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Fig. 1. Generation of Cas exon 2-specific knockout mice. (A) Schematic structure of the Cas FL protein, the knockout procedure, and the
resulting Cas Aex2 protein. The region containing Cas exon 2, which encodes the entire SH3 domain and part of the SD containing one YLVP
motif and four YQXP motifs, was replaced with a targeting vector in which exon 2 was flanked by two loxP sites followed by Neo. The neomycin
cassette was removed by Flpe recombinase, and Cas exon 2 was removed by Cre recombinase. Expected lengths of BamHI-digested 5’ Southern
and 3' genomic PCR fragments are shown, and the positions of PCR primers used for genotyping (P1, P2, Cas15, and Cas20) are indicated.
The restriction enzymes were BamHl (B), Hindlll (H), Xbal (X), and Binl (BI). (B) Genotyping of embryonic stem cells and mice. Correctiy targeted
embryonic stem cells were identified by 5’ Southern blotting and 3’ genomic PCR. Fipe-mediated Neo deletion and Cre-mediated exon 2 deletion
in mice were confirmed by interal genomic PCR. Molecular markers are shown-on the left. (C) Western blot analysis showing the generation of

the Cas Aex2 protein in Cas“®%“®2 mice. Westem blotting with anti-Cas2 detected the expected size of the Cas A exon 2 protein®? in

Cas®®% 282 mice. Molecular markers are shown on the left.

found in other organs, including the brain, hearr,
lungs, spleen, and kidneys (data not shown). There-
fore, we concluded that progressive liver degeneration
was the primary cause of death of Cas®*¥4e2
embryos. The pathological pictures suggested that the
progressive hepatocyte reduction in  Cas®®#A™2
embryos was due to apoptosis. To address this possibil-
ity, livers of Cas®*¥2“? and WT embryos 12.5 dpc
were subjected to the TUNEL assay. As shown in Fig.
2C, no obvious staining was observed in the WT liver
(left panels), whereas several round hepatocytes sur-
rounding the central collapsed area were positively
stained in the Cas®™3%2 [iver (indicated by arrow-
heads in the right bottom panel); this canfirmed the
apoptotic reduction of hepatocytes.

Cas Was Preferentially Expressed in SECs in the
Developing Liver. To investigate the mechanism
underlying hepatocyte apoptosis, localization of the

Cas protein in the embryonic liver was examined by
immunohistochemistry. Normal livers at 11.5 dpc,
when liver degeneration began to occur in Cas®*#4?
embryos (see Fig. 2A,B), were stained with an anti-Cas

Table 1. Survival of Offspring Obtained by the Crossing of
Cas*/4%2 Mijce

Genotype
Stage Total Litter Number +/+ +/Aex2 Aex2/Aex2 (dead)
11.5 dpc 15 2 11 2
12.5 dpc 52 16 22 14
13.5 dpc 22 7 10 5 (5)
14.5 dpc 14 4 8 2(2)
15.5 dpc 10 4 4 2(2)
16.5 dpc C 4 1 3 0
Postnatal 49 15 34 0

Genotyping was performed by PCR analysis of tail DNA. Embryo survival was
defined as a beating heart. .
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Fig. 2. Histological analysis and TUNEL staining of Cas'/' and
Cas®®?/4e2 ambryos. (A) Macroscopic appearance of Cas™/* and
Cas®®%/ %2 embryos at 11.5 and 12.5 dpc. The enlarged liver cap-
sule and inteal hematoma in Cas®®%4€2 mice at 12.5 dpc are
indicated by black and white triangles, respectively. (B) HE-stained
sagittal sections of Cas'/' and Cas®®%4¢2 empryos at 11.5 and
12.5 dpc. The livers in the whole sections are boxed, and they are
magnified in the lower sections. Note the progressive reduction of
parenchymal hepatocytes and cavity and hematoma formation in the
Cas®®?/42 jier (indicated by arrows). (C) TUNEL assay of Cas'/'
and Cas®®%22 ivers at 12.5 dpc. The boxed areas in the upper
sections are magnified in the lower sections. Apoptotic cells, identified
by brown staining, were detected in the Cas®®%4®2 jiver (indicated
by arrowheads).

antibody. In agreement with our previous report,22
Cas expression was barely detectable in parenchymal
hepatocytes but was readily detected in cells lining
microvessels, which morphologically resembled SECs
(indicated by arrowheads in the right panel of Fig.
3A). To confirm that Cas is mainly expressed in non-
parenchymal cells, liver cells were separated into paren-
chymal and nonparenchymal fractions and subjected
to anti-Cas staining. As shown in the upper panels of
Fig. 3B, the parenchymal fraction contained hepato-
cyte-like cells, whereas the nonparenchymal fraction
contained stroma-like cells; this indicated that the sep-
aration was successfully performed. Anti-Cas staining
showed that no positive staining was observed in cells
of the parenchymal fraction (lower left panel of Fig.
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3B), whereas some cells in the nonparenchymal frac-
tion gave positive signals (indicated by arrows in the
lower right panel of Fig. 3B); this indicated that Cas
expression was confined to nonparenchymal cells. To
directly examine whether Cas is expressed in SECs,
liver sections were immunofluorescently stained with
an anti-Cas antibody and an anti-stabilin 2 (anti-
Stab2) antibody that specifically detects SECs.?® As
shown in Fig. 3C, anti-Cas staining (top panel, shown
in green) and anti-Stab2 staining (second panel, shown
in red) largely overlapped (third panel, shown in yel-
low and indicated by arrows); this demonstrated that
Cas is preferentially expressed in SECs. We further
examined whether Cas expression is developmentally -
associated with the maturation of liver sinusoids. Previ-
ous reports have demonstrated that liver bud forma-
tion begins at 9.5 dpc®® and thar the basic structure of
hepatic sinusoids becomes established at 12.5 dpc.*’
Thus, livers of embryos 9.5 to 12.5 dpc were stained

-with an anti-Cas antibody. As shown in Supporting
“Fig. 1, Cas immunoreactivity appeared detectable

around the sinusoids at 10.5 dpc and became
enhanced at 11.5 and 12.5 dpc. These results indicate
that Cas is preferentially expressed in SECs during
liver development and strongly suggest that the apo-
ptotic hepatocyte reduction in Cas®*?2*? embryos is
ascribable not to cell-intrinsic defects but rather to
dysfunction of SECs.

Expression of Cas Devoid of the SH3 Domain
(Cas ASH3) in SECs Markedly Attenuates Cas Tyro-
sine Phosphorylation and Reduces Cas-CrkII Asso-
ciation. Because the primary culture of SECs from
Casie?/bex2 embryos was not expected to be feasible,
we established an in vitro system using a rat SEC line
(NP31).2> NP31 cells retain functional features for
SEGs, such as uptake of acetylated low-density lipo-
protein and tubular network formation,” and also
preserve morphological characteristics for SECs (the
uanscellular pores called fenestrae™®; shown later in
Fig. 5B). Because NP31 cells express endogenous Cas
(Fig. 4B, right panel), to generate NP31 cells mimick-
ing Cas®**'4%? SECs, we overexpressed Cas devoid of
the SH3 domain (Cas ASH3), the main functional
module of exon 2, in NP31 cells. To confirm that the

* phenotypes of Cas ASH3-overexpressing NP31 cells

were due to SH3 deletion and not to overexpression of
other functional domains, we also established NP31
cells overexpressing Cas FL. HA-tagged Cas FL and
Cas ASH3 (Fig. 4A)*® were retrovirally introduced
into NP31 cells, and the expression levels of their pro-
tein products were examined by western blotting with
an anti-HA antibody that detects exogenous Cas and
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Fig. 3. Cas expression in SECs in the embryonic liver. (A) Localization of Cas in the embryonic liver. The Cas™** liver at 11.5 dpc was immunohis-
tochemically stained with an anti-Cas antibody. The boxed area in the left panel is magnified in the right panel. Positive signals were not present in he-
patocytes but were present in cells around the sinusoids (indicated by arrowheads). (B) Cas expression in hepatic parenchymal and nonparenchymal
cells. Hepatic cells of the Cas '/ " liver at 11.5 dpc were separated into parenchymal and nonparenchymal fractions and stained with an anti-Cas anti-
body. The Giemsa-stained morphological appearance and anti-Cas staining patterns of the cells are shown in the upper and lower panels, respec-
tively. Positively stained cells in the nonparenchymal fraction are indicated by arrows. (C) Cas expression in SECs. The Cas™™ liverat 11.5 dpc was
immunofluorescently stained with an anti-Cas antibody (green) and with anti-Stab2, an anti-SEC antibody (red). Anti-Cas and anti-Stab2 immunor-
eactivities were merged, and overlapped areas (yellow) are indicated by arrows. DAPI staining is shown to identify nuclei of the cells.

also with an anti-Cas antibody that detects endogenous
and exogenous Cas. As shown in Fig. 4B, Cas FL and
Cas ASH3 were expressed at almost comparable levels
(lefc panel) that were approximately 5 to 6 times
greater than those of endogenous Cas (right panel). To
examine the effect of SH3 deletion on Cas-mediated
signaling, cells were plated onto fibronectin (FN)-
coated dishes, and the cell lysates were subjected to
immunoprecipitation followed by western blotting. As
shown in Fig. 4C, anti-HA and anti-Cas2 immunopre-
cipitates blotted by an anti-phosphotyrosine antibody
(4G10) showed that Cas ASH3 was much less tyro-
sine-phosphorylated than Cas FL (left panel), and ty-
rosine phosphorylation of endogenous Cas was barely
detectable in Cas ASH3-expressing cells (right panel).
In addition, as shown in Fig. 4D, anti-CrkIl immuno-
precipitates blotted by anti-HA or anti-Cas2 antibodies
revealed that Cas ASH3 was far less efficiently copreci-
pitated with CrkII than Cas FL (left panel), and Crkil

did not detectably coprecipitate endogenous Cas in
lysates from Cas ASH3—expressing cells (right panel).
These findings indicate that Cas ASH3 functions as a
reduction-of-function molecule in NP31 cells as
Cas®*?222 does in mouse embryonic fibroblasts
(MEFs).”? ‘
Impaired Actin Stress Fiber Formation and Loss
of Fenestrae in NP31 Cells Expressing Cas
ASH3. To examine the suppressive function -of Cas
ASH3 on actin stress fiber formation, parental, Cas FL~
expressing, and Cas ASH3—expressing NP31 cells were
subjected to cytoskeletal staining. As shown in Fig. 5A,
prominent actin stress fiber formation was detected
in parental cells and to a comparable extent in Cas
FL-expressing cells (indicated by arrows in the lower
left and middle panels). In contrast, no obvious actin
stress fibers were formed and only .dotlike actin
filaments were observed in Cas ASH3-expressing
NP31 cells (indicated by arrowheads in the Jower right
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Fig. 4. Expression, tyrosine phosphorylation, and binding ability of Cas FL and Cas ASH3 to Crkll in NP31 SECs. (A) Schematic structure of
Cas constructs used in the assay. HA-tagged Cas FL and Cas ASH3 cDNAs were retrovirally introduced into NP31 SECs. (B) Expression levels of
Cas FL and Cas ASH3 in NP31 cells. Proteins extracted from WT, Cas FL-expressing, and Cas ASH3-expressing NP31 celis were blotted with
anti-HA (left) or anti-Cas2 antibodies (right). The positions of Cas FL and Cas ASH3 are indicated, and molecular markers are shown on the left.
(C) Tyrosine phosphorylation of Cas FL and Cas ASH3 in NP31 cells. Proteins extracted from Cas FL-expressing and Cas ASH3-expressing NP31
cells plated on FN were immunoprecipitated with anti-HA (left) or anti-Cas2 antibodies (right), and immunoprecipitated proteins were blotted
with an anti-phosphotyrosine antibody, 4G10 (top), or an anti-Cas2 antibody (bottom). The positions of Cas FL and Cas ASH3 are indicated,
and molecular markers are shown on the left. (D) Binding ability of Cas FL and Cas ASH3 in NP31 cells. Proteins extracted from Cas FL-express-
ing and Cas ASH3-expressing NP31 cells plated on FN were immunoprecipitated with an anti-Crkil antibody, and immunoprecipitated proteins

- were blotted with anti-HA (left top), anti-Cas2 (right top), or anti-Crkll antibodies (bottom). The positions of Cas FL and Cas ASH3 are indicated,

and molecular markers are shown on the left.

panel). We then investigated the formation of fenestrae
in NP31 cells by electron microscopy because the ar-
chitectural control of fenestrae is regulated by the actin
cytoskeleton.”>”  Parental and Cas FL—expressing
NP31 cells exhibited a number of fenestrae of various
diameters (left and middle panels in Fig. 5B). Count-
ing of the fenestrae per square micrometer showed that
although the number of fenestrae in Cas FL-expressing
cells was slightly higher than that in parental cells
(5.80 = 0.37 for parental cells and 6.13 * 0.39 for

Cas FL—expressing NP31 cells), the difference was not

statistically significant (left and middle bars in Fig.
5C). Remarkably, the formation of fenestrae was
almost completely abolished in Cas ASH3-expressing
cells, and few small, fenestra-like pores were observed
(indicated by arrowheads in the right lower panel of
Fig. 5B). The number of -fenestraec in Cas ASH3-

expressing cells was 0.58 * 0.16, which was statisti-
cally significantly low in comparison with those in pa-
rental and Cas FL-expressing NP31 cells (P < 0.001;
left right bars and middle right bars in Fig. 5C). These
results strongly indicate that Cas plays pivotal roles in
the regulation of the actin cytoskeleton and in the for-
mation of fenestrae in SECs.

Discussion

Cas is an adaptor/scaffold protein that contributes
to various biological processes throuvh the regulation
of actin stress fiber formation.” Upon physiological
and pathological stimuli, Cas becomes tyrosine-phos-
“phorylated mainly in the SD, which offers binding
sites for the SH2 domain of downstream target mo]c—

cules, including CrkI1.>'® The Cas/CrkII complex
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sequentially activates downstream effectors, such as
Rac and C3G, which consequently reorganize the actin
cytoskeleton and finally define cellular dynamics.”'°
We previously generated mice lacking Cas (Cas™")
and demonstrated that they died in wtero and exhibited
cardiovascular anomalies.”” In the present study, we
generated mice carrying a hypomorphic Cas allele lack-
ing the exon 2—derived region. Exon 2 was targeted in
this study for several reasons. First, it is the only exon
that encodes the whole region of a functional domain
of Cas.® Second, it encodes SH3, which binds to the
proline-rich region of focal adhesion kinase'' and
mediates the initial signaling event from the extracellu-
lar matrix to intracellular molecules.*** Third, our
previous compensation study revealed the importance
of SD and SB for cell migration and cell transforma-
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HEPATOLOGY, Scptember 2010

Fig. 5. Actin stress fiber formation and fe-
nestra formation in parental, Cas FL-express-
ing, and Cas ASH3-expressing NP31 cells.
(A) Actin stress fiber formation. Parental, Cas
FL-expressing, and Cas ASH3-expressing
NP31 cells were stained with phalloidin. The
boxed areas in the upper panels are magni-
fied in the lower panels. Thick, dense, and
long actin fibers in parental and Cas FL-
expressing NP31 cells and dotlike actin fila-
ments in Cas ASH3-expressing NP31 cells
are indicated by arrows and arrowheads,
respectively. (B) Fenestra formation. Parental,
Cas FL-expressing, and Cas ASH3-expressing
NP31 cells were analyzed under an electron
microscope. The boxed areas in the upper
panels are magnified in the lower panels.
Although a number of fenestrae were found in
‘parental and Cas FL-expressing NP31 cells,
only a few porelike regions were detected in
Cas ASH3-expressing NP31 cells (arrow-
heads). (C) Number of fenestrae per square
micrometer. Data are plotted as means and
error bars. The number of fenestrae was sig-
nificantly reduced in Cas ASH3-expressing
NP31 cells versus parental and Cas FL-
expressing NP31 cells (P < 0.001). Abbrevia-
tion: NS, not significant.

tion, respectively, but the role of SH3 is less
understood.*

Mice harboring Cas with an exon 2 deletion
(Cas®*?2¢2y died as embryos (Table 1) but differed
in phenotype from Cas™'~ mice; Cas®*?2? mice
exhibited impaired liver development with massive he-
patocyte apoptosis (Fig. 2), and in contrast to Cas™'~
mice, their cardiovascular system was preserved, pre-
sumably because of the conserved ability of Cas Aex2
to partially become tyrosine-phosphorylated and retain
Crkll biuding32 (Fig. 4). In the former work,?? we
noted that Cas™~ mice also showed retarded liver
growth. We previously hypothesized it to be secondary
to circulatory failure because the Cas protein was
barely detectable in hepatocytes, as in this study®?
(Fig. 3). However, the current observation that



HEPATOLOGY, Yol. 52, No. 3, 2010

Cas®*?22 mice exhibit liver degeneration without

suffering from cardiovascular anomalies strongly
implies that dysfunction of Cas directly impairs liver
development.

The findings that Cas is preferentially expressed in
SECs in the liver (Fig. 3) and that the expression pat-
terns of Cas well correlate with the maturation of sinu-
soids (Supporting Fig. 1) indicate that Cas is function-
ally and developmentally involved in SECs and strongly
suggest that Cas Aex2 impairs SEC function and leads
to hepatocyte apoptosis. To confirm this, we employed
an SEC line, NP31, as a model system and invesrigatcd
the effect of Cas Aex2 on SEC function. Our previous
study using MEFs derived from Casd*2852 mice
showed that Cas Aex2 possesses reduced function
in FN-mediated signaling.’® ‘Thus, to examine the
Cas requirement for SEC function, we first attempted
to knock down endogenous Cas in NP31 cells
by RNA interference. However, we found that NP31
cells rapidly lost fenestra formation when they were
exposed to transfection reagents with nonspecific
small interfering RNA or even no RNA (data not
shown). We thus used an alternative Cas mutant over-
expression approach. We used Cas ASH3 because the
SH3 domain represents virtually the functional do-
main of exon 2 (Fig. 1) and other motifs in exon 2,
YLVP and YQxPs, have been demonstrated to bc
redundant or dispensable for Cas-mediated signaling.*
In fact, Cas ASH3—expressing NP31 cells exhibited
biochemical properties similar to those of Cast2/he2
MEFs, such as impaired Cas tyrosine phosghorylation
and reduced interaction of Cas with CrkII’~ (Fig. 4).
Thus, Cas ASH3 is biochemically equivalent to and
functionally recapitulates Cas exon 2 deletion. In
agreement with these biochemical alterations, we dem-
onstrated that Cas ASH3 abolished reorganization of
the actin cytoskeleton and critically inhibited the for-
mation of fenestrae (Fig. 5). These findings strongly
indicate that the Cas exon 2 deficiency affected actin
cytoskeleton reorganization and SEC fenestration in
Cas®*?4%2 embryos, and the impaired SEC fenestra-
tion subsequently induced massive hepatocyte apopto-
sis during liver development. Previous #n vitro studies
in SECs showed that treatment of the cells with anti-
actin agents and artificial modulation of Rho small
GTPases impaired SEC fenestration®>; in addition,
SEC fenestration was required for hepatocyte sur-
vival.® These findings are consistent with the notion
described previously.

The current study highlights the importance of Cas
‘in liver development. It also unveils an unexpectedly
intimate interaction between SEC cytoskeletal turnover
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and hepatocyte development by illustrating the indirect
influence of SEC fenestration on hepatocyte survival.
It has previously been reported that the numbers and
diameters of fenestrae are sensitive to growth factors
such as vascular endothelial growth factor,”** endo-
thelin-1,%%® and transforming growth factor .%3
Intriguingly, these factors are known to tyrosine-phos-
phorylate Cas,””** and this strongly suggests that Cas
tyrosine phosphorylation is involved in the induced
changes of fenestrae. Defenestration has been reported
in various liver diseases such as alcoholic liver dam-
age,”” T hepatitis and liver cirrhosis,®>** and liver can-
cer’™>® and causes portal hypertension and liver dys-
function.! A recent report demonstrated that the
administration of a vascular endothelial growth facror—
expressing plasmid through the portal vein in cirrhotic
rats resulted in increased numbers of fenestrae and
decreased portal vein pressure.”® Collectively, these
findings, including ours, suggest a potential therapeutic
approach that regulates SEC fenestration, and they
raise Cas as a novel molecular target in protective and
regenerative  therapy for SEC-defenestrating liver
diseases. :
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Recently, gene amplification and gain-of-function mutations of ALK have been found in
_some neuroblastoma cell lines and clinical tumor samples. We have previously reported
that knockdown of ALK by RNAi induced apoptosis in neuroblastoma cells with gene
amplification of ALK. We report that all-trans retinoic acid (ATRA) downregulates ALK in

neuroblastoma cell lines. Downregulation of ALK protein by ATRA was accompanied by
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apoptosis in neuroblastoma cells with gene amplification or gain-of-function mutation of
ALK but not in neuroblastoma cells without these genetic alterations. These results suggest
that ALK downregulation by ATRA might lead to apoptosis in neuroblastorna cells with

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Neuroblastoma is a pediatric solid tumor derived from
the sympathoadrenal lineage of the neural crest and is
responsible for approximately 15% of all cancer deaths in
children [1]. Although improvement of multimodal ther-
apy has been achieved by the progress of treatment, prog-
nosis of this cancer, especially high-risk neuroblastoma,
remains poor.

Retinoic acids have been: reported to exhibit in vitro
growth-inhibitory effect and differentiation on neuroblas-
toma cells as‘well as in vivo anti-tumor activity [2-4] and
have been used in the treatment of neuroblastoma patients
[5]. Currently, 13-cis retinoic acid is an established compo-
nent of the treatment combined with myeloablative ther-
apy and autologous bone-marrow transplantation in
high-risk neuroblastoma patients [6,7]. Although the
mechanism of anti-tumor effect of retinoic acids has not
yet been fully elucidated, it has been suggested that
induction of differentiation or apoptosis might contribute
to the therapeutic effect of retinoic acids against human
neuroblastomas [8-11]. ‘
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ALK was originally identified in anaplastic large cell
lymphomas as a novel protein tyrosine kinase that forms
an oncogenic fusion product with the NPM nucleolar phos-
phoprotein by chromosomal translocation [12,13]. ALK has
also been found to be fused with a variety of partners in
human cancers including inflammatory myofibroblastic
tumors [14], esophageal cancer [15], and non-small cell
lung cancer [16,17]. We have previously reported that
somatically acquired amplification of ALK occurs in the
neuroblastoma cell lines and tumors of neuroblastoma pa-
tients [18,19]. Subsequently, both the germline and so-
matic gain-of-function mutations of ALK were recently
found in familial and sporadic neuroblastoma patients,
respectively [20-23]. It was demonstrated that, in the neu-
roblastoma cell lines exhibiting gene amplification or har-
boring gain-of-function mutations of ALK, knockdown of
ALK by RNAi or an ALK inhibitor induced apoptosis and
inhibition of cell growth, suggesting that ALK plays an
important role in the pathogenesis of neuroblastoma
[19-23].

In this study, we found all-trans retinoic acid (ATRA),
one of retinoic acids, downregulated ALK expression in
neuroblastoma cell lines. Since it is considered that inhibi-
tion of the activated oncogene product might have a great
impact on the biological property of neuroblastoma cells,
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we further examined whether the suppression of ALK by
ATRA caused the biological effect of apoptosis induction
and growth inhibition in neuroblastoma cells in an associ-
ation with the presence of activation of ALK.

2. Materials and methods
2.1. Cell line and culture

NB-39-nu, SH-SY5Y, TNB-1, and GOTO neuroblastoma

cell lines were maintained in RPMI 1640 medium with -

10% heat-inactivated fetal bovine serum (FBS), 100 units/
ml of penicillin and 100 pg/ml of streptomycin at 37 °C
with 5% CO,.

2.2. Antibodies for Western blotting

Anti-ALK antibody was prepared as previously described
| 18]). Anti-cleaved caspase-3 antibody, anti-phospho-ERK1/
2 antibody (phospho-p44/p42 mitogen-activated protein
kinase [MAPK] antibody), anti-AKT antibody, anti-phos-
pho-AKT (Ser473) antibody were purchased from Cell
Signaling (Danvers, MA, USA), and anti-B-actin (I-19) anti-
body were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

2.3. Western blotting

The cell lysates were separated on sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis, and transferred to
a polyvinylidene difluoride membrane (Immobilon-P; Mil-
lipore Corporation, Bedford, MA, USA). After blocking of the
membrane with blocking buffer (Blocking One; Nacalai
Tesque, Kyoto, Japan), the membrane was probed with
antibodies for detection. The membrane was further
probed with HRP-conjugated anti-rabbit or anti-mouse
IgG to visualize the reacted antibody.

2.4. Apoptosis assay

Apoptosis levels were determined using Cell Death
Detection ELISA kit (Roche Diagnostics, Mannheim, Ger-
many), which detects the presence of nucleosomes in the
cytoplasm of apoptotic cells. Briefly, cells were seeded in
96-well plates (Becton Dickinson, NJ, USA), cultured with
dimethylsulfoxide (DMSO) or ATRA (Sigma, St. Louis, MO,
USA) in RPMI 1640 medium with 10% heat-inactivated fe-
tal bovine serum (FBS), 100 units/ml of penicillin and
100 pg/ml of streptomycin at 37 °C with 5% CO,, then sub-
jected to Cell Death Detection ELISA kit according to the
manufacturer's instructions. The absorbance of the sam-
ples was measured at a wavelength of 405 nm using a
microplate reader mode 550 (Bio-Rad, Hercules, CA, USA).

2.5. Cell growth assay

Cell growth was analyzed by Tetra Color One (Seikagakuy,
Tokyo, Japan) according to the manufacturer’s instructions.
Briefly, cells were seeded in 96-well plates (Beckton Dickin-
son, NJ), cultured with DMSO or ATRA in RPMI 1640 med-

jium with 10% heat-inactivated FBS, 100 units/ml of
penicillin and 100 pg/ml of streptomycin at 37 °C with 5%
CO,, then subjected to Tetra Color one for 3 h followed by
measurement for cell growth. The absorbances of the sam-
ples were measured at 450nm on a microplate reader
mode 550 (Bio-Rad, Hercules, CA, USA).

2.6. Quantitative real-time RT-PCR

Total RNA was isolated using ISOGEN (Nippon gene,
Toyama, Japan). For reverse transcription, AccuScript High
Fidelity 1st Strand cDNA Synthesis kit (Stratagene, La Jolla,
CA, USA) was used and quantitative real-time PCR was per-
formed in Fluorescent Quantitative Detection System Line-
Gene (BioFlux, Tokyo, Japan) using QantiTect SYBER Green
PCR kit (Qiagen, Tokyo, Japan). Relative abundance of the
specific mRNAs was normalized to GAPDH mRNA. The fol-
lowing primer sets were used for quantitative real-time
RT-PCR: ALK; forward, 5'-ACCACTTCATCCACCGAGGC-3'
and reverse, 5'-CAGGGTCCTTGGGCCTCACA-3". GAPDH,; for-
ward, 5'- TGAAGGTCGGTGTCAACGGATTTGGC-3’ and re-
verse, 5'-CATGTAGGCCATGAGGTCCACCAC-3".

3. Results

3.1. ATRA suppressed the expression of ALK protein in various neuroblastoma
cell lines

We first examined the level of ALK protein in four neuroblastoma cell
lines growing in culture medium, As previously reported [ 18], the level of
ALK protein was extremely high in NB-39-nu cells when compared with
that in SH-SY5Y, TNB-1 and GOTO cells (Fig. 1A). We next examined
whether ATRA affected the protein expression level of ALK in these four
neuroblastoma cell lines. When the four cell lines were treated with ATRA
at the concentration of 1 M or 10 uM for 72 h, the levels of ALK protein
were remarkably reduced in all cell lines examined regardless of the ori-
ginal levels of expression (Fig. 1B). The reduction of ALK protein expres-
sion at 24 h after ATRA treatment was not obvious, suggesting that this
reduction is a rather slow process that occurs around 1 day after the
treatment (data not shown).

3.2. Inhibition of mRNA expression by treatment with ATRA in NB-39-nu
neuroblastoma cells

Since the protein expression levels of ALK were reduced in four neu-
roblastoma cells treated with ATRA, mRNA expression levels in neuro-
blastoma cells treated with ATRA were analyzed for NB-39-nu cells
using quantitative real-time RT-PCR. As shown in Fig. 2, quantitative lev-
els of ALK mRNA of the NB-39-nu cells were reduced at 24 h after the
treatment with ATRA at the concentration of 1 pM and 10 pM, indicating
that ATRA inhibited mRNA expression of ALK.

ALK

Ao

BT

B-actin g <
Fig. 1A. ALK protein expression in NB-39-nu, SH-SY5Y, TNB-1 and GOTO
neuroblastoma cells. Cell lysates obtained from NB-39-nu, SH-SY5Y,
TNB-1 and GOTO cells growing in RPMI 1640 medium with 10% FBS
were subjected to Western blotting analysis with anti-ALK antibody and
anti-p-actin.
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Fig. 1B. Downregulation by all-trans retinoic acid (ATRA) in NB-39-nu,
SH-SY5Y, TNB-1 and GOTO neuroblastoma cells. NB-39-nu, SH-SY5Y,
TNB-1 and GOTO cells were cultured with DMSO (vehicle) or ATRA (1 pM,
10 uM) in RPMI 1640 medium with 10% FBS for 72 h in a 6-well plate
(15,000-30,000/ml, 3 ml/well) after preincubation for 24 h and harvested
for cell lysate preparation. The cell lysates were subjected to Western
blotting with anti-ALK antibody and anti-B-actin.

1.2
O Control
il 01uM
e W10 pM
2
£ 08
[
§5
‘» 0.6
23
8 o4
2
2
0.2
0

Fig. 2. Quantitative analysis of mRNA expression in NB-39-nu neuroblas-
tomna cells treated with ATRA. NB-39-nu cells were cultured in a 6-well
plate with DMSO (vehicle) or ATRA (1 uM, 10 pM) in RPMI 1640 medium
with 10% FBS for 24 h after preincubation for 24 h, and then harvested for
isolation of total RNA. The samples were subjected to quantification of ALK
mRNA using real-time quantitative RT-PCR as described in Section 2.
Columns, mean of three replicate; bars, SD.

.

3.3. ATRA induced apoptosis in NB-39-nu and SH-SY5Y neuroblastoma cell
lines with activated ALK but not TNB-1 and GOTO neuroblastoma cell lines
without activated ALK

It was previously reported that knockdown of ALK by RNAi or treat-
ment with an ALK inhibitor induced apoptosis and inhibited cell growth
in neuroblastoma cell lines in which ALK was activated by gene amplifi-
cation or gain-of-function mutations. Therefore, we next examined
whether apoptosis was induced by treatment with ATRA in neuroblas-
toma cell lines with activated ALK. As previously reported [18,21], NB-
39-nu and SH-SY5Y cell lines harbor gene amplification and gain-of-func-
tion of mutation of ALK, respectively. Apoptosis assay demonstrated that
obvious apoptosis was detected in NB-39-nu and SH-SY5Y cells whereas
it was not observed in TNB-1 and GOTO cells (Fig. 3). It was of note that
apoptosis was induced in the cells with ALK gene amplification or gain-of-
function mutation but not in the cells without the genetic alteration of
ALK, Reduction of the apoptosis value in the SH-SY5Y cells treated with
10 uM ATRA compared to that with 1 pM ATRA appeared to be due to
extensive cell death. We next tested whether apoptosis was induced by
detection of cleaved caspase-3 using the anti-cleaved caspase-3 antibody,
The analysis demonstrated that cleaved caspase-3 was detected in NB-39-
nu and SH-SY5Y cells by 72 h treatment with ATRA, whereas it was not
detected in TNB-1 and GOTO cells (Fig. 4). This result was consistent with
the results obtained by the apoptosis assay described above.

3.4. Effect of ATRA on AKT/ERK signaling pathways in NB-39-nu
neuroblastoma cells

We subsequently investigated status of AKT/ERK signaling pathways
in NB-39-nu cells after the treatment with ATRA to examine whether up-
stream of anti-apoptotic signaling were affected. Western blotting
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Fig. 3. Effect of ATRA on the induction of apoptosis in NB-39-nu, SH-
SY5Y, TNB-1 and GOTO neuroblastoma cells. NB-39-nu, SH-SY5Y, TNB-1
and GOTO cells were incubated for 72h in a 96-well plate (15,000~
30,000 cells/ml, 0.1 ml/well) with DMSO (vehicle) or ATRA (1 pM, 10 pM)
in RPMI 1640 medium with 10% FBS after preincubation for 24 h, and then
subjected to the apoptosis assay using Cell Death Detection ELISA kit as
described in Section 2. Columns, means of three replicates; bars, SD.

showed that phosphorylation of AKT and ERK after 48 h treatment with
ATRA were suppressed, indicating that AKT/ERK signaling pathways were
inhibited by the treatment with ATRA (Fig. 5).

3.5. Effect of ATRA on cell growth of NB-39-nu, SH-SY5Y, TNB-1, and GOTO
neuroblastoma cells

We next examined whether cell growth of NB-39-nu and SH-SY5Y
cells that underwent ATRA-induced apoptosis was inhibited by the treat-
ment with ATRA. Analysis by Tetra Color One assay demonstrated that the
cell growth of these cells was inhibited by the treatment with ATRA
(Fig. 6). Cell growth of TNB-1 and GOTO cells, which did not show signif-
icant apoptosis by ATRA, was also inhibited by treatment with ATRA
(Fig. 6). As demonstrated by Fig. 7C, TNB-1 cells treated with ATRA
showed neurite outgrowth, suggesting the induction of differentiation,
which might contribute to the inhibition of cell growth. GOTO cells, how-
ever, did not obviously show neurite outgrowth from the morphological
appearance (Fig. 7D).

4. Discussion

In this study, we found that treatment by ATRA caused

-remarkable downregulation of ALK protein in neuroblas-

toma cell lines. This is the first report that retinoic acid
can suppress the expression of ALK, which is an oncogenic
protein recently found in several cancers including neuro-
blastoma. Since retinoic acids are known to regulate the
transcription of a number of genes, we examined whether
ATRA had some effect on the ALK mRNA expression level.
The treatment with ATRA reduced the mRNA level of ALK
as shown by real-time quantitative RT-PCR, suggesting that
the transcriptional suppression of ALK mRNA by ATRA con-
tributed to the downregulation of ALK protein,

Although the significant suppression of ALK protein
expression by ATRA was observed in all cell lines exam-
ined, apoptosis was shown only in the cell lines with gene

. amplification or a gain-of-function mutation of ALK. Most

SH-SY5 cells died and turned into fragments by treatment
of 10 pM ATRA (data not shown). This massive cell death
appeared to have resulted in a relatively low apoptosis le-
vel in this assay although the apoptosis level was signifi-
cantly elevated even at 1uM of ATRA. Judging from
samples harvested from supernatant of the cells treated
with 10 pM of ATRA, at least about 30% and 70% of the cell
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Fig. 4. Analysis for detection of cleaved caspase-3 in NB-39-nu, SH-SY5Y, TNB-1 and GOTO neuroblastoma cells by treatment with ATRA. NB-39-nu,
SH-SY5Y, TNB-1 and GOTO cells were cultured with ATRA in 6-well plate cells (15,000-30,000 cells/ml, 3 ml/well) with DMSO (vehicle) or ATRA (1 pM,
10 uM) in RPMI 1640 medium with 10% FBS for 72 h after preincubation for 24 h and harvested for cell lysate preparation. The cell lysates were subjected to

Western blotting with anti-cleaved caspase-3 antibody and anti--actin.
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Fig. 5. Effect of ATRA on AKT/ERK signaling pathways in NB-39-nu
neuroblastoma cells. NB-39-nu or ATRA (1 uM, 10 uM) in RPMI 1640
medium with 10% FBS for 48 h in 6-well plates (20,000 cells/ml, 3 ml/
well) after preincubation for 24 h and harvested for cell lyasate prepa-
ration. The cell lysates were subjected to Western blotting with anti-ALK
antibody, anti-ERK1/2 antibody, anti-phospho-ERK1/2 antibody anti-AKT
antibody, and anti-phospho-AKT antibody.
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Fig. 6. Effect of ATRA on cell growth in NB-39-nu, SH-SY5Y, TNB-1 and
GOTO neuroblastoma cells. NB-39-nu, SH-SY5Y, TNB-1 and GOTO cells
were incubated in 96-well plates (7000-30.000 cells/ml, 0.1 ml/well)
with DMSO (vehicle) or ATRA (1 uM, 10 ppMM) in RPMI 1640 medium
with 10% FBS after preincubation for 24 h. The treatment time with ATRA
was 120 h for NB-39-nu cells, and 72 h for SH-SY5Y, TNB-1 and GOTO
cells. Cell growth was determined by Tetra Color One assay as described
in Section 2. Columns, means of three replicates; bars, SD.

appeared to have died due to apoptosis in NB-30-nu and
SH-SY5Y cells, respectively, while less than 1% of each cells
in TNB-1 cells and GOTO cells did. In NB-39-nu cells, which
were demonstrated to have gene amplification of ALK [18],
we previously showed induction of apoptosis by treatment
with ALK siRNA [19]. The degree of downregulation of ALK,
which had been caused by treatment with ALK RNAi, was
almost as remarkable as that by the treatment with ATRA,

which caused apoptosis in NB-39-nu cells in this study
[19]. It was also reported that the suppression of ALK by
RNAI or an ALK inhibitor induced apoptosis and inhibited
cell proliferation in the neuroblastoma cell lines harboring
gain-of-function mutations of ALK such as SH-SY5Y cells
[20-23]. These findings suggest that the survival of neuro-
blastoma cell lines with activated ALK is dependent on the
presence of activated ALK gene product, being consistent
with the phenomenon of “oncogene addiction,” which de-
scribes the acquired dependence of tumor cells on an acti-
vated oncogene for their survival and/or proliferation [17].
Thus, it is likely that the induction of apoptosis by ATRA
treatment in neuroblastoma cells harboring activated ALK
might be caused at least in part by the reduction of ALK
expression by ATRA, although it might be led by other
molecular mechanisms regulating ATRA-induced apoptosis
in an ALK-independent manner.

We previously demonstrated that inhibition of ALK
expression by RNAi for ALK caused inhibition of AKT/ERK
pathways and apoptosis induction in NB-39-nu cells [19].
In the current study, we also observed that AKT/ERK signal-
ing pathways were suppressed when the expression of ALK
was inhibited by the treatment with ATRA, suggesting that
the inhibition of ALK by ATRA lead to the inhibition of anti-
apoptotic signaling pathways via suppression of AKT/ERK
pathways and was enough to cause apoptosis in NB-39-nu
cells although it could be postulated that ATRA also affected
other apoptosis-inducing signaling pathways as well.

It has been reported that retinoic acids downregulated
expression of other oncogenic gene products such as MYCN
in association with differentiation, apoptosis, and growth
inhibition in various neuroblastoma cell lines. Although
the possibility that reduction of those oncogenic gene
expression might contribute to apoptosis induction could
not be neglected since it is hard to examine the contribu-
tion of each target of ATRA for apoptosis in neurblastoma,
we would insist in this study that the change in the ALK is
so significant that it could affect the survival of ALK-ad-
dicted neuroblastoma cells. .

Retinoic acids have been widely used in the treatment of
various diseases including cancer [24]. In neuroblastomas,
retinoic acids including ATRA, 13-cis retinoic acid, and
other analogues have been employed alone or in combina-
tion with other modalities of chemotherapy and radiation
for high-risk patients [5-7,25,26]. It was reported that neu-
roblastoma with mutated ALK accounted for 6.1-13.4% of
neuroblastoma patients examined [20-23]. In addition,
high-level gene amplification was observed in several per-
cent of patients [19,21). Thus, the total population of neuro-
blastoma patients with ALK mutation or gene amplification
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Fig. 7. Microscopic appearance of NB-39-nu, SH-SY5Y, TNB-1 and GOTO neuroblastoma cells treated with ATRA, NB-39-nu (A-1, -2), SH-SY5Y (B-1, -2),
TNB-1 (C-1, -2) and GOTO (D-1, -2) cells were incubated with ATRA (0 uM, 1 uM) in RPMI 1640 medium with 10% FBS in 6-well plate cells (15,000-30,000
cells/ml, 3 ml/well) after preincubation for 24 h, and then photographed. The treatment with ATRA was 120 h for NB-39-nu cells, and 72 h for SH-SY5Y,

TNB-1 and GOTO cells.

is about 10%. Therefore, some patients with activated ALK
might have exhibited good clinical response due to the
reduction of activated ALK by retinoic acid among neuro-
blastoma patients who received successful treatment with
retinoic acid although this population needs to be identified
by a clinical investigation. A subset of these neuroblastoma
patients with activated ALK might be an even more appro-
priate candidate for the use of retinoic acids.
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ARAP3 inhibits peritoneal dissemination of scirrhous gastric carcinoma
cells by regulating cell adhesion and invasion
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During the analysis of phosphotyrosine-containing pro-
teins in scirrhous gastric carcinoma cell lines, we observed
an unusual expression of Arf-GAP with Rho-GAP
domain, ankyrin repeat and PH domain 3 (ARAP3), a
multimodular signaling protein that is a substrate of Src
family kinases. Unlike other phosphotyrosine proteins,
such as CUB domain-containing protein 1 (CDCP1) and
Homo sapiens chromosome 9 open reading frame 10/
oxidative stress-associated Src activator (C9orfl10/Ossa),
which are overexpressed and hyperphosphorylated in
scirrhous gastric carcinoma cell lines, ARAP3 was under-
expressed in cancerous human gastric tissues. In this
study, we found that overexpression of ARAP3 in the
scirrhous gastric carcinoma cell lines significantly reduced
peritoneal dissemination. In vitro studies also showed that
ARAPS3 regulated cell attachment to the extracellular
matrix, as well as invasive activities. These effects were
suppressed by mutations in the Rho-GTPase-activating
protein (GAP) domain or in the C-terminal two tyrosine
residues that are phosphorylated by Src. Thus, the ex-
pression and phosphorylation state of ARAP3 may affect
the invasiveness of cancer by modulating cell adhesion and
motility. Our results suggest that ARAP3 is a unique
Src substrate that suppresses peritoneal dissemination of
scirrhous gastric carcinoma cells.

Oncogene (2011) 30, 1413-1421; doi:10.1038/on¢.2010.522;
published online 15 November 2010

Keywords: ARAP3; scirrhous gastric carcinoma; Rho-
GAP; cell-ECM adhesion; invasion

Introduction

The prognosis of scirrhous gastric carcinoma is poor
because peritoneal dissemination and rapid submucosal
invasion make it refractory to cancer treatments.
Therefore, the discovery of novel therapeutic targets
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that control the progression of scirrhous gastric
carcinoma is urgently needed. However, progress has
been limited by the lack of knowledge about the factors
and signaling pathways that mediate peritoneal disse-
mination and invasion.

Previous studies have shown that Src family tyrosine
kinases (SFKs) are likely to be involved in these
processes. For example, increased expression and kinase
activity of SFKs frequently occurs during the transfor-
mation of precancerous cells (Frame, 2002). Activation
of SFKs is also associated with tumor progression and
metastasis, as well as with characteristic activities of
cancer cells including proliferation, differentiation,
motility, cell-extracellular matrix (ECM) adhesion,
cell—cell adhesion and invasion (Brown and Cooper,
1996; Frame, 2002).

Recently, we reported that Src substrates such as
CUB domain-containing protein 1 (CDCP1) (Uekita
et al., 2008) and Homo sapiens chromosome 9 open
reading frame 10/oxidative stress-associated Src activa-
tor (C90rf10/Ossa) (Tanaka et al., 2009) are hyperpho-
sphorylated in the peritoneal nodules formed after
inoculating the scirrhous gastric carcinoma cell line
44As3 into BALB/c nude mice. In .our studies, we
also detected another substrate of Src, Arf-GAP with
Rho-GTPase-activated protein (GAP) domain, ankyrin
repeat and PH domain 3 (ARAP3), in these nodules.
However, immunohistochemical analysis showed that
the expression level of ARAP3 was surprisingly higher
in-normal gastric glands than in cancerous tissue, unlike
CDCP1 and C9orf10/Ossa.

ARAP3 functions as an effector of phosphoinositide
3-kinase (PI3K) by binding to phospatidyl-inositol-
3.4,5-trisphosphate  (P1(3,4,5)P;) through pleckstrin
homology (PH) domains (Krugmann et al., 2002). On
activation of PI3K signaling, ARAP3 is thought to be
recruited to the plasma membrane, where it regulates
lamellipodia formation and growth factor signaling
(Kowanetz et al., 2004; Krugmann er al., 2004, 2006).
ARAP3 is tyrosine-phosphorylated by Src mainly at the
two tyrosine residues at the C-terminus (I ez a/., 2004),
whereas the biological role of tyrosine phosphorylation
of ARAP3 is still unclear. In addition, the Rho-GAP
domain of ARAP3 modulates the activity of Rho-family
small GTPases, which regulate cytoskeletal dynamics as
well as cancer invasion and metastasis. However, the
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relationship between these functions of ARAP3 and
cancer phenotypes is not understood well.

In this study, we show that overexpression of ARAP3
in 58As9 cells, a highly metastatic scirrhous gastric
carcinoma cell line, inhibited peritoneal dissemination in
a mouse model. Furthermore, mutations to either the
Rho-GAP domain or tyrosine phosphorylation sites of
ARAP3 failed to inhibit peritoneal dissemination.
ARAP3 also inhibited rapid cell-ECM adhesion and
cell invasion in vitro. Our results support the hypothesis
that ARAP3 suppresses the peritoneal dissemination of
scirrhous gastric carcinoma cells.

Results

Expression of ARAP3 in human gastric tissues and tumor
cell lines
Expression of ARAP3 in human gastric tissues was
examined by immunohistochemical staining using an
anti-ARAP3 antibody. ARAP3 is expressed primarily
on the luminal side of the fundic gland (Figure 1a). In
human gastric cancer tissues, ARAP3 expression was
lower than in non-cancerous tissue (Figures 1b and c).
Furthermore, the expression level of ARAP3 was lower
in the undifferentiated type of gastric cancer than in the
differentiated type (data not shown).

We also examined the expression of ARAP3 in 14
human gastric cancer cell lines (Figure 2). The expression

of ARAP3 was very low or undetectable in 10 of these
cell lines.

Roles of ARAP3 in peritoneal dissemination

To study the functional importance of ARAP3 in the
peritoneal dissemination of scirrhous gastric carcinoma,
we introduced ARAP3 expression vectors into 58As9
and NKPS scirrhous gastric carcinoma cell lines that
expressed relatively little endogenous ARAP3 (Figure 2).
Both the 58As9 and NKPS cell lines are highly
metastatic (Yanagihara er al., 2005; Tanaka er al,
2009). After establishing 58As9 and NKPS cells that
stably expressed wild-type ARAP3, we injected the
cells into the peritoneal cavities of BALB/c nude mice
(Figure 3 and Supplemental Figure 1). Compared with
the parental 58As9 cell, the ARAP3-overexpressing cells
formed fewer nodules on the mesentery and fatty tissues
adjacent to the uterus (Figure 3b, lower panels).
Essentially the same results were obtained from the
analysis of ARAP3-expressing NKPS cells (Supplemen-
tal Figure 1B).

Effects of ARAP3 expression on the characteristics of
gastric cancer cells in vitro

As the adhesiveness and invasiveness of scirrhous gastric
carcinoma cell lines have a significant effect on
peritoneal dissemination, we examined the effect of
ARAP3 overexpression on the attachment of 58As9 cells
to several ECM proteins, such as fibronectin, collagen
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Figure 1 Immunohistochemical staining of ARAP3. Non-cancerous (a) and cancerous (b) human gastric tissues are shown. The
intensity of staining was evaluated and arbitrarily scored from 0 to 3. The scores from samples of non-cancerous, cancerous and fundic
gland tissues are shown in (c). Upper and lower quartiles are indicated with boxes, and minimum and maximum values are indicated
with bars. Blue dots indicate the scores of all samples. Average scores (Av., red line) and sample numbers (n) are also shown. ARAP3
staining was detected in the fundic gland of the non-cancerous gastric tissues and was decreased in many cancerous tissues.
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and vitronectin. Overexpression of ARAP3 partially
suppressed the attachment of 58As9 cells to fibronectin
and vitronectin (Figure 3c), but did not affect their
adhesion to collagen. In addition, we performed an
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Figure 2 Expression of ARAP3 in human gastric cancer cell lines.
Whole-cell lysates from non-scirrhous (MKN28, TMKI1) and
scirrhous human gastric cancer cell lines were immunoprecipitated
with anti-ARAP3 antibody, and subsequently detected by im-
munoblotting. A human epithelial cell line, HaCaT, was used as a
non-cancerous control. The expression of ARAP3 was diminished
in 10 of the 14 gastric cancer cell lines tested.
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in vitro invasion assay using the 58As9 cell line with or-

without the overexpression of ARAP3. As shown in
Figure 3d, ARAP3 clearly suppressed cell migration and
invasion in 58As9 cells. ARAP3 also suppresses the cell
migration activities and invasiveness of NKPS cells
(Supplemental Figure 1C). However, overexpression of
ARAP3 did not affect the cell growth (Supplemental
Figure 2).

We also examined the effect of knocking down
ARAP3 expression by using RNA interference in the
44As3 scirrhous gastric carcinoma cell line that ex-
pressed relatively high endogenous levels of ARAP3
(Figure 2a). ARAP3 expression was reduced in clones
R3 and RS, as shown by immunoblotting (Figure 4A).
Underexpression of ARAP3 promoted the attachment
of 44As3 cells to fibronectin and vitronectin in vitro
(Figure 4A). Moreover, an ex vivo adhesion assay,
which measures the adhesiveness of gastric cancer cells
to the mesothelium, showed the same results
(Figure 4C). These results demonstrate that expression
of ARAP3 may reduce the peritoneal dissemination of
scirrhous gastric carcinoma cells by inhibiting cell-ECM
adhesion and cell invasion. As activities of cell adhesion
and invasion are strongly affected’ by morphological
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Figure 3 Functions of ARAP3 in the scirrhous gastric carcinoma cell line. The 58As9 cell line overexpressing ARAP3 was generated.
Expression of ARAP3 was verified with immunoblotting (a). These cells were injected intraperitoneally into BALB/c nude mice (n=4).
Mice were killed 21 days afier injection and the peritoneal tissues were resected. (b) Tumors are indicated by yellow arrow heads. Cell
adhesion to ECM proteins was also examined (c). Invasiveness was assessed in vitro by cell migration through a matrigel-coated or
non-coated cell culture insert (d). ARAP3 expression suppressed cancerous activilies of the scirrhous gastric carcinoma cell line in vitro

and in vivo (*P<0.05 **P<0.01).
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Figure 4 Expression of ARAP3 regulated cell-ECM attachment.
ARAP3 was knocked down in 44As3 scirrhous gastric carcindma
cells by a microRNA knockdown system (R3 ‘and RS dells
(A)). Cell attachment assays were performed with these cells
in vitro (B) and ex vivo (C). In the ex vivo assay, the attachnient
of cancer cells to the mesentery was visualized by hematoxylin .

and eosin staining (C(a)) and quantified by cell counts (Ch).

Knockdown of ARAP3, increased the" attachment of gastric
carcinoma cells to both the ECM and meséntery. ‘ L

changes (Carragher and Frame, 2004), we examined
whether the expression of ARAP3 also affects the cel]
morphology of the gastric carcinoma cell line. Phallo;-
din staining showed that R3 and R5 cells formed
filopodia instead of the lamellipodia observed in
parental 44As3 cells (Figure 5A). Furthermore, intro-
duction of wild-type ARAP3 that contained silent
mutations in the target sequence of microRNA into
R3 cells suppressed filopodia formation and recovered
lamellipodia formation (Figure 5Ba). Expression of
mutant ARAP3 was detected with western blotting
(Figure 5Bb). : 5 '

Differential roles of functional domains of ARAP3 in cell
adhesion and.cell invasion in vitro

As ARAP3 is a multimodular protein (Figure 6A), we
investigated ‘the structure—function relationships - of
ARAP3 domains to peritoneal dissemination. We
established three 58As9 cells that expressed ‘mutant
ARAP3: (1) an Arf-GAP domain mutant (R532K), (2) a
Rho-GAP domain mutant (R942L) and (3) a mutant
that lacks both putative tyrosine phosphorylation sites
(2YF; Y1403/1408F) (I et al., 2004) (Figure 6A). The
level of tyrosine phosphorylation of the ARAP3 2YF
mutant was significantly reduced compared with R532K
or R942L in 58As9 cells (Figure 6B). As expression
levels of ARAP3 were associated with cell morphology
in gastric cancer cells (Figure 5), we -performed
phalloidin staining for 58As9 cells overexpressing
ARAP3 mutants. R532K mutant ARAP3 suppressed
filopodia formation more strongly than R942L or 2YF

Oncogene
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: .B.A}?& -.aﬁfq?téd the morphology of the
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5 as péiformed (A). Wild-type ARAP3,
ed silent, mutations ifi the microRNA target
7 troduced” into. R3 cells. Morphological
changes,wi Y- phallgidin Staihing (Ba) and expression of
ARAP3 was ‘detected by western’ blotting (Bb). Formation of
lamellipodia is indicated with yellow lines and filopodia is marked
with yellow arréw heads.

rinutants (Figure 6C). None of the ARAP3 mutants

the growth of 58As9 cells (Supplemental

"Figure 2). .

We also studied the effect of overexpression of each
mutant ARAP3 on cell-ECM adhesion and invasion,
Overexpression of the R532K mutant ARAP3 reduced
the attachment of 58As9 cell lines to ECM proteins, but
overexpression of the R942L and 2YF mutants did not
have any effect (Figure 7A).

As overexpression of wild-type ARAP3 could inhibit
the metastasis of 58As9 cells, we performed an in vitro
migration and invasion assay with the ARAP3 mutant
cells. The results of this assay were similar to the
attachment assay. Specifically, overexpression of the
R532K mutant inhibited cell migration and invasion,
but the R942L and 2YF mutants did not have any effect
(Figure 7B). ’

These results suggest that both Rho-GAP function
and tyrosine phosphorylation of ARAP3 are necessary
to suppress cell-ECM adhesion and invasion of gastric
cancer cells. As ARAP3 can inhibit RhoA, which is
required for cell invasion (Itoh ez al., 1999), we tested
whether- inhibition of RhoA signal by Y27632, one of
the general inhibitors of Rho-associated coiled-coil
kinase (ROCK), can also suppress the invasiveness of
ARAP3 mutant expressing 58As9 cells. As expected,
Y27632 could modestly suppress the invasiveness of the
cells (Figure 7Bc). ’

Functional domains of ARAP3 critical Jor suppressing
peritoneal dissemination in vivo -

To investigate whether expression of mutant ARAP3
affects peritoneal dissemination in vivo, we injected the
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s.<Mutation’s were introduced into the Arf-GAP (R532K) or Rho-GAP (R942L) domain, or

into the two putative tyrosine phosphorylation sites (2YF) of ARAP3 (A). Expression and tyrosine phosphorylation profiles of 58As9
cells expressing mutant ARAP3 were verified by immunoprecipitation and immunoblotting. The relative tyrosine phosphorylation
levels of ARAP3 (phosphorylated ARAP3/total ARAP3) were also calculated {B). Morphologies of cells expressing mutant ARAP3
are shown in (C). Phalloidin staining was performed on these cells. R532K mutant suppressed the filopodia formation that was
observed in the parental cell line, but the R942L and 2YF mutants were not. Filopodia are indicated by white arrows. A highly
magnified image of the area that is indicated by the white line is also shown in the image. Quantification of filopodia formation was
performed by calculating the percentage of filopodia-positive cells (Cb). Over 100 cells were counted. SAM, sterile alpha motif; PH,
pleckstrin homology domain; AR, ankyrin repeats; RA, Ras association domain (nearly conserved).

cells intraperitoneally into BALB/c nude mice (Figure 8).
Parental 58As9 cells showed severe peritoneal dissemi-
nation with ascitic fluid as previously described (Yana-
gihara er al., 2005). The R532K mutant suppressed
production of ascitic fluid equally effectively, whereas
the R942L and 2YF mutants were less effective
(Figure 8A). Consistent with this result, expression of
R532K, but not R942L and 2YF, suppressed the
peritoneal dissemination of 58As9 cells, which was
quantified by counting the number of mesentery nodules
formed (Figure 8B). These results show that ARAP3
inhibits peritoneal dissemination in vivo, and that both
the Rho-GAP domain and phosphotyrosine residues at
the C-terminus are important for this function.

Discussion

This study showed that ARAP3 is expressed in normal
fundic gland mucosa, but its expression is reduced in

poorly differentiated carcinomas. ARAP3 inhibited not
only cell-ECM attachment and cell invasion in vitro but
also peritoneal dissemination of 58As9 cells in vivo. As
adhesion to and invasion through the ECM are essential
steps for peritoneal dissemination of scirrhous gastric
carcinoma cells, it is hypothesized that ARAP3. sup-
presses peritoneal dissemination by regulating these
processes enhanced in cancer cells.

We first identified ARAP3 while screening for
phosphotyrosine proteins in mesentery nodules formed
after inoculating nude mice with the 44As3 gastric
carcinoma cell line. Unlike other phosphotyrosine
proteins identified in this screening, such as FAK,
CDCP1 and C9orf10/Ossa, ARAP3 was underexpressed
in undifferentiated gastric cancers compared with

" normal fundic glands. Src pathways are implicated in

cancer progression because SFK activity and expression
and tyrosine phosphorylation of Src substrates are often
elevated in advanced stages of cancer (Yeatman, 2004).
Although ARAP3 is a Src substrate, our results showed
that tyrosine phosphorylation of ARAP3 conferred
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not rapidly adhere to ECM proteins or suppress cell migration and invasion. . The Rhé-a‘ssq&iih(‘égl Qdil'ed%coxl kinase (ROCK) inhibitor
Y27632 suppressed the invasiveness of 58As9 cells expressing R942L or 2YF ARAP3 (Bc). ARAP3 may suppress the igvgsj?erjésg of

58As9 cells in vitro by inhibiting RhoA activity (*P<0.05 **P < 0.01). :

a tumor suppressive activity. As a result, SFKs may
phosphorylate not only oncogenic proteins but also
tumor suppressor proteins such as ARAP3.

The ability of ARAP3 to suppress peritoneal dis-
semination was blocked by a mutation in the Rho-GAP
domain, suggesting that this function is mediated by
regulation of the Rho family small GTPases. In
addition, loss of the C:-terminal tyrosine phosphory-
lation sites ‘of ARAP3 also reduced this suppressive
function of ARAP3. However, it is not clear whether
Rho-GAP activity and tyrosine phosphorylation of
ARAP3 regulate the peritoneal dissemination using an
overlapping mechanism or a signal pathway, as no
information is - available on the - phosphotyrosine-
mediated Signaling of ARAP3. Although we could not
detect any chiange in the activities of Rho family small
GTPases in total cell lysate (data not sliown), we cannot
rule out the possibility that the activation of Rho occurs
‘at the cell surface, because ARAP3 can localize and
function there (Krugmann ez al., 2002), and its expres-
sion actually affected their cytoskeletal reorganization.

Rho family small GTPases are involved in a wide
range of cellular processes, such as cell morphology,
adhesion and motility. For example, activation of RhoA
promotes the stabilization of focal contacts, which are
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important in the integrin-dependent cell-ECM attach-
ment and cell invasion (Huveneers and Danen, 2009).
Filopodia formation is necessary for cell migration and
contact sites formation, In neuronal cells, RhoA activity
is necessary for the formation of filopodial protrusion
induced by RhoA/ROCK signaling (Chen ez al., 2006;
Kim ez al., 2010). Furthermore, activation of mamma-
lian diaiphanc)u's‘(‘-‘related formin (mDia), which is known
as an effector; of  RhoA, localizes at the filopodia,
promotes" actin-filament assembly and contributes to
filopodia formation (Faix and Grosse, 2006; Carramusa
et al., 2007; Sarmiento e al., 2008): Therefore, ARAP3
may suppress the cell adhesion, migration and invasion
of cancer cells by inhibiting RhoA signaling through its
Rho-GAP domain. o E e '
ARAP3 is a multimodular protein that can bind to
several molecules such as PI(3,4,5)P3 and Src homology
2 domain containing inositol 5-phosphatase 2 (SHIP2)
in vitro, possibly through its sterile alpha motif domain
(Krugmann ez al., 2002; Raaijmakers et al., 2007). Our
data revealed the essential role of the phosphotyrosine-
containing region of ARAP3 for the first time. It might
be required to identify molecules that bind to the
C-terminal region of ARAP3 in a tyrosine phosphorylation-
dependent manner. Further study is needed to determine




