cell lines.
Recently, Kimura et al. (2002) established human
osteosarcoma cell lines with high metastatic potential
to the lungs for the first time. From parental HuO9 cells,
M112 and M132 were established as high-metastatic
sublines, which developed more than 200 macroscopic
metastatic nodules in the lungs after injection of 2 x 10°
cells into the tail vein of nude mice. On the other hand,
L12 and L13 are low-metastatic sublines established by
the dilution plating method from the same parent HuO9
cells (Nakano et al., 2003). These sublines developed
only 0-15 macroscopic nodules in the lungs after
injection of 2 x 10° cells and all mice survived up to
200 days.

In order to acquire information on signal alteration
corresponding to the changes in metastatic potential, we
compared the profile of protein tyrosine phosphory-
lation by utilizing these HuO9-derived sublines. A
68 kDa cytoskeletal protein, paxillin, was identified as
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a molecule that shows the most outstanding difference
in phosphorylation state between low- and high-meta-
static sublines among several phosphotyrosine-contain-
ing proteins that are differentially phosphorylated in
these sublines. Paxillin has no intrinsic enzymatic
activity, but it has multiple domains that interact with
cytoskeletal and signaling molecules, and functions as a
scaffold protein at focal adhesions (Turner, 2000,
Schaller, 2001). Paxillin contains two critical tyrosine
phosphorylation sites at Tyr 31 and Tyr 118 (Schaller
and Parsons, 1995). These phosphotyrosines are con-
sidered to serve as docking sites for other signaling
molecules, but it remains controversial whether these
phosphotyrosines have promoting effect or inhibitory
effect on cell motility.

In this study, we show overexpression and hyperpho-
sphorylation of paxillin in high-metastatic sublines
of human osteosarcoma, indicating that, in the case of
human osteosarcoma, tyrosine phosphorylation of
paxillin has a promoting effect for cell migration.
We also demonstrate that elevated activity of Src
family kinases in high-metastatic sublines is essential
for the enhanced motility for these osteosarcoma
cells, suggesting the contribution of Src family kinase
activity to the high metastatic potential of human
osteosarcoma.

Results

General enhancement of tyrosine phosphorylation in high-
metastatic HuO9 sublines

First, we confirmed the difference in motility between
low- and high-metastatic sublines using Cell Culture
Insert. High-metastatic sublines, M112 and MI132,
showed more than six times as high motility as low-
metastatic sublines, L12 and L13 (data not shown). This
result indicates that the motility of HuO9 sublines
indeed correlates with their metastatic potential as
previously reported (Nakano et al., 2003).

To clarify the factors that determine the metastatic
potential of HuO9 sublines, we compared expression
patterns of phosphotyrosine-containing proteins be-
tween low- and high-metastatic sublines (Figure 1).
General enhancement of tyrosine phosphorylation was
observed in high-metastatic sublines, M112 and M132,
as well as parental HuO9, which also has rather high
metastatic potential (Nakano et al., 2003). Among
several phosphotyrosine-containing proteins showing
elevated phosphorylation in high-metastatic sublines,
the most striking difference was a broad band around
70kDa (marked b in Figure 1). In addition, there were
several other minor phosphotyrosine-containing pro-
teins differentially expressed between low- and high-
metastatic sublines, such as proteins around 60kDa
(marked c in Figure 1) and 120-130kDa (marked a in
Figure 1). These differences in tyrosine phosphorylation
were consistent at different time points after plating (6
and 24 h) with and without fibronectin coating (Supple-
mentary Figure 1 and data not shown).
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Figure 1 Elevated tyrosine phosphorylation of several proteins in
high-metastatic sublines of HuO9 cells. Low-metastatic sublines
(L12, L13), high-metastatic sublines (M112, M132) and parental
HuO9 cells plated on plastic culture dishes for longer than 48h
were lysed for immunoblotting with anti-phosphotyrosine antibody
4G10. Hyperphosphorylated proteins in high-metastatic sublines
are indicated on the right (a, b, ¢)

As candidate proteins of the difference around
120-130kDa tyrosine phosphorylation, pl130“* and
focal adhesion kinase (FAK) were examined using
phospho-specific antibodies (Figure 2). pl30“ is a
docking protein involved in the integrin signaling. We
generated phospho-specific antibodies against several
putative phosphorylation sites of p130“* and used them
for the analysis. As a result, elevated phosphorylation of
Tyr 762 was found in high-metastatic sublines (2.5 times
as much as low-metastatic sublines), while phosphoryla-
tion of Tyr 460 of pl30°* did not show obvious
correlation with metastatic potential (Figure 2a). Tyr
460 represents tandem YDXP motifs in the substrate
domain of p130“*, which binds (Crk) (Sakai et al., 1994)
or Nck (Schlaepfer et al., 1997), and Tyr 762 consists of
YDYV motif, which serves as a Src-binding site when
phosphorylated (Nakamoto et al., 1996). Expression of
p130¢* did not vary significantly among each subline
(Figure 2a).

FAK is a nonreceptor tyrosine kinase, which is
also involved in the integrin signaling, and its Tyr 397
is autophosphorylated when FAK is activated
(Schaller et al., 1994). The expression of FAK and
phosphorylation on Tyr 397 of FAK were analysed.
However, no remarkable elevation of tyrosine-phos-
phorylated FAK was detected in high-metastatic sub-
lines (Figure 2b).

To identify the phosphotyrosine-containing protein
around 60kDa, the expression level and tyrosine
phosphorylation of Src family kinases was examined.
Among the members of Src family kinases, only Fyn
kinase had the tendency of hyperphosphorylation in
high-metastatic sublines (Figure 2c). Tyrosine phos-
phorylation of c-Src, Yes, and Fgr, other members of
Src family kinases that were examined, did not correlate
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Figure 2 Elevated tyrosine phosphorylation of p130<* (Tyr 762)
in high-metastatic sublines. (a) Whole-cell lysates from low-
metastatic (L12, L13) and high-metastatic sublines (M112, M132)
were immunoblotted for two kinds of anti-phosho-p130© anti-
body (Tyr 460 representing the tandem YDXP motif, and Tyr 762
representing the YDYV motif in Src-binding domain) and p130<=
antibody. Density of each blot was measured as described in
Materials and methods. (b) Whole-cell lysates from low-metastatic
(L12, L13), high-metastatic (M112, M132) and parental HuO9
were immunoblotted for anti-phospho-FAK antibody (Tyr 397)
and anti-FAK antibody. Density of each blot was measured as
described in Materials and methods. (¢) Fyn kinase of low- and
high-metastatic sublines was immunoprecipitated by anti-Fyn
polyclonal antibody and subsequently immunoblotted with anti-
phosphotyrosine antibody 4G10 or anti-Fyn antibody

with the metastatic potential (data not shown). How-
ever, absorption of Fyn by anti-Fyn antibody from
lysates of low- and high-metastatic sublines could not
remove the difference in tyrosine phosphorylation
around 60kDa (data not shown), indicating that not
only Fyn contributes to the elevation of tyrosine
phosphorylation around 60 kDa.
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Qverexpression and hyperphosphorylation of paxillin
in high-metastatic HuO9 sublines

From the molecular size and the broad appearance of
the 70kDa protein, we estimated that this highly
phosphorylated protein in high-metastatic sublines was
paxillin. Using a specific antibody of phospho-paxillin
(Tyr 118) for the blotting of whole-cell lysates, it was
confirmed that high-metastatic sublines indeed con-
tained a higher amount of tyrosine-phosphorylated
paxillin in high-metastatic sublines (Figure 3A). It was
also found that total paxillin expression was elevated in
high-metastatic sublines compared with low-metastatic
sublines (Figure 3A). As for both total paxillin and
phospho-paxillin, high-metastatic sublines were esti-
mated to contain about three to five times as much as
low-metastatic sublines using densitometric analysis.

Absorption of paxillin by anti-paxillin antibody from
lysates of low- and high-metastatic sublines remove
most of the difference in tyrosine phosphorylation
around 70kDa (Figure 3B), indicating that paxillin
mainly contributes to the elevation of tyrosine phos-
phorylation around 70 kDa.

Immunostaining of paxillin revealed that total paxillin
and phospho-paxillin (Tyr 118) localize at focal adhe-
sions, which were characterized at both ends of the actin
filaments in 112 and M 132 cells (Figure 3C). There was
no significant change in the localization of paxillin by
the metastatic potential of sublines, although the
staining of total paxillin and phospho-paxillin were
stronger in high-metastatic sublines than those in low-
metastatic sublines (Figure 3D).

Sre family kinase activity is elevated in the
high-metastatic sublines

The general enhancement of tyrosine phosphorylation
in high-metastatic sublines (Figure 1) suggests that the
activity of some tyrosine kinases were enhanced in high-
metastatic sublines. Therefore,” we examined which
tyrosine kinase is responsible for the high metastatic
potential.

First, the difference in Src family kinase activity was
investigated using Src-2 antibody, which is known to
recognize wide ranges of Src family kinases. As a result,
the activity of Src family kinases was elevated in the
high-metastatic sublines compared with low-metastatic
sublines (Figure 4a). The candidate for the Src family
kinase responsible for the elevated kinase activity in
high-metastatic sublines might be Fyn, which showed
enhanced autophosphorylation in high-metastatic sub-
lines (Figure 2¢). We also examined the kinase activity of
FAK and c-Abl, which are also reported to phosphory-
late the tyrosine residues of paxillin. However, we
observed a lack of correlation between kinase activity
of FAK or c-Abl and metastatic potential (Figure 4b).

To check the influence of Src family kinase activity on
cell motility elevated in high-metastatic sublines, cell
migration assay was performed. In the high-metastatic
sublines treated with PP2, an inhibitor of Src family
kinases, motility was significantly suppressed, while in
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Figure 3 Overexpression and hyperphosphorylation of paxillin in high-metastatic sublines. (A) Whole-cell lysates from low-metastatic
(L12, L13), high-metastatic (M112, M132) and parental HuO9 were immunoblotted for anti-phospho-paxillin antibody (Tyr 118),
paxillin antibody and anti-e-tubulin antibody as an internal control. Densities of paxillin and phospho-paxillin blots are shown on the
right. (B) Whole-cell lysates of low- and high-metastatic sublines and parental HuO9 cells were immunoprecipitated by monoclonal
anti-paxillin antibody. Both immunoprecipitates and supernatants (indicated at the top) were subjected to immunoblotting analysis by
anti-phosphotyrosine antibody 4G10 and anti-paxillin antibody. (C) L12 and M132 sublines were immunostained with anti-paxillin
antibody (a, d: green), and chemically stained with phalloidin (b, e: red) at the same time. (D) Low- and high-metastatic sublines were
immunostained with the antibody against paxillin (b-e: green) or phospho-paxillin (g—: red). Superimposed confocal images (l-o:
merge) demonstrate the portion of phosphorylated paxillin over the total paxillin. Images without first antibodies (a and f) are shown
as negative controls. For comparison, panels were captured with identical gain and iris value and processed in the same way

the cells treated with PP3, inactive structural analog of
PP2, their motility was not affected (Figure 4c). The
effect of Src family kinase on the tyrosine phosphoryla-
tion of paxillin was also evaluated. When, high-
metastatic sublines were treated with PP2, the tyrosine
phosphorylation of paxillin was almost completely
abolished, while the phosphorylation remained un-
changed when the cells were treated with PP3
(Figure 4d). These results indicate that, in high-
metastatic sublines of HuQ9, tyrosine phosphorylation

of paxillin and enhanced cell motility are mostly
dependent on the activity of Src family kinases.

Cell migration was attenuated by knocking down
of paxillin expression in high-metastatic sublines

To evaluate the direct involvement of paxillin in the cell
motility of the osteosarcoma cells, paxillin expression
was knocked down using RNA interference (RNAI) in
high-metastatic HuO9 sublines. Using a novel approach
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Figure 4 Elevated Src family kinase activity in high-metastatic sublines. (a) Elevated Src family kinase activity in high-metastatic
sublines. Src family kinases of low- and high-metastatic sublines and parental HuO9 cell lysates were immunoprecipitated by Src-2
antibody. Lysates of L12 and M 112 immunoprecipitated with preimmune rabbit serum were used as negative controls. Kinase activity
was evaluated by phosphorylation of exogenous synthetic polypeptide poly[Glu-Tyr](4:1). The density of each smear (between 50 and
150 kDa, area shown by a bracket) was quantified. (b) FAK or c-Abl of low- and high-metastatic sublines and parental HuO9 were
immunoprecipitated by monoclonal antibodies. To evaluate kinase activity, exogenous synthetic polypeptide poly[Glu-Tyr](4:1) was
used. The kinase activities were quantified according to the same method as described in (a). (¢) Src family kinase inhibitor PP2
(4-amino-35-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine) impairs the motility of high-metastatic sublines. Motility of low-
and high-metastatic sublines and parental HuO9 cells was evaluated by migration assay as described in Materials and methods. As for
high-metastatic sublines, M112 and M132, motility in the presence of 10um of PP2 or 10uM of PP3 (4-amino-7-phenylpyrazol
[3,4-d]pyrimidine) was also evaluated. The cells at the lower side of the filters were stained by Giemsa’s stain solution and visualized
under microscope at a magnification of x 200. Each bar represents the mean number of cells 4 s.d. counted in five fields. (d) Src family
kinase inhibitor PP2 abolishes tyrosine phosphorylation of paxillin. High-metastatic subline M112 and M 132 were treated with 10 um
of PP2 or PP3 for 30 min prior to cell lysis. Whole-cell lysates were immunoblotted for anti-phospho-paxillin antibody, anti-paxillin
antibody and anti-z-tubulin antibody

called the Dicer method to introduce a series of short
interfering RNA (siRNA) into the cells, paxillin expres-
sion was suppressed by about 60%, while phospho-
paxillin decreased by about 30% compared with LacZ
siRNA-treated cells (Figure 5a).

Although the expression of paxillin was not comple-
tely suppressed, cell motility was impaired by about two-
thirds by treatment with paxillin siRNA when compared
with LacZ siRNA-treated cells (Figure 5b). This
difference is statistically significant over nonspecific

tary Figure 2a, b). These results indicate paxillin rather
than p130°* is more closely associated with the motility
of osteosarcoma sublines.

Overexpression of paxillin and elevation of Src family
kinase activity synergistically enhance the motility
of human osteosarcoma

To further examine the role of paxillin and its tyrosine
phosphorylation on the motility of osteosarcoma sub-

effects of siRINA on cell survival and motility.

This attenuation of motility was not observed when
the expression of p130“* was knocked down using the
Dicer method in high-metastatic sublines (Supplemen-
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lines, the effect of transient transfection of GFP-paxillin
and its phenylalanine mutant of two tyrosines (2F
mutant) was evaluated. In 2F mutant, two critical
tyrosine phosphorylation sites at Tyr 31 and Tyr 118
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were mutated to phenylalanine, and these tyrosine
residues were confirmed to be major phosphorylation
sites by transient transfection of GFP-paxillin and GFP-
2F mutant to COS-7 cells (Figure 6A).
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Figure 5 Cell migration was attenuated by knocking down of
paxillin expression in high-metastatic sublines. (a) M112 subline
was transfected with siRNA of paxillin or LacZ, or treated only
with lipofection reagent ((—), as indicated at the bottom). Cells
were lysed at 72 h from the transfection and whole-cell lysates were
immunoblotted with the antibodies indicated. The density of each
band is shown on the right. (b) M 112 subline was transfected with
siRNA or treated only with lipofection reagent as described above.
Transfected cells were subjected to migration assay as described in
Materials and methods

4

Figure 6 Overexpression of paxillin and elevation of Src family
kinase activity synergistically enhance the motility of human
osteosarcoma. (A) Cos-7 cells were transiently transfected with
empty vector (VEC), GFP-paxillin (WT) or GFP-2F (Y3IF,
Y 118F) mutant (2F). Cells were lysed at 48 h from the transfection
and immunoprecipitated with anti-GFP antibody. Immunopreci-
pitates were subjected to immunoblotting analysis by anti-
phosphotyrosine antibody 4G10 and anti-paxillin antibody. (B)
L12 cells were transiently transfected with empty vector (VEC),
GFP-paxillin (WT) or GFP-2F mutant (2F). Whole-cell lysates
were immunoblotted for anti-phospho-paxillin antibody (Tyr 118)
and paxillin antibody. GFP-paxillin and GFP-2F mutant were
indicated (arrowhead a and b). (C) L12 cells transfected with GFP-
paxillin or GFP-2F mutant were chemically stained with phalloi-
din. GFP (a, b: green) and phalloidin (c, d: red) were visualized
with confocal microscopy. (D) L12 cells transfected with empty
vector, GFP-paxillin or GFP-2F mutant were subjected to
migration assay as described in Materials and methods. (E, F)
L12 cells (L12 wt) or paxillin-FLAG-expressing stable cells (L12
pax) were transiently transfected with empty vector (VEC) or Fyn-
FLAG (Fyn). Whole-cell lysates were immunoblotted for the
antibodies indicated. Fyn-FLAG (arrowhead a) and endogenous
Fyn (arrowhead b) were shown in (E) upper panel. (G) L12 cells or
paxillin-FLAG-expressing stable cells that were transiently trans-
fected with empty vector or Fyn-FLAG were subjected to
migration assay as described in Materials and methods
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Next, GFP-paxillin and GFP-2F mutant were tran-
siently expressed in the low-metastatic subline, L12
(Figure 6B, arrowhead in lower panel). The tyrosine
phosphorylation of GFP-paxillin was detected by
phospho-paxillin =~ (Tyr 118) antibody in LI12
(Figure 6B, arrowhead in upper panel), although this
polyclonal antibody showed slight reactivity even to the
2F mutant of paxillin. Both GFP-paxillin and GFP-2F
mutant were confirmed to localize at focal adhesions
(Figure 6C).
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Cell motility was enhanced by the transient expression
of GFP-paxillin compared with the transfection of GFP-
2F mutant or empty vector (Figure 6D). This indicates
that the amount of wild-type paxillin is positively
correlated with the motility of osteosarcoma sublines.
Considering that GFP-2F mutant could localize at focal
adhesions (Figure 6C), the lack of motility-promoting
effect of GFP-2F mutant was due to the absence of
phosphorylation at Tyr 31 and Tyr 118.

The synergistic effect of paxillin overexpression
and Src family kinase activity was examined using a
low-metastatic subline, LI2. We established L12 cells
that stably express more than five times as much
an amount of exogenous paxillin as the wild-type
L12 subline, which is a similar level of endogenous
paxillin in the high-metastatic sublines. FLAG epitope-
tagged Fyn was transiently transfected to wild-type
L12 cells and paxillin-overexpressing L12 cells
(Figure 6E). Enhancement of tyrosine phosphorylation
of paxillin was observed in Fyn-FLAG-transfected
cells compared with mock-transfected cells in both
wild-type L12 and paxillin-overexpressing L12 cells
(Figure 6F). Cell migration assay reveals that over-
expression of both Fyn-FLAG and paxillin-FLAG
significantly enhances the cell motility of L12 cells
(Figure 6G). This result of cell migration was correlated
with the amount of phospho-paxillin in the cells
(Figure OF, upper panel), which suggests that over-
expression of paxillin and Fyn contributes to the
enhanced motility through the tyrosine phosphorylation
of paxillin.

Discussion

We have shown the general enhancement of tyrosine
phosphorylation in high-metastatic HuO9 sublines, and
the elevated activation of Src family kinase. Among the
substrates of Src family kinase, prominent phosphoryla-
tion of paxillin along with elevated expression of paxillin
was observed in the high-metastatic sublines.

Since human osteosarcoma cell lines suitable for
metastatic study were not available, results of previous
biochemical analysis on metastatic osteosarcoma were
derived from murine models (Khanna et al., 2001, 2004;
Iwaya et al., 2003). The present study is the first
biochemical analysis on human metastatic osteosar-
coma. We used four independent, but genetically close
sublines of osteosarcoma that are excellent tools for
analysis of signal alteration in the process of acquiring
metastatic potential. The high-metastatic sublines were
established by in vivo selection and the low-metastatic
sublines by the dilution plating method. Considering
that malignant tumors contain subpopulations of
different metastatic capabilities, these selection methods
resemble authentic events during the progression of
osteosarcoma. Moreover, these sublines were estab-
lished without any manipulation of genes, which
minimizes the artificial effects on our study.

In these sublines of human osteosarcoma, the results
of cell motility assay clearly reflected metastatic
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potential (Nakano er al., 2003). This is reasonable
because the properties of cancer cells measured by cell
migration assay such as cell movement and ability to
interact with extracellular matrix are critical factors
during tumor metastasis. Therefore in this study, cell
motility was used as an indicator of metastatic potential.

Elevation of Src family kinase activity in metastases
was reported in human colorectal cancer (Talamonti
et al., 1993) and in human melanoma (Marchetti et al.,
1998). According to these reports, there is clear
difference in the activated member of Src family kinase
among types of tumors. Talamonti et al. showed
increased activity of c-Src in liver metastases compared
to primary tumor. Marchetti ez al. used brain metastatic
sublines and found that kinase activity of Yes, not ¢c-Src,
was elevated compared to low-metastatic cells. We
recently reported that, in a metastatic model of murine
melanoma cell lines, kinase activity of Fyn was elevated
in high-metastatic sublines, and interacted with cortac-
tin (Huang et al., 2003). Although not as significant as in
the case of murine melanoma, Fyn will also be a
candidate for the responsible kinase for metastatic
potential of human osteosarcoma. Other members of
Src family kinase with relatively low expression, such as
c-Src, or with relatively low kinase activity do not
appear to be involved in regulation of metastatic
potential.

In osteosarcoma, elevated phosphorylation of YDYV
motif in pl30°* in high-metastatic sublines (Figure 2a)
is a possible clue to Src family activation because
phosphorylated YDYV motif in pl130“* stabilizes the
active form of Src family kinases by binding with
the SH2 domain of Src family kinases (Nakamoto et al.,
1996; Burnham et al., 2000). This type of molecule may
function as a regulator of Src family kinases that causes
activation of Src family kinases in osteosarcoma cells,
although the contribution of phosphorylated p130©
may be low considering the small effect of RNAi on the
cell motility.

Although this is the first report on hyperphosphory-
lation of paxillin in a metastatic tumor, some studies
investigated the relationship of cell motility and tyrosine
phosphorylation of paxillin. Tyr 31 and Tyr 118 of
paxillin are phosphorylated upon cell adhesion (Bur-
ridge et al., 1992) and Src family tyrosine kinases
(Klinghoffer er al., 1999), FAK (Schaller and Parsons,
1995), and c-Abl (Lewis and Schwartz, 1998) are
reported to phosphorylate these sites. The roles of
phospho-paxillin on cell motility are still controversial.
Migration-promoting effect of phospho-paxillin was
demonstrated by using Nara bladder tumor IT (NBTII)
cells (Petit ef al., 2000), while migration-inhibitory effect
was shown by using NMuMG cells, MM-1 cells and Cos
7 cells (Yano et al., 2000; Tsubouchi et al., 2002). Our
results have added another example of the migration-
promoting effects of phospho-paxillin.

The migration-promoting effect of phospho-paxillin
might be due to interaction with Crk (Schaller and
Parsons, 1995). Crk interacts with a cellular protein
DOCK 180, which binds directly and activates small
GTPase Racl (Kiyokawa et al., 1998). Activation of this
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pathway provides a link between paxillin—Crk associa-
tion and cell motility.

The binding partners of phospho-paxillin seem to
vary among tumor types and may provide some clue
for the controversy between migration-promoting and
inhibitory effect of phospho-paxillin. In NMuMG cells,
in which phosho-paxillin exerts migration inhibitory
effect, phospho-paxillin was shown to bind pl20Ras-
GAP and RhoA activity was suppressed as a down-
stream of signal transduction (Tsubouchi et al., 2002).
Therefore, it is also possible that SH2 domain-contain-
ing molecule other than Crk may function as a binding
partner of phospho-paxillin and send a positive signal
for cell motility in osteosarcoma cells.

We observed the impaired motility by knocking down
the expression of paxillin and showed the direct effect of
paxillin on cell migration. Paxillin-knocked-down cells
showed 67% migration activity compared to LacZ
siRNA-treated cells. One reason for this rather weak
motility suppression is the partial effect of RNAI, as
40% of paxillin and 68% of phospho-paxillin remained
after the treatment with paxillin sSiRNA compared to
LacZ siRNA-treated cells. Another possible reason is
the existence of other factors that enhance the metastatic
potential independently of paxillin. However, consider-
ing the partial effect of RNAJ, it can be estimated that
paxillin has a significant contribution to high-metastatic
phonotype.

We examined the contribution of pl130“*, which is
another substrate of Src family kinase and involved in
the integrin signaling. As a result, suppression of p130©
expression did not affect the motility of high-metastatic
osteosarcoma cells, which supports the relative impor-
tance of paxillin in the motility of osteosarcoma cells.

FAK is also known as a binding partner and a
substrate of Src family kinase. However, in the
osteosarcoma sublines, the tyrosine phosphorylation
of FAK was not correlated with the activity of Src
family kinase. This may suggest that, in the case of
human osteosarcoma, the phosphorylation of FAK
reflects other kinase activity including autophosphory-
lation and is not strongly associated with metastatic
potentials. '

We have shown the migration-promoting effect of
phosho-paxillin by overexpression of GFP-paxillin and
its mutant. Expression of exogenous GFP-paxillin
enhanced the cell motility in the low-metastatic subline,
while expression of GFP-2F mutants did not. Further-
more, we showed paxillin overexpression and Src family
activity could contribute to the high metastatic potential
of osteosarcoma. Expression of Fyn-FLAG and pax-
illin-FLAG at the same time in the LI2 subline
promoted the motility synergistically, although it did
not enhance the motility to the extent of high-metastatic
sublines, probably because of the existence of other
factors which contribute to the high-metastatic potential
of osteosarcoma. These results strongly suggest that this
cooperative function of Src family kinase and paxillin
also works in endogenously expressed proteins and play
a major role in high-metastatic phenotype of osteosar-
coma cells.

Paxillin phosphorylation in human osteosarcoma
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Then, what is the mechanism of overexpression of
paxillin in high-metastatic sublines of human osteosar-
coma? The locus of paxillin, 17p8q, is not included
in the areas where comparative genomic hybridization
(CGH) analysis revealed that gene amplification is
frequent in human osteosarcoma (Batanian et al.,
2002; Squire et al., 2003; Lau et al, 2004). Paxillin
mRNA in high-metastatic sublines is at most 1.7 times
compared to that in low-metastatic sublines by cDNA
microarray analysis (Nakano et al., personal commu-
nication). Considering high-metastatic sublines express
about five times as much paxillin as low-metastatic
sublines, paxillin may be highly stable and degraded
slowly in high-metastatic sublines.

In conclusion, this study provides information on the
importance of phospho-paxillin during metastasis of
human osteosarcoma. We have shown that enhance-
ment of Src family kinase activity and overexpression of
paxillin synergistically contribute to the high metastatic
potential of human osteosarcoma through hyperpho-
sphorylation of paxillin. Further biochemical analysis is
needed to clarify the phosphotyrosine-dependent bind-
ing partner with paxillin, since the downstream pathway
specific to tumor metastasis is a potential therapeutic
target. If Src family kinases are activated by a specific
mechanism in metastatic osteosarcoma, that would also
be an attractive therapeutic target. These themes deserve
investigation to improve the extremely poor prognosis
of metastatic osteosarcoma.

Materials and methods

Antibodies and reagents

Anti-phosphotyrosine  antibody 4G10 was  purchased
from Upstate Biotechnology. Phospho-specific antibodies
against Tyr 460 and Tyr 762 of pl30% were raised by
immunizing rabbits with peptide CAEDVYDVP and CME-
DYDYVHL, respectively, and affinity purified. As anti-p130©*
antibody, polyclonal Cas2 antibody was used as described
previously (Sakai et al, 1994). Monoclonal antibody
against FAK was from BD Transduction Laboratories.
Polyclonal antibody against phospho-FAK (Tyr 397) was
purchased from Upstate Biotechnology. Monoclonal antibody
against ¢-Src (GDI11) was from Upstate Biotechnology.
Polyclonal antibodies against Fyn (Fyn-3), Fgr (N-47) and
pan-Src  (Src-2) were from Santa Cruz Biotechnology.
Monoclonal antibodies against Yes, Hck, Lck and Lyn
were purchased from BD Transduction Laboratories.
Monoclonal antibody against paxillin was from Zymed
Laboratories Inc. Polyclonal antibody against phospho-
paxillin (Tyr 118) was purchased from Cell Signaling.
Anti-a-tubulin antibody (B-5-1-2) was purchased from SIG-
MA. Monoclonal antibody against Abl was from BD
Biosciences. Polyclonal antibody against GFP (598B) was
from Medical and Biological Laboratories. HRP-conjugated
anti-mouse antibody was purchased from Amersham Pharma-
cia. Alexa Fluor 488 goat anti-mouse I1gG, Alexa Fluor 594
goat anti-rabbit IgG and Alexa Fluor 546 phalloidin were
purchased from Molecular Probe. Normal rabbit serum was
from DakoCytomation. Src family kinase inhibitor PP2 and
the structural analog PP3 were purchased from Calbiochem-
Novabiochem Ltd.
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Plasmids

A FLAG epitope-tagged paxillin construct was generated by
amplifying the coding sequence of human paxillin by PCR
using the primers 5-CGTACCTCGAGGCCATGGACGA
CCTCGACGC-3 and 5-GGAATTCATTTGTCGTCGTC
GTCCTTGTAGTCGCAGAAGAGCTTGAGGAAGC-3. This
resulted in a fragment with an Xhol site {underlined), a sequence
encoding the FLAG epitope (DYKDDDDK), followed
by a termination codon and an EcoRI site (underlined). This
fragment was then digested with Xhol and EcoRI sequentially,
and ligated into the mammalian expression vector pcDNA3.1(—)/
Myc-His B (Invitrogen).

GFP-paxillin is a kind gift from Dr Y Sawada (Department
of Biological Sciences, Columbia University). Phenylalanine
mutant at Tyr 31 and Tyr 118 was generated by amplifying
GFP-paxillin with following primers. 5-CGGCCTGTGT
TCTTAAGCGAGGAGACCCCCTTCTCATACCCAAC-3
and 5-GTTGGGTATGAGAAGGGGGTCTCCTCGCTTA
AGAACACAGGCCG-3 were used for Tyr 31, and 5'-
CCGTGCTCTAGAGTGGGAGAGGAGGAGCACGTGT
TCAGCTTCCC-3' and 5-GGGAAGCTGAACACTGTC
TCCTCCTCTCCCACTCTAGAGCACGG-3" were used for
Tyr 118. )

A FLAG epitope-tagged Fyn construct was generated by
amplifying the RT-PCR product of human colon cancer cell
line, HCTI116, by PCR using the primers 5-GGATC
CATGGGCTGTGTGCAATGTAAG-3 and 5-GTTAACT
CACTTGTCGTCATCGTCCTTGTAGTCCAGGTTTTCA
CCAGGTTG-3'. This PCR product was first inserted into
pPGEM-T Easy vector (Promega), followed by excision with
EcoRl, and hgated into the mammalian expression vector
pcDNA3.1(—)/Myc-His A (Invitrogen).

Cell culture and transfection

A human osteosarcoma cell line, Hu0O9, and its
high-metastatic (M112, M132) and low-metastatic (L12, L13)
sublines have been described previously (Nakano et al,
2003). Osteosarcoma cells were maintained in RPMI
1640 medium with 10% fetal bovine serum (FBS) at
37°C with 5% CQO,. Cos-7 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% FBS
at 37°C with 5% CO,. Transfection was performed by using
FuGENE 6 (Roche) according to the manufacturer’s instruc-
tion. Selection of clones was performed by using geneticin
(Sigma) at the concentration of 30 pug/ml.

Immunoblotting and immunoprecipitation

Before extracting cell lysates, osteosarcoma cells were
cultured for at least 48h to ensure complete cell adhesion
to culture dishes unless otherwise indicated. Cells were
lysed in 1% Triton X-100 buffer (50 mM HEPES, 150 mMm
NaCl, 10% glycerol, 1% Triton-X 100, 1.5mM MgCl,,
ImM EGTA, 100 mM NaF, 1 mM Na;VO,, 10 ug/ml aprotinin,
10 ug/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride), and
insoluble materials were removed by centrifugation. To
investigate the effect of PP2 treatment, cells were treated with
10 uM of PP2 or 10 uM of PP3 for 30 min prior to harvesting
cells.

Protein concentration was measured by BCA Protein
Assay (PIERCE) and the protein aliquots were separated
by SDS-PAGE. Gels were transferred to a polyvinylidene
difluoride  membrane (Millipore) and subjected to
immunoblotting. After blocking in 5% skim milk/TBST
(100 mm Tris-HCI pH 8.0, 150 mM NaCl, 0.05% Tween 20)
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for 1h, blots were incubated with appropriate primary
antibodies. In case of 4G10 stain, blocking was performed
with 5% bovine serum albumin (BSA) which was used instead
of skim milk. Blots were then washed three times with TBST,
incubated with HRP-conjugated secondary antibodies for
30 min, washed twice by TBST and twice with TBS (100 mm
Tris-HCI pH 8.0, 150 mM NaCl), and visualized by autoradio-
graphy using chemiluminescence reagent (Western Lighting,
Perkin Elmer).

The images were captured by molecular imager GS800
(BIO-RAD) and the density of each smear was quantified by
Quantity One (BIO-RAD).

For immunoprecipitation, aliquots of protein were mixed
with appropriate antibodies and incubated for 1h on ice.
Then, samples were rotated with protein A- or protein G-
sepharose beads (Amersham Pharmacia) for 2-12h at 4°C.
After the beads were washed four times with 1% Triton-X 100
buffer, the samples were boiled in sample buffer (0.1M
Tris-HCI pH 6.8, 2% SDS, 0.1 M dithiothreitol, 10% glycerol,
0.01% bromophenol blue) for 5min and analysed by
SDS-PAGE.

Immunocytochemistry

Cells were grown on 12-mm circle cover glasses (Fisher) in
24-well plates, washed three times with phosphate-buffered
saline (PBS), fixed with 4% paraformaldehyde/0.1 M
phosphate buffer for 5min at room temperature, washed once
with PBS, and permeabilized with 0.2% Triton-X 100 in
PBS for 10min. After another washing step with PBS and
blocking in 5% goat serum and 3% BSA/TBST for
30min, cells were incubated with anti-paxillin antibody
(1:2000) and anti-phospho-paxillin antibody (1:250) in
5% goat serum and 3% BSA/TBST for lh at room
temperature. Cells were washed three times with PBS
and incubated with appropriate second antibodies (Molecular
Probe) (1:2000) in 5% goat serum and 3% BSA/TBST. When
actin was stained with phalloidin, Alexa Fluor phalloidin
was combined with second antibody at the concentration of
I U/ml.

After cells were washed three times with PBS, cover glasses
were mounted in 1.25% DABCO, 50% PBS, 50% glycerol and
visualized using a Radiance 2100 confocal microscopic system
(BIO-RAD).

In vitro kinase assay

For kinase assay, fresh cell lysate was prepared and mixed
with the antibody of interest for 1h on ice. Then, samples
were rotated with protein A-sepharose or protein G-sepharose
for 1h at 4°C. The beads were consequently washed with
1% Triton-X 100 buffer and kinase buffer (50 mM Tris HCl,
pH 74, 50mM NaCl, 10mM MgCl,, 10mM MnCl,)
three times, respectively. Kinase reaction was performed
in 30l of kinase buffer with 10 ug of synthetic polypeptides
poly[Glu-Tyr](4:1) (Sigma) as exogenous substrate and
5uCi of [y-32P]JATP (ICN) at room temperature for [h.
Kinase reaction was stopped by the addition of SDS—
PAGE sample buffer (0.1M Tris-HCl pH 6.8, 2% SDS,
0.1 ™M dithiothreitol, 10% glycerol, 0.01% bromophenol blue).
The samples were boiled for 5min and analysed by SDS—
PAGE using 8% polyacrylamide gel. The gels were then dried
and exposed to autoradiography. The images were captured by
molecular imager GS800 (BIO-RAD) and the density of each
smear (area shown by a bracket) was quantified by Quantity
One (BIO-RAD).
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Cell migration assay

Cell migration assay was performed by using Cell Culture
Insert with 8.0 um pore size PET filter (Becton Dickinson).
Prior to the assay, the lower surface of the filter was immersed
for 30min in 10 ug/ml fibronectin (Sigma) diluted with PBS.
Next, 700 ul of RPMI 1640 medium with 10% FCS was added
to the lower chamber. Then, 5 x 10* cells were suspended in
300 ul of RPMI 1640 medium with 10% FCS and added to the
upper chamber.

After incubation for 24h at 37°C in a humid 5%
CO, atmosphere, the cells on the upper surface of the
filter were completely removed by wiping with cotton swabs.
The cells on the lower surface of the filter were fixed in
methanol for 30 min, washed with PBS, and then stained
with Giemsa’s stain solution (Muto Pure Chemicals Co.
Ltd.) for 30s. After washing three times with PBS, the
filters were mounted on a glass slide. The cells on the lower
surface were counted from photographs taken of at least five
fields at a magnification of x 200 under the microscope.
Student’s /-test was used to analyse data from these experi-
ments. To investigate the effect of PP2 treatment, cells were
allowed to migrate in the presence of 10 uM of PP2 or 10 uM
of PP3.

RNAi analysis

siRNA of human paxillin and pl130“* was generated using
BLOCK-T RNAi TOPO Transcription Kit and BLOCK-T
Complete Dicer RNAi Kit (Invitrogen) according to the
manufacturer’s instructions. In the generation of siRNA for
paxillin, 936 bp from the initiation codon of human paxillin
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siRNA of LacZ was generated in the same procedure as
paxillin siRNA, and was used as a negative control. Transfec-
tion was performed with Lipofectamine 2000 (Invitrogen) and
the effect was analysed 72 h after the transfection.
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Introduction

Identification of EBAGY/RCAS!

Estrogen receptor-binding fragment-associated gene 9
(EBAG9) is an estrogen-responsive gene that has been
isolated from a CpG island library of MCF-7 human
breast cancer cells by the genomic binding-site cloning
method (Watanabe er al, 1998). The complementary
deoxyribonucleic acid (cDNA) of human EBAGY
encodes an open reading frame (ORF) of 213 amino
acids. An estrogen-responsive element (ERE) is located
in the 5" flanking region of the EBAG9 gene, and its
transcript is directly up-regulated by estrogen (Tsuchiya
et al., 2001; Watanabe et al., 1998),

The receptor-binding cancer antigen expressed on
SiSo cells (RCASI) was originally isolated as the
antigen recognized by 22-1-1 antibody against human
uterine adenocarcinoma cell line SiSo (Sonoda ef al,,
1996) and was later found to be identical to EBAGY
(EBAGY/RCAS) (Nakashima et al., 1999). Based
on in vitro observation, RCAS1 has been assumed to
act as a ligand for a putative receptor present on nor-
mal peripheral lymphocytes, such as T, B, and natural
killer (NK) cells, RCASI has also been found to
inhibit the growth of activated CD3* T lymphocytes
and NK cells and to induce apoptotic cell death
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(Nakashima et al., 1999). Based on these observations, it
has been speculated that EBAG9/RCAS] is involved in
the escape of tumor cells from immune system action.

EBAGY/RCAST Expression in Normal Tissue
and Cancer Tissue

Two antibodies have been used to assess the expres-
sion of EBAGY/RCAS]! in various tissues and cell lines.
The first is the 22-1-1 monoclonal antibody estab-
lished by cell fusion between mouse myeloma cells
and spleen cells derived from mice immunized with
human uterine cervical adenocarcinoma cell line, SiSo
(Sonoda et al., 1996). Immunoreactivity to this anti-
body has been detected in normal human tissues, such
as uterine endometrial glands (Sonoda ef al, 2000),
goblet cells of bronchi and bronchioles (Iwasaki et al.,
2000; Izumi e al., 2001), and gastric mucosa (Kubokawa
et al., 2001). Immunoreactivity has also been
reported in various cancer tissues, including cancer
of the uterus (Kaku et al., 1999; Sonoda et al., 1996,
Sonoda et al., 1998; Sonoda et al, 2000), ovary
(Sonoda et al., 1996), lung (Iwasaki et al, 2000,
Izumi et al., 2001; Oizumi et al, 2002), stomach
(Kubokawa er al., 2001), skin (Takahashi et al., 2001),
gallbladder (Oshikiri et af., 2001), esophagus (Nakakubo
et al.,, 2002), pancreas (Hiraoka et al.,, 2002), bile duct
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(Enjoji et al,, 2002; Suzuoki et al., 2002), and liver
(Noguchi et al., 2001).

We raised a rabbit polyclonal anti-EBAG9 antibody
against a glutathione-S-transferase (GST)-EBAGOY
fusion protein (Tsuchiya et al., 2001), and the antibody
has been shown to react with human and mouse EBAG9Y
and yield a 32-kD band in Western Blot analysis. The
intensity of the band has been shown to be reduced by
prior incubation of the antibody with recombinant
EBAGH9 protein (Suzuki ef al,, 2001). Immunostaining
with this polyclonal antibody has shown that EBAGY
is expressed in various tissues from normal mice,
including liver (Tsuchiya et al., 2001), and tissues from
normal humans, such as mammary gland tissue (Suzuki
et al,, 2001) and prostate tissue (Takahashi ef al., 2003).
EBAG9 has also been shown to be widely distributed
in human breast cancer and prostate cancer (Suzuki et al,,
2001; Takahashi ef al., 2003).

Because the reports referred to earlier have docu-
mented that expression of EBAGY/RCAS] is more
remarkable in cancer tissues than in normal tissues,
EBAGY9/RCAS! has attracted attention as a potential
cancer-associated antigen. Its expression is generally
thought to be related to tumor invasiveness and to be
associated with poor patient prognosis in cancer of the
uterus (Kaku er af., 1999), lung (Iwasaki er al., 2000;
Izumi et al., 2001; Oizumi et al, 2002), gallbladder
(Oshikiri et al., 2001), esophagus (Nakakubo et al,
2002), pancreas (Hiraoka ef al., 2002), bile duct (Suzuoki
et al,, 2002), and prostate (Takahashi ef al., 2003).

Stepwise Evolution of Hepatocellular
Carcinoma and EBAG9Y/RCAST Expression
in Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is one of the most
common malignancies worldwide, ranking 5th in fre-
quency in the world (Parkin et al., 2001). Although HCC
is more prevalent in Asia and Africa, its incidence is on
the rise in Western countries (El-Serag and Mason,
1999; El-Serag et al., 2003; Taylor-Robinson et al.,
1997). The condition HCC has the unique characteris-
tic of developing and progressing in a typical multistep
manner—that is, from early HCC (Liver Cancer
Study Group of Japan, 2000; Takayama et al., 1998),
through early-advanced HCC, to advanced HCC
(Kojiro and Nakashima, 1999). Most early HCCs are
small, well-differentiated nodules with low prolifera-
tive activity, but when they progress to a more advanced
stage, they transform into moderately to poorly differ-
entiated cancers and undergo a rapid increase in size.
During this process (tumor dedifferentiation and
proliferation), HCCs acquire malignant potential as
reflected by intrahepatic metastasis and vascular invasion

(see later discussion). This transformation occurs non-
uniformly within a given tumor nodule, resulting in
the simultancous presence of well-differentiated and
moderately to poorly differentiated lesions within the
same nodule. This produces what histologists refer to as
a “nodule-in-nodule” or “mosaic” appearance (Kojiro
and Nakashima, 1999). As mentioned earlier, HCC
frequently invades blood vessels, especially the portal
system, resulting in intrahepatic metastasis. Many
previous reports have documented vascular invasion
and intrahepatic metastasis as unfavorable prognostic
factors.

In this chapter, we describe immunohistochemical
detection of EBAGY/RCAS] expression in noncancer-
ous liver tissue and in HCC tissue, especially the
methodologic aspects. We used a rabbit polyclonal
anti-EBAGY antibody (Tsuchiya ef al,, 2001). In view
of the pathologic features of HCC and the results of
previous studies on EBAGY/RCASI as a cancer marker,
we paid particular attention to the multistep evolution
of HCC, including the following: 1) process of tumor
dedifferentiation, 2) cancer proliferative activity, and
3) ability to metastasize. The overall results have
previously been reported by our group elsewhere (Aoki
et al., 2003).

MATERIALS

Liver Samples

Samples of HCC tissue and adjacent noncancerous
liver tissue from 143 cases of HCC were analyzed
immunohistochemically. Testing for hepatitis B virus
surface antigen was positive in 23 patients, and testing
for anti-hepatitis C virus (HCV) antibody was positive
in 100 patients. The liver tissue was obtained during
surgery in our department between October 1994 and
December 1998. Ten liver biopsy specimens obtained
for preoperative evaluation of potential liver transplant
donors, and 10 liver biopsy specimens obtained to
assess patients who were serologically anti-HCV anti-
body positive were also made available for the analy-
sis as noncancerous samples. The biopsy specimens
from the patients who were HCV antibody positive were
kindly provided by Dr. Jyunichi Fukushima (Department
of Pathology, Teikyo University School of Medicine,
Tokyo, Japan).

Materials for Immunohistochemistry

1. 10% formalin for fixation.

2. Xylene: for dewaxing.

3. Ethanol: diluted to 50%, 70%, 90%, and 95%
with distilled water.
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4. Tris-buffered saline (TBS): 6.06 g TRIZMA
Base and 8.77 g NaCl; brought to a volume of 1 L
with deionized distilled water and adjusted to pH 7.6
with HCIL.

5. 10 mM Na-citrate solution (pH 6.0): 2.10 g .

citric acid brought to a volume of 1 L with deionized
" distilled water and adjusted to pH 6.0 with 6 M NaGH.

6. 0.3% hydrogen peroxide (H,0,) in 100%
methanol: 150 ml of 100% methanol was mixed with
1.5 ml of 30% H,0,.

7. Fetal calf serum (FCS): stored at -20°C.

8. Primary antibody: rabbit polyclonal anti-EBAG9Y
antibody (Tsuchiya et al., 2001) diluted 1:40 in 10%
FCS-TBS or normal rabbit immunoglobulin (IgG)
diluted 1:800 in 10% FCS-TBS.

9. Envision (Dako, Glostrup, Denmark; for rabbit
polyclonal antibody).

10. 3,3"-diaminobenzidine tetrahydrochloride (DAB)
working solution mixed with Tris-HC1 (pH 7.5) and
0.02% H,0,.

11. 50% Mayer’s hematoxylin: for counterstaining.

METHOD

Liver Tissue Preparation

Resected liver specimens were fixed in 10% formalin,
cut into blocks, and embedded in paraffin. They were
then sliced into 4-wm sections and mounted on glass
slides.

Protocol for EBAGY/RCAST Immunostaining

1. Dip the slides in xylene for 3 min 3X.

2. Dip the slides in 100% ethanol for 3 min 2x.

3. Dip the slides in 95% ethanol for 3 min 2x.

4. Rinse the slides in TBS for 5 min.

5. Dip the slides in 10 mM Na-citrate solution
(pH 6.0) and then heat them in an autoclave at 125°C
for 5 min.

6. Rinse the slides in TBS for 5 min. at room
temperature.

7. Block endogenous peroxide by dipping the
slides in 0.3% hydrogen peroxide (H,Q;) in 100%
methanol for 30 min.

8. Rinse the slides in TBS for § min 3x.

9. Block nonspecific binding by incubating the sec-
tions in 10% FCS-TBS for 30 min in a moist chamber.

10. Incubate the sections in primary antibody (rabbit
polyclonal antibody for EBAGY) or control rabbit IgG
diluted in 10% FCS-TBS in a moist chamber at 4°C
overnight.

11. Wash the slides quickly in TBS 3x at room
temperature.

12. Rinse the slides in TBS for 5 min.

13. Incubate the sections in Envision (Dako; for
rabbit polyclonal antibody) for | hr in a moist chamber
at room temperature.

14, Rinse the slides in TBS for 5 min 3X at room
temperature.

15. Visualize the staining with 3,3-DAB: apply the
working solution and stop the reaction as soon as ade-
quate color develops (usually 2--3 min).

16. Counterstain the sections in 50% Mayer’s
hematoxylin.

17. Wash the slides in tap water for 5 min.

18. Dip the slides in graded ethanol solutions (50%,
70%, 90%, and 100%) and then in xylene (each for
3 min).

19. Place coverslips on the sections. They are now
ready for final examination under a light microscope.

RESULTS AND DISCUSSION

EBAGY Expression in Normal and Chronically
Diseased Liver

Noncancerous hepatocytes, including hepatocytes
from normal liver, chronic HCV-related hepatitis, or
cirrhotic liver, displayed a low but significant level of
EBAGY immunoreactivity (Figure 43a). High-power
magnification revealed punctate staining concentrated
specifically near the cell membrane bordering adjacent
hepatocytes (not shown). The distribution of the EBAGY
staining was homogeneous and regular throughout the
tissue, suggesting that it becomes localized in the cells.

EBAGY/RCAS] has been detected in various normal
human tissues, e.g., uterine endometrial glands (Sonoda
et al., 2000), goblet cells of bronchi and bronchioles
(Iwasaki et al., 2000; lzumi et al., 2001), mammary
glands (Suzuki er al, 2001), and gasiric mucosa
(Kubokawa et al., 2001), suggesting that EBAGY/
RCASI is expressed and secreted by gland cells. Thus,
the polarity of EBAGY/RCAS] expression in noncancer-
ous liver tissue suggests that it is related to some phys-
iologic function, e.g., glandular secretion, in normal
liver tissue.

EBAGY Expression in Hepatocellular
Carcinoma

EBAGY Expression at the Cell Level

The EBAGY immunoreactivity of HCC cells varied.
Some exhibited weak immunoreactivity, similar to
that of noncancerous hepatocytes (enhancement-
negative cells) (Figure 43b), whereas others displayed
enhanced immunoreactivity (enhancement-positive cells)
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Figure 43. a: Normal liver tissue showing weak EBAGY immunoreactivity. The
staining pattern is homogeneous and regular throughout the tissue (200X). b: A well
differentiated hepatocellular carcinoma (HCC) classified as EBAG9-negative. The
pattern of expression is similar to the pattern in noncancerous tissue (200X). ¢: An
EBAGY-positive case of moderately differentiated HCC (trabecular type) (200X).
Immunoreactivity is detected over the entire surface of the cancer cells and in their
cytoplasm. d: Pseudoglandular type of moderately differentiated HCC displaying
intense expression on the apical surface of the cells (200X). e: A tumor with a
“nodule-in-nodule” appearance showing intense staining in the interior, moderately
differentiated region (“mod”), contrasting with weak staining in the outer, well-
differentiated region (“well”) (100X).
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(Figure 43c). The staining pattern in ephancement-
negative cancer cells showed regular distribution of
EBAGY-positive granules, similar to the pattern in
noncancerous hepatocytes. By contrast, in the majority
of enhancement-positive cells there was intense stain-
ing over the entire surface of the cell as well as in the
cytoplasm. Coarse, thickened granules were dispersed
throughout the cytoplasm, and the regularity of the
granule distribution noted in the noncancerous hepato-
cytes was lost. This finding was consistent with obser-
vations in the cells of invasive ductal carcinoma of the
breast showing that normal mammary gland cells
expressed EBAG9/RCAS| only on their apical surface,
whereas carcinoma cells exhibit enhanced expression
without a polar distribution (Suzuki et al., 2001). The
apical surfaces of the pseudoglands stained strongly in
the pseudoglandular type of moderately differentiated
HCC (Figure 43d).

Intranodular Distribution of Enhanced EBAGY9
Immunoreactivity

The proportion and distribution of enhancement-
positive cancer cells were highly variable from nodule
to nodule (range 5-100%). It is interesting that, “nodule-
in-nodule” tumors, i.e., those consisting of a combina-
tion of well-differentiated lesion and a less-differentiated
lesion, displayed different immunoreactivity in the two
regions, with the less-differentiated intensely immunore-
active region contrasting clearly with the weakly
immunoreactive well-differentiated region (Figure 43e).

Semiquantitative Classification of EBAGY
Expression in Hepatocellular Carcinoma Sections

Based on the observations described earlier, HCC
section was classified in a semiquantitative manner as
follows:

1. Negative (—): sections in which all the cancer
cells were identified as enhancement-negative.

2. Borderline (¥): sections in which 1-3% of
the malignant cells were enhancement-positive, or,
sections showing uniformly positive but very weak
immunoreactivity.

3. Positive (+): sections in which more than 5% of
enhancement-positive cancerous cells.

As a result, 35 of the 143 sections examined
(24.5%) were classified as negative, 24 (16.8%) as bor-
derline, and 84 (58.7%) as positive.

Correlation between EBAGY Expression
and Pathologic Variables

For purposes of analysis, the borderline group and
negative group were combined and compared with the

positive group. The relationship between EBAGY
immunoreactivity and various clinicopathologic param-
eters was analyzed by comparing the EBAG9-positive
group (n = 84) with the EBAGY9-negative/borderline
group (n = 59), as shown in Table 17. Enhanced EBAGY
immunoreactivity was more frequently observed in the
less-differentiated tumors (P = 0.01), and EBAGO9
immunoreactivity was significantly correlated with the
Ki-67 labeling index. However, there was no signifi-
cant correlation between enhanced EBAGY expression
and tumor invasiveness (Kosuge et al., 1993; intrahep-
atic metastasis and/or vascular invasion) (P = 0.80).
No other clinical or pathologic variables were signifi-
cantly correlated with enhanced EBAGY expression,
and no significant correlation was established between
enhanced EBAGY expression and disease-free survival
evaluated by the Kaplan-Meier method and log-rank
test (P = 0.17) (Figure 44).

EBAGY/RCAST Expression in the Process
of Stepwise Hepatocellular Carcinoma
Progression

Our results showed that enhanced EBAGY9/RCASI
expression is closely correlated with degree of tumor
differentiation and increased Ki-67 labeling index.
Ki-67 is now widely used as a marker of cell prolifer-
ation, including in human studies (Gerdes ef al., 1984;
Scholzen and Gerdes, 2000). Thus, our findings sug-
gest that enhanced EBAGY/RCAS] expression is asso-
ciated with HCC tumor progression as represented by
dedifferentiation and proliferation. It is interesting
that, tumors showing a “nodule-in-nodule” appearance
displayed intense expression in the less-differentiated
region and weak expression in the more highly differ-
entiated region (Figure 43e), suggesting that enhance-
ment of EBAGIY/RCAS! expression parallels tumor
dedifferentiation.

In contrast to a previous report (Noguchi et al.,
2001), EBAGY/RCAS1 was unassociated with tumor
metastasis in our series. All of our results lead us to
conclude that EBAGY/RCASI is closely associated
with tumor dedifferentiation and proliferation but not
with tumor metastasis. In other words, EBAG9/RCAS1
appears to be more related to growth of the primary
tumor than to development of tumor metastases. Our
results therefore imply that enhanced EBAG9/RCAS!
expression is an intermediate event in the multistep
progression of HCC and is unrelated to the final event,
which is characterized by the frequent occurrence of
vascular invasion and resultant intrahepatic metastasis.
Because enhanced EBAG9 expression was not signifi-
cantly associated with patient disease-free survival,
EBAGY may not be a prognostic factor in patients with
HCC. Nevertheless, we consider it to be of value as a
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