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Distinct role of ShcC docking protein in the differentiation of

neuroblastoma
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The biological and clinical heterogeneity of neuroblastoma
is ‘closely associated with signaling pathways that control
cellular characteristics such as proliferation, survival and
differentiation. The Shc family of docking proteins is
important in these pathways by mediating cellular signaling.
In this study, we analysed the expression levels of ShcA and
SheC proteins in 46 neuroblastoma samples and showed
that a significantly higher level of SheC protein is observed
in neuroblastomas with poor prognostic factors such as
advanced stage and MYCN amplification (P <(0.005),
whereas the expression level of ShcA showed no significant
association  with these factors. Using TNBI1 cells that
express a high level of ShcC protein, it was demonstrated
that knockdown of SheC by RNAI caused elevation in the
phosphorylation of ShcA, which resulted in sustained
extracellular signal-regulated kinase activation and neurite
outgrowth. The neurites induced by ShcC knockdown
expressed several markers of neuronal differentiation
suggesting that the expression of SheC potentially has a
function in inhibiting the differentiation of neuroblastoma
cells. In addition, marked suppression of in vivo tumor-
igenicity of TNBI cells in nude mice was observed by stable
knockdown of ShcC protein. These findings indicate that
SheC is a therapeutic target that might induce differentia-
tion in the aggressive type of neuroblastomas.
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Introduction

Neuroblastoma is the most common pediatric solid
tumor derived from the sympathoadrenal lineage of
neural crest and its clinical and biological features are
heterogeneous. Some types of neuroblastomas show
favorable outcomes with spontaneous differentiation or
regression by minimum treatment, whereas other types
have malignant characteristics with metastasis and
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resistance - to -chemotherapy. Age of  onset, ‘tumor
volume,; presence of mictastasis, pathological features
and amplification of the N-mye gene are important
prognostic factors of neuroblastoma. Previously, it was
reported that the differential expression of Trk family
receptors might contribute to clinical’ and biological
outcomes of neuroblastomas (Nakagawara ef al., 1993;
Nakagawara and Brodeur, 1997) whereas the cellular
signaling involved in the regulation of the aggressiveness
of neuroblastoma is largely unknown.

The She family of docking proteins is important in
signaling pathways mediating the activation of various
receptor tyrosine kinases (RTKs) such as the Trk family
triggered by extracellular stimulations; to specific down-
stream: molecules. The Ras—extracellular signal-regu-
lated kinase (ERK) pathway and the phosphoinositide-3
kinase (PI13K)-Akt pathway are the most common
signals regulated by Shec family proteins; representing
important functions in cellular: proliferation; survival
and differentiation.

The Shc family has three members; ShcA/She; ShcB/
Sli/Sck and SheC/Rai/N-She encoded by different genes
(Nakamura er al.; 1996; O’Bryan et al., 1996; Pelicci
er-al, 1996). ShcA protein having three protein: iso-
forms, p46, p52 and p66, is ubiquitously expressed in
most organs except the adult neural systems, whereas
SheC (p52 and p67 isoforms) are exclusively expressed
in the neuronal system (Sakai er al., 2000). In the central
nervous: system, ShcA expression is most significant
during embryonic development with sudden decrease
after birth. On the other hand, ShcC expression is
remarkably induced around birth and maintained in the
mature brain. The Shc family molecules have a unique
PTB-CHI--SH2 modular organization with two phos-
photyrosine-binding modules; PTB and SH2 domains,
which recognize  various  phosphotyrosine-containing
peptides. - with different  specificities. . CH1 domains
contain several tyrosine phosphorylation  sites that
recruit other adaptor molecules such as Grb2. Func-
tional analysis of ShcB and SheC on the neuronal signal
pathway indicate that these proteins in neuronal cells
potentially regulate epidermal growth factor (EGF) or
nerve growth factor (NGF) signaling in a similar fashion
to SheA (O’Bryan et al., 1996; Nakamura et al., 1998).

Major parts of neuroblastoma. cell lines show the
expression - and: tyrosine - phosphorylation: of SheC
protein, but its effect on the biology of tumor cells



remains to be elucidated. We have recently shown that
constitutive tyrosine phosphorylation of SheC is in-
duced in a subset of .neuroblastoma cells by the
activation of anaplastic lymphoma kinase (ALK) owing
to- ALK . gene ~amplification - and the constitutively
activated ALK=ShcC signal pathway could induce cell
survival, anchorage:-independent growthi of the cells and
progression of tumors (Miyake et al., 2002, 2005). In our
study, significant amplification of ALK was observed in
3 of 13 neuroblastoma cell lines and in only 1 of 85 cases
of human neuroblastoma samples (Osajima-Hakomori
et al., 2005). Considering these results, it was suspected
ShcC might also contribute to the signal pathway
associated with' the tumor behavior in ALK-indepen-
dent manners in majority of neuroblastoma cells.

In a recent report; high expression of ShcC mRNA was
shown to be a poor prognostic factor in neuroblastoma
patients through the semiquantitative reverse transcriptase
-PCR analysis of tissue samples (Terui et al; 2005),
suggesting the possibility that ShcC protein might be
causative of tumor progression in neuroblastoma patients.
In the current study, we examined the expression levels of
SheC  protein in. tumor samples of 46 neuroblastoma
patients and confirmed the significant association of the
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expression levels of ShcC protein with several factors
linked to unfavorable outcome of  neuroblastoma.
Furthermore,: we. investigated: the. functions of SheC.in
cell proliferation, differéntiation and i vivo tumorigeni-
city of neuroblastoma cells by knockdown of SheC
expression in neuroblastoma cell lincs expressing a high
level of SheC without ALK amplification.

Results

Expression and tyrosine phosphorylation of SheC in
neuroblastoma cell lines

At first, the expression of ShcA and Sh¢C was analysed
in- 11. neuroblastoma: cell. lines using- each  specific
antibody (Supplementary Figure A) along: with DLD-1
as a control; which is. known to.express ShcA protein
(mainly p46ShcA and p52ShcA), but not SheC protein
(Figure 'la). The  three cell lines with ALK gene
amplification (NB-39-v,-Nagai and NB-1: Group A)
expressed ShcC at a moderate level in contrast to their
significant phosphorylation so that ALK-ShcC complex
is mediating the dominant -oncogenic signal: (Miyake
et .al;; 2002; Osajima-Hakomori et al, 2005). Other
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Figure 1 (A) Expression and tyrosine phosphorylation of SheC in neuroblastoma cell lines detected: by specific antibody. The
expression of ShcA (lower panel), ShcC (upper panel) and tyrosine phosphorylation of SheC was analysed in 11 neuroblastoma cell
lines including thie cell lines with anaplastic lymphoma kinase (4 LK) gene amplification (4 LK amp.) along with DLD-1 as a control.
Lysates were immunoprecipitated and then immunoblotted with antibodies against the indicated molecules. The levels of expression/
phosphorylation of SheC are indicated above. Asterisks show heavy chains of immunoglobulin. Positions of molecular mass markers
(kDa) are shown to the left. (B) Expression of ShcC and ShcA in the lissue samples of three subsets of neuroblastoma patients. (a)
Expression levels of ShcC/SheA in the samples of 46 neuroblastoma patients were detected by western blotting being compared to the
leve! of expression in TNB-1 cells (= 1,0) as an mnternal control among each experiment and was corrected by each expression level of
a-tubulin. (b) Expression of ShcC (upper panel)/ShcA (middle panel) of representative samples of each subset were detected on a filter:
The expostre tinte of the filter onto X-ray films was different to detect between p52ShcC (short exposure: lower panel) and p67ShcC
(long exposure: upper panel). Each isoform of ShcC/SheA is indicated by operned or filled triangles: Asterisks show heavy chains of
immunoglobulin:
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neuroblastoma cells with a single copy of the 4LK gene
were divided into two groups, one with considerably
high: levels. of ShcC expression (YT-v, NH-12, TNB-1
and SCCH-26: Group B) and the other with almost no
SheC expression (KU-YS, SK-N-DZ, SK-N-SH and
GOTO: Group C). Most of the cells in the Group B
showed a morphological tendency to aggregate each
other and rather low adhesion to the culture plate,
compared with the cells of the Group C (data not
shown). The degrees of ShcC phosphorylation in the
cells'in Group B: appeared to.be lower than the cells
with ALK amplification (Figure 1A, middle parnel). In
contrast to’ ShcC, the expression of ShcA was within
similar levels: ~among - neuroblastoma . cell  lines
(Figure 1A, lower panel).

The expression level of ShcC is prominent. in tissue
samples of poor risk neuroblastoma patients

Next we analysed the expression of ShcA: and: SheC
protein in 46 primary human neuroblastoma specimens
using each specific antibody. These tissue samples were
classified into three. subsets using Brodeur’s: classifica-
tion; type I (stage 1, 2 or 4S; a single copy of MYCN),
type IT (stage 3 or 4; a single copy of MYCN) and type
1 (all stages; amplification of MYCN) (Brodeur and
Nakagawara; 1992; Ohira-et al.; 2003). The expression
level of ShcA and ShcC in western blotting was
standardized by intensity of o-tubulin within each filter,
standardized by the amounts in TNB-1 cells as an
internal control among different filters. and statistically
evaluated from at least two independent western: blots
for each sample (Table 1) We found that there is a
significant: difference in the expression levels of ShcC
among the subsets of neuroblastomas. In the group of
type II and type 111, the expression level of ShcC protein
was substantially higher than that in the type I group

{Figure 1Ba). Both isoforms of ShcC; p52SheC and

p67ShcC,; showed similar patterns of expression. As
shown in Table 2, the expression level of ShcC has a
significant  correlation - with several 'clinical  factors
including late onset of the disease (later than 12 months)
(p52/p67: P<0.001/P=0.015), advanced clinical stage
(stages 111 and IV) (P<0.001) and gene amplification of
MYCN (pS2/p67: P<0.002/P=0.005). Furthermore,
most of the samples from the patients who died within
12 months after the onset of the disease showed
significantly higher levels of SheC expression than the
other group of samples in which: patients lived longer
than 12 months (p52/p67: P=0.006/P=10.009). In
contrast, variable expression levels of both isoforms of
ShcA protein, p52 and p66, were observed in neuro-
blastoma samples with no significant difference among
three subsets of clinical group (P> 0.05) (Table 2; Figure
1Ba). The results of representative samples {rom each
subset are shown in Figure 1Bb. These data indicate that
the expression of ShcC protein is significantly associated
with  ‘multiple. prognostic factors of neuroblastoma,
suggesting that ShcC has specific functions:in malignant
phenotypes of neuroblastoma presumably. by modulat-
ing cellular signaling.

Oncogene

Biological effects of SheC downregulation on TNB-1 cells
To ‘elucidate the biological functions of SheC in the
tumor. characteristics causing unfavorable outcomes of
neuroblastoma. patients, we investigated the effects of
ShcC knockdown on the cellular biology and signal
transduction in onc of the neuroblastoma cell lines,
TNB-1, which expresses a high level of ShcC protein
with no ALK amplification. The expression of ShcC and
ShcA was suppressed by RNA interference using two
independent sets of " specific small interfering RNA
(siRNA) oligonucleotides corresponding to SheC and
SheA, respectively (Figure: 2Aa). The growth rate
of TNB-1. cells transfected with- the ShcA siRNA
was - severely - suppressed  (Figure  2Ab). owing to
impaired: ability of proliferation and survival, which
is- consistent. with previous reports (Ravichandran,
2001). SheC-knockdown cells showed a relatively weak
effect on growth rate in the normal culture condition
(Figure 2Ab).

Dovinregulation of SheC induces neurite outgicowth and
increases: differentiation-related markers in. TNB-1 cells
ShcC  knockdown caused morphological changes to
rather flat and spindle shape and neurite extension
within 24 h-after transfection of ShcC siRNA' (Figure
2Ba). These neurite-bearing cells express higher amount
of microtubule-associated protein 2 (MAP-2), growth-
associated protein 43 (GAP-43), a protein expressed in
the growing neurites, and. chromogranin. A (Chr-A;
Figure 2Bb), markers of neuronal differentiation (Giu-
dici et al., 1992) than the control cells. On the other
hand, TNB-1 cells treated with ShcA siRNAs showed
no. remarkable change compared with the control cells,
relatively round with small processes attached to the
dish surface (Figure 2Ba). These results suggest that the
endogenous ShcC negatively affects neurite outgrowth
and differentiation of TNB-1 cells.

Persistent activation of ERK1[2 due to: SheC

dovenregulation induces neurite outgrowth in TNB-1 cells
Neuronal  differentiation is - closely - associated : with
mitogen-activated protein kinase (MAPK)/ERK kinase
(MEK)/ERK and PI3K-AKT pathways and both of
them might be controlled downstream of Shc family
signaling. Downregulation of ShcA induced the sup-
pression - of . extracellular  signal-related kinase  1/2
(ERK 1/2) and AKT pathways at-48 h after transfection
of ‘siRNA, nevertheless ShcC downregulation appar-
ently elevated the base level of ERK phosphorylation
and slightly enhanced AKT activation (Figure 3a). This
elevation of ERK phosphorylation sustained until 96h
after transfection of siRNA. Similar effect on the ERK
activation was also observed in NH-12 and YT-v cells,
which- express high amount of SheC. (Supplementary
Figure B). It is reported that sustained activation of
ERK is responsible for neurite outgrowth and differ-
entiation of PCI2 cells (Qui and Green,; 1992). To
investigate whether neuronal extension of TNB-1 cells
by ShcC RNAI was induced by sustained activation of
ERK, the effect of MEK inhibitor, PD98059, on the
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Table 1. Characteristics of 46 neuroblastoma samples
Cuse Type Stage Age (monihs) MYCN Prognosis p32SheC p67SheC Pp32Shed p66SheA
i 1 1 8 1 A 0.01 0 0.92 0.58
2 1 7 1 A 0 0 0.92 0.52
3 1 8 1 A 0.13 0.07 1.16 0.58
4 1 1 1 A 0 0 0.81 0.63
5 i 4 I A 0.013 0 1.26 0.62
6 i 8 1 A 0.03 0.006 0.81 0.60
7 i 8 1 A 0 0 0.54 0.70
8 1 7 1 A ] 0 0.40 0.48
9 1 9 1 A 0 0 0.40 0.58
10 1 7 i A 0.15 0.05 0.42 0.31
1] 1 7 1 A 0.003 0 0.35 0.36
12 2 38 1 A 0.047 0 0.41 0.20
13 2 7 1 A 0 0 0.40 0.39
14 2 7 1 A 0.038 0 0.60 0.63
15 2 >132 I A 0.03 0 0.83 0.62
16 11 3 8 i A 0 0 0.56 0.45
17 3 7 1 A 0.72 0.45 0.42 0.49
18 3 7 1 A 0.03 0.01 1.2 0.62
19 3 8 1 A 0.015 0.01 1.3 0.67
20 3 23 1 A 0 0 0.25 0.32
21 3 22 1 A 0.10 0 0.63 0.63
22 3 >108 1 A 0:23 0.03 0.45 0.36
23 3 18 1 A 0.074 0.025 0.75 0.45
24 3 47 I A* 0 0.03 0.87 0.65
25 3 21 1 D 0.089 0.03 0.76 0.56
26 3 96 1 A* 0.054 0.001 1.6 0.54
27 4 5 1 A 0.03 0 .03 0.28
28 4 55 1 A 0:22 0.018 1.14 0:33
29 4 4 1 A 0 0 0.52 0.49
30 4 22 1 D 0.49 0.43 0.89 0.48
31 4 45 1 A* 0 0.068 1.17 0.53
32 4 57 1 A* 0.10 0.093 1.2 0.42
33 4 102 1 A* 0.15 0 15 0.49
34 111 3 32 amp A¥* 0 0 1.6 0:37
35 3 13 amp D 0.11 0.10 0.86 0.53
36 3 33 amp D 0.77 0.50 0.64 0.50
37 3 21 amp A* 0.47 0.18 0.47 0.49
38 3 26 amp A* 0.84 0.57 Il 0.58
39 4 23 amp D 0.38 0.13 0.99 0.35
40 4 : 7 amp D 0.25 0.15 Il 0.58
41 4 >132 amp D 0.96 0.55 1.32 0.65
42 4 18 amp D 0.22 0.13 0.99 0.63
43 4 >24 amp D 0.10 0 0.76 0.54
44 4 59 amp D 0 0 1.80 0.85
45 4 30 amp D 0.99 0.76 0.60 0.56
46 4 34 amp D 0.56 0.21 0.53 0.47

Type, as described in ‘Materials and methods’; age: onset of the disease (months); stage, INSS stage; MYCN, single copy (1) or amplification (amp)
of M YCN gene: prognosis, alive (A) or death (D) within 12 months after diagnosis; A*, death after 12 months from diagnosis; p52/p67 SheC and
P52/66 SheA., the intensity of each band obtained by western analysis, standardized according to control signals; such as the bands of TNB-1 and o~

tubulin as described in ‘Materials and methods’.

differentiation of TNB-1 cells by knockdown of SheC
was examined. It was found that inhibition of the ERK
pathway abolished the neurite outgrowth of TNB-1 cells
by SheC knockdown, indicating that ShcC protein has
the potential to suppress neurite outgrowth which is
dependent on the sustained activation of the ERK
pathway (Figure 3b). In addition, the sustained
activation ‘'of ERK by the expression of activated Raf
protein, RaflCAAX (Leevers et al., 1994; Stokoe et al.,
1994) also induced neurite outgrowth in TNB-1 cells
(Supplementary Figure C) just as in PCI12 cells (Dhillon
et al, 2003). ‘We also ‘analysed the effect of PI3K

inhibitor on neurite outgrowth induced by ShcC RNAI
to check the involvement of the PI3K-AKT pathway,
whereas no:apparent effects on the number and length

of the neurite extension were observed (Supplementary

Figure D).

Effect of SheC knockdoywn on ERK activation is enhanced
by collagen stimulation by ShcA-Grb2 signaling

Among several culture conditions of cells examined for
the effect of ShcC RNAi on the activity of ERK; the
most obvious activation of ERK was observed after the
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Table 2 Correlation between the expression of SheC protein: and
identified prognostic factors of neuroblastoma

p32 po7
Average -Test Average t-Test
SheC

Age (months) .

12> 0.071 0.037

> 12 0.27 <0.001 0:18 0.015
Stage

1-11 0.03 0.0084

-1V 0.26 <0.001 0.14 <0.001
MYCN

Single 0.083 0.040

amp. 043 0.002 0.25 0.005
Death in 12 months

= 0.10 0.047

+ 0.41 0.006 0.25 0.009

52 P66
Average t-Test Average t-Test
ShcA

Age (months)

12> 0.72 0.53

>12 0.82 0.2 0.52 0.32
Stage

=11 0.68 0.52

-1V 0.82. - 0.1 0.52 0.22
MYCN

Single 0.73 0.51

amp. 0.88 0.16 0.55 0.16
Dedth.in 12 months

- =075 0.50

+ 0.84 0.27 0.57 0.1'1

Expression: levels of SheC and ShcA in tissue samples ‘from 46
neuroblastoma . patients quantified ‘were analyzed statistically using
1-test. The variables compared are age, onset of the disease (months);
stuge, INSS stage; MYCN,: shigle copy or amplification of MYCN
gene. Statistically significant correlation (P<0.01) is indicated in bold:

cells were plated on collagen dishes following suspend-
ing condition (Figure 4a, lower panel). On the contrary;
the activation level of ERK due to ShcC RNA1 was not
significant in the suspending condition (Supplementary
Figure E, left panel) showing that ShcC RNAi-induced
ERK activation depends on attachment to the specific
extracellular matrix (ECM).

In contrast; ERK activation was- consistently sup-
pressed by knockdown of ShcA regardless of these
culture conditions (Figure 4a, upper panel).

Integrins-mediated extracellular signaling lead the
activation ‘of Ras/ERK: signaling by ShcA, and that
process is reported to be associated with Src: family
kinase (Wary et al., 1996, 1998), focal adhesion kinase
(Hecker ef al., 2002) or some RTKs (Moro et al., 1998;
Hinsby et al., 2004). In TNB-1 cells, enhanced ShcA
phosphorylation and ShcA-Grb2 complex formation

Oncogene

was observed following collagen stimulation and further
increased by ShcC RNAi (Figures 4b and ¢). To
examine: whether the. phosphorylation of ShcA is
necessary for the neurite formation, the effect of double
knockdown of both ShcC and ShcA was examined in
TNB-1 cells. ERK "activation and neurite outgrowth
were not detected: in the absence of both ShcC and
ShcA, indicating  that’ ShcC RNAi-induced neurite
outgrowth of TNB-I cells might be dependent on the
ShcA expression in adherent state (Figure 4d).

Expression of SheC suppresses the phosphorylation of
Shed i KU-YS cells stimulated by EGF

To further analyse the effects ‘of ShcC: expression on
ShcA  phosphorylation: in - netiroblastoma . cells;. we
introduced - a: vector expressing: p52SheC into KU-YS
neuroblastoma cells, which 'do not express a detectable
amount of endogenous SheC protein (Figure IA), and
obtained several:stable clones expressing p52ShcC at
different levels (Figure 5a). As controls, clones over-
expressing p46/p52ShcA; or expressing the expression
vector alone were also prepared. We checked the ShcA
phosphorylation of each clone under the stimulation of
EGEF (Figure 5b). EGF stimulation to the control and
ShcA expressing cells showed typical activation of ShcA,
whereas the cell expressing  ShcC showed  decreased
levels of ShcA phosphorylation according to the levels
of ShcC protein. We also confirmed. that activation of
ShcA by EGFE was suppressed in the cells. transiently
overexpressing SheC (Supplementary Figure F). Those
cells showed almost the same level of EGE receptor
(EGER) activation induced by EGF, judging from the
phosphorylation levels of EGFR indicating that the
expression of SheC negatively affected the EGFR-ShcA
signaling after the activation of EGFR, such as

‘competing manners against ShcA. In addition, we

examined whether tyrosine phosphorylation of ShcC is
crucial for the suppression of ShcA phosphorylation by
establishing two clones that express a p52ShcC mutant,
3YF lacking all three tyrosines, which are reported to be
involved 'in the  tyrosine phosphorylation of ShcC
(Miyake et al.; 2005). It was revealed that the 3YFE
mutant. of ShcC could suppress the EGF-induced
activation of ShcA in both clones almost as efficiently
as the original ShcC in ShcC2 cells (Supplementary
Figure G), suggesting that negative regulation of ShcA
phosphorylation by ShcC does not require tyrosine
phosphorylation of ShcC.

SheC dovnregulation negarively affects anchorage-
independent growth and in vivo tumorigenicity

We investigated: the effect of SheC knockdown on the
anchorage-independent growth and in vivo tumorigeni-
city. of TNB-1 cells by establishing cells with stable
suppression of ShcC expression using the miR RNAI
expression vector - (as described in  ‘Materials and
methods’). As analysed in the mixed clones by soft agar
colony formation assay, stable suppression of ShcC
caused marked inhibition of anchorage-independent
growth (Figure 6a). Three isolated clones of ShcC miR
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Figure 2 Biological effects of ShcC downregulation using small interfering RNA (siRNA) on TNB-1 cells. (A) (1) Expression of SheC
(lower panel) and ShcA (upper panel) was suppressed by RNA interferenice using specific siRNA oligonucleotides corresponding to
SheC and SheA, respectively, then; detected by western analysis with each specific antibody. (b) Growth rate of siRNA-treated cells in
tissue culture condition, TNB-1 cells 48 I after the transfection with ShcA/ShcC siRNA cultured by 30-mm dishes were counted at the
indicated time points. The results represent the average values (+5s.d:) of three replicated experiments. (B) Downregulation: of SheC
induces neurite outgrowth and increases the expression of differentiation-related markers in TNB-1 cells. (a) Evaluation of neurite
outgrowth of ShcA or SheC-knockdown TNB-1 cells 72h after siRNA treatment without any extracellular matrix (ECM) stimulation.
(b) Expression of several molecules used as differentiation-related markers in ShcC-knockdown: TNB-1 cells - (left panel:
immunostaining of neuritis as described in ‘Materials and methods’; right panel: western analysis using indicated antibodies). As a
positive control of differentiation, 2.5 M retinoic acid (RA) was treated 24 h before analysis. ART; ARZ/CR1, CR2: two independent
§iRNA of ShcA /ShcC; Li: treated with only Lipofectamine 2000; acl, ac2/ccl, cc2: control siRNA for ShcA /ShcC siRNA,
respectively. NC: negative control for universal sSiRNA (as described in ‘Materials and methods?).

RNAi (miShcC-1, -2 and -3) were prepared by checking
the level of ShcC protein along with clones of LacZ miR
RNAI (miLacZ-1 and -2) as controls (Figure 6b). These
clones with suppressed level of SheC showed the same
morphological features of neurite formation in tissue
culture condition as observed in the cells transfected
with SheC siRNAs (data not shown). The volumes and
weights of subcutaneous tumors in nude mice were
measured at 6 weeks after injections of the cells and
evaluated in at least 4 independent injections per clone.
Control LacZ miR RNAI clones (miLacZ-1, miLacZ-2)
developed large tumor masses m vivo (Figure 6c),
whereas remarkable reduction of the size and weight
of tumors (or almost disappearance of tumors in some
cases) was observed by the stable suppression of ShcC
expression. These tumors from ShcC miR RNAi clones
showed marked increase in numbers of apoptotic cells
compared with control tissues as shown by terminal
transferase dUTP nick-end labeling (TUNEL) staining.
On the other hand, staining by a proliferation marker,

Ki-67 showed no significant  difference among each
tumor tissue (Figure 6d).

Discussion

It has already been shown that some signal pathways
strongly affect tumor progression and treatment resis-
tance (Schwab etz al., 2003). Other than the Trk family;
the PI3K/Akt pathway (Opel ef al., 2007), Ret (Iwamoto
et al., 1993; Marshall et al., 1997), hepatocyte growth
factor/c-Met pathway (Hecht ez al., 2004) were reported
to be closely associated with several diagnostic profiles
and biological characteristics of neuroblastoma cells.
This is the first study to show that the expression of
ShcC protein, a member of the Shc family docking
proteins, is significantly correlated with malignant
phenotypes associated with advanced neuroblastoma:
Expression of both p52 and: p67 isoforms of SheC,

667
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Figure 3 Persistent activation of extracellular signal-related kinase 1/2 (ERK1/2) in SheC downregulation induces neurite outgrowth
in TNB-1 cells. (a) Downregulation of ShcC positively affects the ERK 1/2 and Akt pathway in TNB-1 cells. Activation of ERK 1/2 and

Akt in the cells treated with ShcA or ShcC siRNA

vere examined by western blotting: The levels of activation were. quantified

comparing to that of cells treated with control siRNA (NC). (b) Effect of MEK inhibitor on neurite outgrowth induced by ShcC RNAI

i TNB-1 cells. The siRNA:transfected cells indicated were treated with dimethylsulphoxide (DMSO) or PD98059 and incubated for
3 h in the tissue culture condition; then counted for neurite-containing cells.

shows: significant correlation with clinical stage and
MYCN gene amplification whereas the expression. of
both isoforms of ShcA, p52 and p66, showed little
association with those aspects: These results; in the
protein level, give further evidence that ShcC is a factor
which determines the prognosis of necuroblastoma,
which was recently suggested by analysis of the mRNA
expression of SheC (Terui er al, 2005).

The biological analysis of TNB-1 cells treated with
ShcC-specific siRNAs provided evidence that SheC
protein expressed in the neuroblastoma cells:is suppres-
sing the differentiation of neuroblastoma cells: Neurite
outgrowth of TNB-1 cells, induced by downregulation
of ShcC was dependent on sustained activation of the
MEK/ERK pathway. Sustained activation of the ERK
pathway triggered by factors such as NGF is required
for neuronal differentiation in some neuronal tumor
cells such as PC12 cells (Qui and Green, 1992; Yaka
et al;; 1998). The fact that constitutively activated Raf-
ERK signaling induced neurite outgrowth in the same
cell line (Supplementary Figure C), such as the RTK-
related pathway might induce the ERK activation and
cellular differentiation in TNB-1 cells, although NGF
stimulation failed to induce neurite elongation of TNB-1
cells (data not shown).

Interestingly, elevation in the level of phosphorylated
ShcA followed by activation of the ERK pathway by
ShcA-Grb2 signals was observed in TNBI when the
ShcC protein expression was suppressed by RNAI. This
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activation of the ShcA—Grb2-ERK pathway caused by
downregulation of ShcC may be due to a competitive
effect between ShcC and ShcA for binding to certain
RTKs. This possibility is supported by another experi-
ment showing that both EGF-induced phosphorylation
of ShcA and complex formation between ShcA and
Grb2 in KU-YS cells are suppressed by the expression of
SheC in a dose-dependent manner. It was shown that
the expression of the PTB domains of ShcC partially
interfered with the binding of endogenous ShcA to
activated EGFR in 293 cells (O’Bryan ef al; 1998).
These data are consistent with our current findings
described ‘above. It is-suspected that some types: of
differentiation signals mediated by ShcA are blocked by
the overexpression of SheC in some neuroblastoma cells
such as TNB-1, and the suppression of ShcC protein
by RNAI causes the ShcA-mediated differentiation of
these cells.

Elevated level of ShcA phosphorylation and ERK
activation induced by ShcC downregulation was more
significant under the stimulation of collagen I than
without any ECM stimulation. In addition, in suspend-
ing condition we could not detect any activation of
ShcA nor ERK signal after ShcC downregulation
(Supplementary Figure E). These results indicate that
the difference between ShcA and ShcC might be in
interaction with - matrix-adhesion  signals. ShcA is
considered to be implicated in the adherent related
pathway, phosphorylated by forming a complex with
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was evaluated by the same method performed in Figure 2Ba. The number of neurites observed in the cells transfected with both ShcA
and SheC siRNA was obviously decreased compared to cells transfected with only ShcC siRNA.

Fyn (Wary et al.,, 1998) through its proline-rich region
that is not conserved in SheC.

In tissue culture and in transgenic mice, signaling
through Fyn has been closely associated with neurite
extension and cell adhesion (Brouns et al.; 2000, 2001).
Berwanger er al. (2002) referred to the inverse correla-
tion between the expression of Fyn and progression of
neuroblastoma from 94 primary neuroblastoma speci-
mens, showing that expressed Fyn-induced differentia-
tion and growth arrest of neuroblastoma cell lines.
Another report indicated that active Fyn kinase induces
a lasting activation of 'the MAPK pathway through
inhibition of MAPK: phosphatase 1 (Wellbrock et al:;
2002). We confirmed that neurite outgrowth of ShcC-
knockdown TNB-1 cells was suppressed by Src family
inhibitor, PP2: (Supplementary Figure H). These data
suggest the possibility that Integrin—Fyn-ShcA signals

could be closely associated: with the differentiation of
TNB-1 cells induced by ShcC downregulation along
with the signals of RTK~ShcA/ShcC.

Noticeably, the interference of the ShcA-mediated
signaling by ShcC: protein is independent of tyrosine
phosphorylation of SheC. The function of the nonpho-
sphorylated domain of ShcC such as SH2 might be also
highlighted. As for the difference in the downstream
signaling between SheC and ShcA, little is known so far.
Regarding to this point, Nakamura ez al.  (2002)
indicated that inhibition of NGF-induced ERK activa-
tion by the expression of ShcC was due to the different
Grb2-binding capacity between ShcA and SheC in
response to NGF. It was previously reported that ShcA
preferentially ‘binds to TrkA (Yamada ez al., 2002),
which is the key receptor against NGEF due to neurite
outgrowth with the sustained ERK phosphorylation,
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tion of ShcA in KU-YS cells stimulated by epidermal growth factor

(EGE). We generated stable clones of KU-YS cells expressing Flag-tagged ShcA and diverse levels of p52SheC (SheCl and SheC2)
other than clones transfected with: the control vector. (a) Each expression level was detected by western analysis. (b) Levels of
expression and tyrosine phosphorylation of EGFR (middle panel), ShcA (upper panel) and SheC (lower panel) were analysed by
immunoprecipitdation and immunoblotting using the antibodies indicated in figure in the KU-YS clone cells stimulated by EGF
(as described in ‘Materials and methods’). Asterisks show heavy chains of immunoglobulin.

whereas ShcC associated with TrkB rather than TrkA
(O’Bryan et al, 1998; Liu and Meakin, 2002). In
neuroblastoma, the function of signal pathways down-
stream: of these two neurotrophin receptors might be
quite different (Nakagawara et al., 1993), also suggest-
ing the distinct function of downstream signal mediated
by SheC.

The effect of SheC knockdown in in vivo tumorigeni-
city was quite remarkable comparing the effect in
growth rate in tissue culture condition. We found that
anchorage-independent growth in cells was also drama-
tically decreased by knockdown of ShcC as shown by
soft agar assay (Figure 6a). Furthermore, the proportion
of apoptotic cells in the nude mouse tumors generated
from neuroblastoma cells in vivo was remarkably
increased by the knockdown of SheC. In recent study,
Magrassi et al. (2005) showed that ShcC positively
effects on cell survival by PI3K-AKT pathway in
glioma cells using dominant negative form of ShcC.
Theses data indicate that ShcC has additional function
in the protection from some types of apoptosis in
addition to the induction of differentiation of cells.

It was indicated that ShcC might have a potent
function for tumor progression in neuroblastoma by
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suppressing the differentiation and by promoting the
anchorage-independent growth in the majority of
neuroblastoma cells which has high expression of ShcC
protein. From these points of view, we suggest that
SheC: is a potent tool for predicting the phenotype of
neuroblastoma and is also a good candidate: for
therapeutic targets of advanced neuroblastoma.

Matérials and methods

Cell culture and tissue samples
DLD-1 cells and all cell lines of neuroblastomas in this study
were prepared as described in the previous report (Mivake
et al; 2002). These cells were cultured in an RPMI 1640
niedinm with 10% fetal calf serum (FCS) (Sigma, St Louis,
MO, USA) at 37 °C in an atmosphere containing 5% €Os.
Anonymous 46 frozen neuroblastoma tissues were used in
this study. The samples were divided into three subsets using
Brodeur’s classification; type I (stage 1, 2 or 4S; a single copy
of MYCN), type 1I (stage 3 or 4; a single copy of MYCN)
and type I (all stages; amplification of MYCN) (Brodeur
and Nakagawara, 1992; Ohira et al.; 2003). A total of 15
saniples belonged. to type I, 18 samples to type Il and 13
samples to type HIL. Staging classification was according to the
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Figure 6. ShcC downregulation negatively affects tumorigenicity i vivo. (a) Cells transfected with the miR RNAi vector for SheC
(miSheC) and: LacZ (miLacZ) that also contains an EmGFP coding sequence for co-cistronic expression with the pre-miRNA were
cultured in ‘medium containing blasticidin (Invivogen) for only I week; and then mixed, Multiclone cells for LacZ and ShcC were
analysed for. the ability of anchorage-independent growth using soft agar assay by I x 10* cells per a well of six-well plate for 3 weeks
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(b) Expression levels of SheC in clones of TNB-1 cells stably transfected with miR RNAi expression vector for LacZ (miLacZ-1 and
miLacZ=2) and ShcC (miShcC-1; -2 and -3) were detected by western analysis using ohSheC (as described in ‘Materials and methods’).
(¢) Nude mouse tumors derived from two clones of LacZ miR RNAi and three clones of ShcC. Upper panel: Photographs of tumors
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Staining of each sample was owing to the procedure by SRL Inc. .

International Neuroblastoma  Staging System and N-Myc
amplification (> 10 copy) accepted as a poor prognostic risk
factor was chiecked before clinical intervention.

Reageiits

The polyclonal antibodies against the CHI domain of human
SheC  (amino acid 225-324):ahShcC were generated by the
same method as described previously (Miyake et a/.; 2002).
Polyclonal antibodies of human ShcA:ahShcA were prepared
as described in previous reports (Miyake ef al.;:2002).

Other antibodies were purchased as follows: antiphospho-
tyrosine - antibody - (4G10) (Upstate  Biotechnology - Inc,
Charlottesville, VA, USA), anti-ShcA/ShcC monoclonal anti-
bodies: aShcA/aSheC (BD Transduction Laboratories, San Diego,
CA; USA). anti-o-tubulin: antibody (Zymed Laboratories,
San Francisco, CA, USA), anti-p44/42 MAPK (ERK 1/2), anti-
phospho-p44/42 MAPK (P-ERK1/2), anti-Akt, and anti-
phospho-Akt (Ser473) (P-Akt) antibodies (Cell Signaling;
Danvers, MA, USAJ, anti-chromogranin A (ChrA) antibody
(Santa: Cruz Biotechniology, Santa Cruz, CA, USA), anti-
GAP43 antibody (Zymed Laboratories); anti-MAP2 antibody

(Santa Cruz Biotechnology); anti-c-Src antibody (Upstate
Biotechnology = Inc.), anti-phospho=Sr¢ = family : antibody
(Tyr416) (Cell Signaling), anti-Grb2 antibody (BD Transduc-
tion Laboratories), anti-T7tag antibody (Novagen, San Diego,
CA, USA) and anti-Flag M2 antibody (Sigma). ‘As secondary
antibodies, horseradish peroxidase-conjugated anti-rabbit and
anti-mouse IgGs (GE Healthcare; Buckinghamshire, UK) were
used. All inhibitors used in this study (PD98059, 1 Y294002,
PP2 and PP3) were purchased from Calbiochem, San Diego,
CA, USA.

Cell stimulation; inmunoprecipitation-and innmunoblotting

Cell stiniulation analysis with EGF (Wako) was performed as
described (Miyake er al; 2002). The cells. were starved for 24 h
and treated for Smin with EGF (100 ng/ml). As for stimulation
with collagen type I, cultured cells with or without serum for
24h were detached from culture dishes by pipetie treatment
and after the suspending condition for 30min, seeded onto a
collagen type I-coated dish (Iwaki; Tokyo, Japan). Cells were
harvested:-after 2h using PLC lysis buffer. Control cells were
harvested before the aftachment: on: the collagen I:coated
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surface. The immunoprecipitation and: western analysis were
performed using the procedure described in a previous report
(Miyake er al., 2002).

Quantification and statistical analysis of expression levels of
SheClShed
The intensity of each band obtained by western analysis was
measured *using a - molecular imager- (GS-800; Bio-Rad,
Hercules, CA; USA) and standardized according to control
signals, such as the bands of TNB-1 and z-tubulin,

+-Test performed by Excel. was used (o evaluate the
significance of the two groups quantified expression levels of
indicated molecules.

Knockdovwn of ShcAIShe € by RNA interference
For siRNAs; - Stealth: RNA - duplex oligoribonucleotides
(Invitrogen, Carlsbad,  CA, USA) was used to knockdown
SheC/ShcA protein. The following two 25-mer oligonucleotide
pairs for each molecule were available. As for SheC, CRI:
5-GCUGGCCAAAGCGCUCUAUGACAAU-3 - (nucleo-
tides 141-165), CR2: 5-CCAAGAUCUUUGUGGCGCACA
GCAA-3 (nucleotides 2447-2471). Asnegative controls for each
oligonucleotide pair, ccl; GGCUCCAGAACGGCCUUAGU
AACAU-3; cc2: GGAAACCGACAACUACGAUGUCAAU,
respectively. As for ShcA, ARIL: 5-GGAGUAACCUGAA
AUUUGCUGGAAU-% (nucleotides 335-359). AR2: 5¥-GCCU
UCGAGUUGCGCUUCAAACAAU-3 (nucleotides 689-611).
As a negative control for each, acl: GGAAACCGUAAUAUU
CGGUGUGAA, ac2: 5-UGCCGCGAUUCGCGUUACAAC
UUAAU; respectively. As the other negative: control for
universal  siRNA, Stealth RNA1 Negative Control: Duplexes
(Medium GC Duplex) (Invitrogen) was used (NC). Cells were
transfected with siRNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells (5 x 10% per
well of a six-well plate) in suspending condition were transfected
twice at 24 h interval (Sul of 20 1M siRNA each) and analysed
48 h-after second transfection.

A system stably expressing miRNA was generated using the
BLOCK-T Pol II miR RNAi Expression Vector Kit with
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During the process of tumor progression and clinical treatments, tumor cells are exposed to oxidative
stress. Tumor cells are frequently resistant to such stress by producing antiapoptotic signaling, including
activation of Src family kinases (SKFKs), although the molecular mechanism is not clear. In an attempt to
identify the SFK-binding proteins selectively phosphorylated in gastric scirrhous carcinoma, we identified
an uncharacterized protein, C9orfl10. Here we report that C9orf10 (designated Ossa for oxidative stress-
associated Src activator) is a novel RNA-binding protein that guards cancer cells from oxidative stress-
induced apoptosis by activation of SFKs. Exposure to oxidative stress such as UV irradiation induces the
association of Ossa/C9orfl10 with regulatory domains of SFKs, which activates these kinases and causes
marked tyrosine phosphorylation of C90rfl10 in turn. Tyrosine-phosphorylated Ossa recruifs p85 subunits
of phosphatidylinositol 3-kinase (PI3-kinase) and behaves as a scaffolding protein for PI3-kinase and
SFKs, which activates the Akt-mediated antiapoptotic pathway. On the other hand, the carboxyl terminus
of Ossa has a distinct function that directly binds RNAs such as insulin-like growth factor II (IGF-II)
mRNA and promotes the extracellular secretion of IGF-1I. Our findings indicate that Ossa is a dual-
functional protein and might be a novel therapeutic target which modulates the sensitivity of tumors to

oxidative stress.

Tumor cells are exposed to oxidative stress in various situ-
ations in vivo. Reactive oxvgen species (ROS) such as super-
oxide and hydrogen peroxide (H.O5) are generated by expo-
sure of cancer cells to hypoxia, followed by reperfusion;
radiotherapy; photodynamic therapy; and some chemothera-
peuticagents such as cisplatin (6; 25). This production of ROS
generally induces apoptosis, whereas some tumor cells become
resistant to this kind of apoptosis by some mechanism such as
elevated expression of antioxidant thiols in the cells (17, 27).

Src family kinases (SFKs) play important roles in various cell
functions such as cell proliferation; cell adhesion, and cell
migration (20), and the activities of SFKs often correlate with
the malignant potential of cancer and a poor prognosis (37).
Activation of c-Src is observed after the cells are exposed to
oxidative stress (1, 9, 11, 34), and the activation of SFKs con-
tributes to the resistance to apoptosis induced upon cellular
stress. For instance, treatment of cells with oxidative stress
such as UV irradiation or H,O, causes apoptotic cell death,
which is rescued by expression of v-Src (28). In our attempt to
identify the key molecules: that promote the expansion of gas-
tric scirrhous carcinoma in vivo by mediating signals from
activated SFKs, we identified an uncharacterized protein,
C901{10.
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CY0rf10 (Honio sapiens chromosome 9 open reading frame
10) ‘was - originally found by the human genome sequence
project as an annotated protein, and the gene was mapped: to
chromosome 9q22.31 (12). C9rfl0 was recently detected
within the Pura-containing mRNA-protein complex. in the
brain, although no functional information about this protein is
available (14). We show that C90rf10 protects cells from ap-

optosis through activation of SFKs in response to oxidative =

stress: The kinase activity of SFKs is regulated by two intramo-
lecular interactions. The inactive form is achieved by interac-
tion of the SH2 domain with the phosphorylated C-terminal
tail and association of the SH3 domain with a polyproline type
11 helix formed by the linker region between the SH2 domain
and the catalytic domain (30). C9orf10 functions as a novel
activator of SFKs that unfolds the inactive form of SFKs by
association with both the SH2 and SH3 domains of SFKs.
Tyrosine phosphorylation of C90rf10 is induced by the acti-
vated SFKs in turn, producing scaffolds to recruit phosphati-
dylinositol 3-kinase (PI3-kinase) and activate PI3-kinase=Akt
signaling, which plays a key role in protecting cancer cells from
oxidative stress-induced ‘apoptosis. Therefore, we named
C90rf10 Ossa (oxidative stress-associated Src activator).

We also showed that the carboxyl terminus of Ossa directly
binds to RNA, suggesting a distinct role for Ossa as an RNA-
binding protein. As one of the target RNAs, Ossa directly
binds to insulin-like growth factor II (IGF-IT). mRNA, which
subsequently enhances the extracellular secretion of IGF-IL
Because an increase in IGF-1I promotes cell proliferation, the
RNA-binding function of Ossa may also contribiite to the
survival of cancer cells in vivo.
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Scirrhous gastric carcinoma diffusely infilirates a broad re-
gion of the stomach and is frequently associated with metas-
tasis to lymph nodes and peritoneal dissemination and there-
fore has the worst prognosis among the various types of gastric
cancer (35). Blocking of the survival signaling mediated by
Ossa, which sensitizes the cancer cells to stress-induced apop-
tosis, may be a novel therapeutic approach for gastric scirrhous
carcinoma cells.

MATERIALS AND METHODS

Plasmids, antibodies, and reagents. Full-length. ¢DNAs of human Ossa/
C9orf10 and IGF-IT mRNA-binding protein: 1. (IMP-1) from 44As3 cells were
amplificd by reverse transcription (RT)-PCR. Mutant forms of C9or{10 lacking
the cytoplasmic tail (N1, amino acids [da] I to 339; N2, aa: 116 405 N3, aa 1 10
570) were generated by PCR-based techniques: To make Flag-tagged Corf10, a
DNA fragment encoding the Flag tag was inserted 3" to C9or{10. GST-C90{10
fragments were generated by cloning of PCR-amplified cDNA of C9or{10 into
pGEX4T? (Amersham Pharmacia). The plasmids encoding the IGF-II leader 3
mRNA were donated by J. Christiansen (University of Copenhagen). Full-length
¢DNA of IMP:1 was amplified by, RT-PCR; and the region encoding KH do-
mains 1 to 4 was subcloned into pGEX4T2. To generate the recombinant ret-
rovirus; cDNAs were subcloned into.a pDON-AI vector (Takara). A monoclonal
antibody that recognizes the Flag tag was purchased from Sigma, A goat poly-
clonal antibody that recognizes IMP-1 was purchased from Santa Cruz Biotech-
nology, Inc. To generate polyclonal antibodies against C9orf10, anti-C9orf10-N
and -C90rf10:-C antibodies were obtained by rabbit immunization with C90rf10
aa 1 to 80 or 829 o 1119 fused to glutathione S-transferase (GST). Monoclonal
antibodies for phosphotyrosine (4G10) and Ki-67 were obtained from Upstate
and DakoCytomation; respectively. Antibodies to ¢-Sre (clone GD11), Fyn, and
¢-Yes were purchased: from Upstate Biotechnology, Santa Cruz, and Transduc-
tion: Laboratories; respectively. Antibodies’ to: phospho-Src’ family- Tyr416 or
Tyr327 (corresponding to Tyr419 and Tyr530 of human Src, respectively); anti-
phospho-p53 (Serl15); and anti-phospho-ATM (Ser1981) were from Cell Signal-
ing: Anti-phospho-Stc Tyr416 cross-reacts with c¢-Src, Fyn, ¢-Yes, Lyn, Lck, and
Heck, and anti-phospho-Sr¢ Tyr527 cross-reacts with ¢-Src; Fyn, ¢-Yes, Fer, and
Yrk. Rabbit polyclonal antibodies for pan-Src (Src2), which reacts with Sre, Fyn,
Ye,s and Fer, and anti-PI3-kinase p85a were from Santa Cruz. The SFK inhibitor
4-amino-5:(4-chlorophenyl)-7-(-butyl)pyrazolo[3,4-d]pyrimidine: (PP2) and the
structural analog 4-amino-7-phenylpyrazolo[3,4-d]pyrimidine (PP3) were pur-
chased from Calbiochem; The DeadEnd colorimetric terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end labeling (TUNEL) system was pur-
chased from Promega.

Cell culture, transfection, and retrovirus infection. The 44As3 and NKPS
gastric cancer cell lines were cultured in RPMI 1640 medium supplemented with
10¢% fetal bovine serum, The SYF cell line was purchased from the American
Type Culture Collection: Cosl cells were cultured in Dulbecco modified Eagle
medium with 10% fetal bovine serum. For transient expression assays, Cos1 cells
and. gastric cancer cells were transfected with plasmid DNA by using Lipo-
fectamine 2000 reagent (Invitrogen). Recombinant retroviral plasmid pDON-AI
was cotransfected with the pCL-10A1 retrovirus packaging vector (IMGENEX)
into 293gp cells to allow the production of retroviral particles. Gastric cancer
cells were infected with retroviruses for the transient expression of mutant
C9orf10 proteins and used for experiments 48 h after infection. For some: ex-
periments, 44As3 or NKPS cells stably overexpressing wild-type C90rf10 were
established after retrovirus infection through selection in medium containing

G418 (600 g/ml). In some experiments, cells were irradiated with UV-C by

using UV-linker (FS-800; Funakoshi).

Construction”of stealth siRNA and miR RNA interference (RNAi) vectors.
Stealth small interfering RNA (siRNA) of C9orf{10 was synthesized as follows
(Invitrogen): Senise-1, 5-CAAACCAUAUCAGCGGGAACAAGAU-3'; Anti-
sense-1; 5“AUCUUGUUCCCGCUGAUAUGGUUUG-3/; Sense-2, 5'-CAAA
CAAAGGCAGAAGGCUCGUCCA-3'; Antisense-2, 5-UGGACGAGCCUU
CUGCCUUUGUUUG:3": The control siRNA (scramble 1T duplex, 5'-GCGC
GCUUUGUAGGAUUCGATAT-3') was purchased from Dharmacon. siRNAs
were incorporated into cells with Lipofectamine 2000 according to the manufac-
turer’s instructions (Invitrogen). Assays were performed at 72'h posttreatment.

A systen stably expressing siRNA was generated with the. BLOCK-IT Polll
miR RNAj expression: vector kit (Invitrogen) according to the manufacturer’s
instructions. In the generation of the miR RNAI vector for humans, Corf10 was
chosen as the farget sequence with the forward primer 5'-“TGCTGTGTTCCCG
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CTGATATGGTTTGGTTTTGGCCACTGACTGACCAAACCATCAGCGG
GAACA-3' and the reverse primer 5'-CCTGTGTTCCCGCTGATGGTTTGG
TCAGTCAGTGGCCAAAACCAAACCATATCAGCGGGAACAC-3'. Celis
stably expréssing the microRNA vector for. C90rf10 and LacZ were established
and cultured in medium containing blasticidin (Invitrogen) at-a concentration of
10-pg/ml for 3 weeks.

Immunoprecipitation and immunoblotting. Cell lysates were prepared with
protease inhibitors in PLC buffer (50 mM HEPES [pH 7.5}, 150 mM NaCl, 1.5
mM MgClL,;, 1 mM EGTA, 10% glycerol, 100 mM NaF, 1 mM Na.VO,, 1%
Triton X-100). To precipitate the proteins, 1 j1g of monoclonal antibody or
affinity-purified polyclonal antibody was incubated with 500 pg of cell lysate for
2 h'at 4°C and then precipitated with protein G-agarose for. 1 h at 4°C. Immu-
noprecipitates were extensively washed with PLC buffer; separated by sodium
dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and immuno-
blotted.

RT-PCR. The presence of IGF-II mRNA bound to the C90r{10 complex was
verified by. RT-PCR analysis. Following imimunoprecipitation of Flag-tagged
C9orf10 with anti-Flag M2 agarose in the presence of RNase inhibitor (100 U/mi;
Toyobo), RNA' was. extracted: from- the agarose beads with 1 ml of Isogen
(Nippon Gene) according to the manufacturer’s instructions. The isolated RNA
was reverse: transcribed with random primers for cDNA synthesis. ' The cDNA
was tised for PCR with IGF-1I-specific primers spanning 200.bp located at the N
terminus of the IGF-II coding region; glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), and. ribosomal: acidic phosphoprotein: (RPLO). as described
previously (18, 19), PCR: products: were subjected to_electrophoresis on 2%
agarose gels, and DNA was visualized by ethidium bromide staining:

In vivo tumor fransplantation. The animal experimental protocols used in this
study were approved by the. Committee for:Ethics of Animal Experimentation,
and the experiments were conducted in accordance with the Guidelines for
Animal’ Experiments in'the National Cancer Center. To obtain nude mouse
tumors, 5 %10 cells:were injected into the subcutaneous tissue of 6-week-old
BALB/c nude mice (CLEA Japan; Inc.). Peritoneal dissemination of tumors was
tested by injection of 4 % 10%44As3 or 5 < 10% NKPS cells suspended in 0.3 ml
of RPMI 1640 medium into the peritoneal cavity. The mice were sacrificed 2 to
4 weeks after injection:

1 histochemistry and in fluorescence. We obtained 10 paraffin-
embedded tumor tissue samples of gastric scirrhous carcinoma in 2006 from the
National: Cancer Center Hospital.: The study: population consisted: of five. men
(50%). and five women: (50%). Paraffin blocks.were sectioned: into slices and
subjected to immunohistochemical staining by the indirect polymer method with
Envision reagent (Dako). Antigen retrieval was performed by placing sections in
citrate bulfer and heating then in a microwave pressure cooker according to the
manufacturer’s instructions. ‘All sections: were incubated: with anti-C90rf10-C
antibody (diluted 1:200).

UV cross-linking. analysis. Cosl: cells: were: transfected: with the. indicated
plasmids and extracted with a buffer containing 50 mM HEPES (pH 7.4), 0.1%
NP-40, 140 mM KCI, 1 mM MgCls; 1% glycerol, and 1 mM EDTA (3). Extract
was cleared at 14,000 X g for 10 min at 4°C, and the supernatant was used for the
cross-linking assay. Cross-linking was performed in a binding buffer consisting of
10:mM HEPES (pH:7.4),:50 mM KCl, 3 mM MgCly, 5% glycerol, 1. mM
dithiothreitol, and 100 jg/m! yeast tRNA. [PJUTP-labeled RNA transcripts
with a specific amount or radioactivity (2 % 10% ¢pm) were incubated with 15 ug
of Cosl cells or 10 nM GST fusion protein for 30 min at room temperature; After
UV cross-linking: with. UV-linker: (FS-800; Funakoshi) for 4 min, the samples
were treated with RNase A (0.5 mg/ml) at 37°C for 20 min:and separated by
SDS-PAGE: The gel was then dried and subjected to autoradiography.

RESULTS

Identification of C9orf10 as a tyrosine-phosphorylated pro-
tein binding to SFKs in gastric scirrhous carcinoma. To iden-
tify signaling molecules that mediate the progression of gastric
scirrhous carcinoma cells in vivo, we analyzed:the phosphoty-
rosine-containing proteins: that bind: to SFKs. We previously
established human gastric scirrhous carcinoma cell line; 44As3,
possessing a_high potential for peritoneal  dissemination in
nude mice (Fig. 1A and B) (35). The histology of disseminated
tumor nodules: of 44As3 cells in the mouse peritoneal cavity
reflects: typical human - gastric scirrhous carcinoma with the
characteristics of scattered or loosely connecting cancer cells
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FIG. 1. Purification of fyrosine-phosphorylated proteins in tumor tissue of gastric scirrhous carcinoma. 44As3 cells (4. X 10%mouse) were
transplanted into the peritoneal cavities of nude mice. and the mice were sacrificed: 14 days later. (A) Peritoneal dissemination of 44As3 cells.
Arrowheads indicate tumor nodules in the peritoneal cavity. (B) Histology of disseminated tumors of 44As3 cells. Hematoxylin-and-eosin staining
was used. (C) Protein lysate prepared from disseminated tumor nodules of 44As3 cells or 44As3 cells cultured in a dish were purified with the SH2
domain of ¢-Yes. The eluted sample was separated by SDS-PAGE and immunoblotted (IB) with antiphosphotyrosine (4G10) antibody; The bands
corrésponding to: the asterisk were excised from the gel and used for matrix-assisted laser desorption jonization-tandem mass spectrometry
analysis. (D) The protein Iysate of 44As3 cells was affinity precipitated with the GST-tagged SH2 domains 'of various adaptor proteins or SFKs as
indicated above. The precipitates were subjected to immunoblotting with anti-C9orf10-C antibody, which teacts with the C terminus of C90r£10.
The arrowhead indicates coprecipitated C90rf10. An asterisk indicates the cross-reaction of the antibody to GST fusion proteins. The GST fusion
proteins used for pull-down were shown by Coomassie blue staining of the gel at the bottom. (E) Cosl cells were cotransfected with C-terminally
Flag-tagged C90rf10 and c-Fyn and treated with PP3 or PP2 (10 uM) before lysate preparation. C90rf10 was imimunoprecipitaied (IP), and the
phosphotylation level was analyzed with 4G10. An asterisk indicates the heavy chain of immunoglobulin G.

with stromal fibrosis (Fig. 1B). Among c-Src, Fyn, and c-Yes, ~ gastric cancer cells, which was effectively suppressed by treat-
major SFKs in epithelial cells, the SH2 domain of c-Yes most  ment of cells with the SFK inhibitor PP2 (Fig. 1E).

effectively pulled down the tyrosine-phosphorylated proteins To gain insight into the biological function of C9orf10; we
prepared from 44As3 tumor nodules disseminated in the peri-  next examined the intracellular distribution of C90rf10 with a
toneal cavities of nude mice (data not shown). Within the  polyclonal antibody generated against the carboxyl-terminal
proteins associated with c-Yes, proteins with molecular masses  region of C9orf10. C90rf10 was abundantly expressed in the
of 130 to 150 kDa were prominently phosphorylated in invasive  cytoplasm of the gastric cancer cells as fine granular staining
tumor nodules compared with the usual tissue culture condi- (Fig. 2A). In some populations of the cells, C9orf10 also ac-
tions (Fig. 1C). Therefore, the protein lysates of these 44As3  cumulated at the protruding cell edges (Fig. 2C). Such staining

tumor nodules were sequentially purified with two affinity col-  of C90rf10 was significantly reduced by treatment of cells with

umns by using the c-Yes SH2 domain and anti-phosphoty-  siRNA of C90rfl0, and there was no signal by the control
rosine antibody 4G10; these 130- to 150-kDa bands were then staining without the primary antibody (Fig. 2B and D).

cut out and analyzed by matrix-assisted laser desorption ion- Expression of C90rf10 was further examined in human gas-
ization—tandem mass spectrometry. In addition to several pep- tric scirrhous cancer tissues by immunohistostaining. In normal
tides corresponding to pl130 Cas and CDCP1 (32, 33), two gastric mucosa, weak cytoplasmic staining of C9orf10 was ob-

peptides were determined as parts of an uncharacterized pro-  served in the bottom region but not in the superficial region of
tein called C9orf10. With a specific antibody against C90rf10,  the foveolar epithelium (Fig. 2 E and F). High-level expression
it was confirmed that c-Yes SH2 could actually pull down  of C9orfl0 was clearly detected in gastric cancer cells invading
CYorf10 at the proper molecular weight, while the SH2 domain the gastric wall (Fig. 2G). On the other hand, stromal cells such
of the ¢-Src, Fyn, or SH2/SH3 adaptor protein could not (Fig. as: fibroblasts, endothelial cells of veins, and niuscle did not
1D). Tyrosine phosphorylation of C9orf10 was also observed in  express C9orf10. No detectable signal was observed in the
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FIG. 2. Intracellular localization of C90rfl0 and immunohistochemistry of C9orf10. in human gastric scirrhous carcinoma tissues. (A to D)
44As3 gastric cancer cells were treated with the control siRNA (A) or €90tf10 siRNA (B) or left untreated.(C, D) and then immunostained with
antibody raised against the C-terminal region of C9orf10 (C90rfl10-C, green) and phalloidin (red). In panel D, cells were stained only with the
secondary antibody (Ab) and phalloidin. Immunohistochemical staining of C9orf10 by anti-C90rf10-C antibody in noncancerous gastric mucosa
(E, F) or gastric scirrhous carcinoma (G, H) is also shown. In normal mucosa, C90rfl0 was detected in the bottom region of the foveolar
epithelium. The square box in panel E is shown enlarged in panel F. The positions of nuclei are marked by asterisks. C90rf10 was diffusely stained
in scirrhous cancer cells (G), and more intense staining was observed in cancer cells (T) compared to the normal mucosa (N) in panel H. sm,

submucosal layer.

immunostaining of cancer cells with the second antibody alone
(data not shown). Elevated expression of C9orfl0 was ob-
served in 70% of the scirrhous-type gastric cancer tissues (/1 =
10) compared with normal gastric mucosa, as shown in Fig. 2H.

C90rf10 physically interacts with SFKs and is a novel reg-
ulator of SFKs. The physical association between C90rf10 and
SEKs was further examined by immunoprecipitation analysis.
Although C9orf10 preferentially binds with the SH2 domain of
c-Yes in vitro, C9orfl0 was coimmunoprecipitated not only
with c-Yes but also with Fyn and ¢-Src (Fig. 3A). C9orf10 was
effectively pulled down by the SH3 domains of ¢-Src, Fyn, and
c-Yes but not by the SH3 domain of cortactin, suggesting that
the SH3 domains of SEKs are involved in the general associ-
ation between C9orf10 and SFKs (Fig. 3B). From the analysis
with truncated mutant forms of C90rfl10, the region required
for the interaction with the SH3 domain of Fyn was restricted
to aa 339 to 405, which contains a polyproline motif (Fig. 3C).
Similar results were obtained with GST-Src SH3 and GST-Yes
SH3 (see Fig. S1A in the supplemental material). Coexpres-

sion of C9orf10 with ¢-Fyn in Cosl cells caused marked ty-
rosine phosphorylation of C9orf10 (Fig. 3D). The specificity of
¢-Sr¢, Fyn, and c-Yes for phosphorylation of C9orf10 was fur-
ther examined in the SYF cell line, which is deficient in ¢-Src,
Fyn, and c-Yes. When C90rf10 was coexpressed with individual
SFKs, phosphorylation of C90rf10 was highly induced by Fyn
and c-Yes and ¢-Src induced relatively weak phosphorylation
of C90rf10 (see Fig. S1B in the supplemental material). These
results indicate that C9orf10 associates with SFKs and is a
novel substrate of SFKs,

Since several molecules have been reported to activate SFKs
by association with the regulatory domain of SFKs, we next
examined whether the expression of C9or{10 affects the activity
of SFKs. The overexpression of C90rf10 increased the activity
of SFKs in Hek293 cells, as judged by the antibody recognizing
the phosphorylation of Tyr419 of SEKs, which recognizes ¢-
Src, Fyn, c-Yes, Lyn, Lck, and Hck (Fig. 4A). SFK was also
activated by expression of C-terminally (runcated mutant
C9orf10 N3, which possesses the region that binds SFKs, but
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FIG. 3. Physical association of C90rf10 with SFKs. (A) Lysate of 44As3 cells was immunoprecipitated (IP) with anti-C90rf10-C antibody and
immunoblotted (IB) with: individual SEK antibody. Immunoprecipitated C9orf10 is shown at the bottom of each panel. IgG; imnmunoglobulin G.

(B, C) Protein lysate of Cos! cells transiently transfected with C-terminally

Flag-tagged full-length (FL) C9orf10 or various deletion mutant forms

(illustrated at the top of panel C) were pulled down with the GST-tagged SH3 domains of the indicated proteins (B) or GST-Fyn SH3 (C). The
precipitates were immunoblotted with anti-Flag antibody. The expression of each €90rf10 construct in Cosl cells is shown ‘at the bottom right of

panel C. The GST fusion proteins used for pull-down were revealed by

Coomassie staining. WT, wild type. (D) Cosl cells were transiently

transfected with: C-terminally Flag-tagged C9orfl0 with or without ¢-Fyn. C9orfl0 was immunoprecipitated with anti-Flag antibody, and its

phosphorylation was detected:by antiphosphotyrosine (4G10) antibody.

not by N1, which is unable to bind the SFK SH3 domain (Fig.
4B). Activation of SFKs in 44As3 cells by stably expressed
C90rf10 was negated by treatment with C9orf10 siRNA (Fig.
4C). On the other hand, overexpression of C9orf10 did not
affect the phosphorylation level of Tyr530, which negatively
regulates SEK activity. These results indicate that C9orfl0is a
novel activator of SFKs. Moreover, activation of ¢-Sr¢, Fyn,
and c-Yes by C9orfl0 was individually examined in SYF cells.
The coexpression of C9orf10 induced the activation of all three
of these kinases. Although the proportion of the activated form
of c-Src was relatively low, the relative increase in their acti-
vation by C9orf10 was almost the same (see Fig. S1C in the
supplemental material).

CY9rfl10 is required for activation of the SFKs/PI3-kinase
pathway to prevent oxidative stress-induced apoptosis. During
the search for the biological function of the C9orf1Q protein,
we noticed that Akt was significantly activated in 44As3 cells
stably expressing C90rf10, while only slight activation of Erk
was detected (Fig. 4C). The activation of Akt was abolished by
the treatment of cells with C9orfl10 siRNA (Fig. 4C). These
results indicate that Akt, which is one of the miost significant
proteins for the antiapoptotic function of cells, is involved in
C9Yorfl0-mediated signaling.

Oxidative stress caused by various cell stimuli such as UV
irradiation or H.O5 treatment can lead to apoptotic cell death.
We observed that the SFK inhibitor PP2 clearly increased
apoptosis induced by exposure to UV in 44As3 cells or in
another gastric scirrhous carcinoma cell line, NKPS. On the

other hand, it did not affect the basal level of apoptosis of these
cells under normal culture conditions (Fig. 5A). These results
suggest an antiapoptotic effect of SFK activity in response to
the oxidative stress.

Treatment of 44As3 cells with UV irradiation or H,0; in-
duced marked elevation of SFK activity, along with significant
tyrosine phosphorylation of C9orf10 with a peak at 3 min and
maintenance for 30 min (Fig. 5B; see Fig: S2A in the supple-
mental material). The activation of SEKs and phosphorylation
of C90rf10 were dependent on the generation of ROS, because
they were inhibited by the pretreatment of cells with N-acetyl-
cysteine, a scavenger of ROS (Fig. 5C). Then we examined
whether C901f10 is required for the activation of SFKs as an
antiapoptotic response to oxidative stress.

Reduction of endogenous C90rf10 expression by treatment
of cells with siRNA clearly inhibited the activation of SFKs,
Akt, and Erk caused by UV irradiation (Fig. 5SD). We also
observed that siRNA of C9orf10 blocks H,O5-induced activa-
tion of SFKs (see Fig. S2B in the supplemental material). At
the same time, suppression of C9orfl0 expression by 44As3
cells significantly enhanced apoptosis after {reatment with UV
irradiation or H,0; (Fig. SE, top; see Fig. S2C in the supple-
mental material). No significant: change in apoptosis was
caused by reduction of C9orf10 expression under normal cul-
ture conditions (Fig. SE, top; see Fig. S1C in the supplemental
material). On the other hand, overexpression of C9orf10 res-
cued cells from apoptosis-after UV irradiation in Hek293 cells
(Fig. SE, middle). Importantly, mutant C9or{10 N1, which does
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FIG. 4. Overexpression of C90rf10 activates SFKs and: Akt. -Hek293 cells (A, B) were transiently transfected with a control vector (mock);
full-length C90rf10. (C9), or the deletion mutant forms tagged with Flag at the C terminus, as indicated. (C) 44As3 cells stably expressing
C-terminally Flag-tagged CYorf10 were either treated with siRNAs of C9orfl0 (RNA#il, RNAI#2) or a conirol siRNA. The lysates were
immunoblotted (IB) with the indicated antibodies. Anti-phospho-Src family antibody reacts with activated (pTyr419) or inactive (pTyr530) SFKs.
Anti-pan-Sre antibody (Src2) cross-reacts with'Sre, Fyn, Yes, and Fgr as also described in Materials and Methods:

not bind to SFKs, had no apoptosis-preventive effect (Fig. 5E,
middle).

The SYF cell line was then used to examine whether the
antiapoptotic function of C9orf10 exclusively depends on the
activation of SEKs. Overexpression of C90rf10 in SYF cells did
not affect apoptosis induced by UV itradiation, while it clearly
rescued the apoptosis in SYE'"" cells, into which ¢-Src was
stably reintroduced (Fig. 5E, bottom). Again, C90rfl10 expres-
sion did not affect the basal level of apoptosis under normal
culture conditions in SYF cells. Furthermore, coexpression of
C9orf10 with c-Src more effectively rescued SYF cells from UV
irradiation induced apoptosis (see Fig. S2D in the supplemen-
tal material). These results suggest that the antiapoptotic effect
of C90rf10 depends on the activation of SFKs.

To understand the molecular mechanism of CYorfl10-medi-
ated Akt activation, we further examined whether CYorfl0
mediates PI3-kinase activity through SFKs, as PI3-kinase is
one of the major regulators of Akt. When the cells were
treated with UV-C, the association of C9orfl10 with SFKs
or the p85 subunit of PI13-kinase was increased (Fig. 6A and B).
The physical association of C9orf10 with p85 was abolished by
the treatment of cells with PP2, suggesting that tyrosine phos-
phorylation of C90rf10 by SEKs is required for the association
with p85 (Fig. 6B). It was also shown that the SH2 domain of
p85 could efficiently pull down €90rf10 by affinity precipitation
analysis (Fig. 6C). Marked tyrosine phosphorylation of p85 was
induced by UV irradiation of cells and also abolished by treat-
ment with PP2 (Fig. 6D). These results suggest that C9orf10
behaves as a scaffolding protein for p85 and SEK in response to
UV irradiation, which: leads to the phosphorylation and acti-

vation of PI3-kinase by SFK. The increased association. of
C9orf10 with SFK and PI3-kinase by UV irradiation was also
suggested by the intracellular distribution of these proteins.
CYorf10 is basically localized diffusely in the c¢ytoplasm. UV
irradiation causes the spreading of cells, and C9orf10 accumu-
lates at the cell membrane, where SFKs are abundantly local-
ized (Fig. 6E). Accumulation of C9rf10 in the nucleus to
some extent was also observed (Fig. 6E). The distribution of
p85 of PI3-kinase is similar to that of C9orf10, and membrane
translocation of p85 was also observed after UV irradiation
(Fig. 6F). A similar change in the intracellular localization of
C90rf10 and p85 was observed in H,O,-treated cells (see Fig.
S2E in the supplemental material). From these results, we
designated C9orf10 Ossa for Oxidative stress-associated Src
activator.

Ossa/C9orf10 is a novel RNA-binding protein and promotes
the secretion of IGF-II. During the search for proteins that
physically associate with Ossa, we noticed that Ossa associates
with IMP-1 (unpublished data). It was later proved, however,
that the association between Ossa and IMP-1 is RNA depen-
dent (see Fig. §3 in the supplemental material). The RNA-
binding activity of Ossa was thus examined by using synthetic
ribonucleotide  homopolymers.. GST-fused proteins of three
separate parts of Ossa were blotted onto a membrane and
probed with *’P-labeled RNA homopolymers. As shown in Fig.
7A,; the carboxyl-terminal portion of Ossa (C9-C, aa 829 to
1119), but not the amino-terminal region (€9-N1, aa 1 to 338)
or the middle part of Ossa: (C9-M; aa 339 to 828), could
directly bind to poly(U); as well as control IMP<1 KH domains
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FIG. 5. C9orfl0is required for the activation of SFKs as an antiapoptotic response to UV irradiation: (A) NKPS or 44As3 cells were pretreated
with PP3 or PP2 (10 uM). After the cells were irradiated with UV-C (40 mJ/cm?), an apoptosns assay was performed. (B) 44As3 cells stably
expressing C-terminally Flag-tagged C9orf10 (44As’§ CYorf10) were treated with UV-C as in panel A and incubated for the indicated periods. The
cells were lysed and subjected to immunoprecipitation (IP) of C90rf10 with anti-Flag antibody and immunoblotted (IB) with anti phosphotyrosme
antibody. The activation of SFKs was detected by antibody to pTyrd419 SEKs. (C) 44As3 C9orf10 cells were treated with UV-C as in panel A and
incubated for 3 min before lysis. In the left lane, cells were pretreated with N-acetylcysteine (10 mM) overnight before UV treatment. (D) 44As3
parent cells were treated with siRNAs of C90rf10 (RNAi#1 and RNAi#2) or the control scrambled siRNA (control) and irradiated with: UV (40
ml/cm®). The lysate was immunoblotted with the antibodies indicated. (E) 44As3 parent cells were (reated with siRNA as in panel D (top), Hek293
cells were transxently transfected with wild-type (wt) or deletion mutant C9orf10 (N1) tagged with Flag at the C terminus (middle), and C90rf10
was overexpressed in SYF cells or control SYE'‘™ cells by retrovirus infection (bottom). The cells were treated with UV irradiation (40 mJ/cm?)

and subjected to an apoptosis assay. The asterisks indicate differences from UV-irradiated control cells as follows: # 2 < 0.01;

(IMP-1 AN) (22). The Ossa C terminus could also bind

poly(A) and poly(G) RNA homopolymers (data not shown).
Inspired by the association of Ossa with IMP-1 via RNA, we

next checked the possibility that Ossa and IMP-1 directly bind

to. common mRNA fargets such as IGF-II, which binds to-

IMP-1 (22). The binding of GST-tagged Ossa fragments with
6.0-kb IGF-II leader 3 mRNA (8) was examined by UV-cross-
linking analysis. The signal for *?P-labeled IGF-11 mRNA was
detected: at the estimated location with the GST-fused
carboxyl-terminal region of Ossa but not with any Ossa frag-
ment which lacks the C-terminal region (Fig. 7B, left). The
association between Ossa and IGE-II mRNA was disrupted in
reaction mixtures containing IGF-II competitor RNA but not
B-galactosidase competitor RNA (Fig. 7B, middle two panels),
and Ossa did not bind to the coding region of B-galactosidase

sk 2. <005,

mRNA, which was used as a nonspecific control RNA (Fig. 7B,
right). In addition, the coexpression of ¢-Fyn with Ossa in Cosl
cells did not alter the binding affinity of full-length Ossa for the
IGF-II mRNA (Fig. 7C). These results indicate that the car-
boxyl terminus of Ossa, containing aa 829 to 1119, directly
binds to IGF-II mRNA ina tyrosine phosphorylation-indepen-
dent manner. Binding of Ossa with IGF-II mRNA was further
demonstrated in vivo by detection of endogenous IGF-II
mRNA in immunoprecipitate of cpitope-tagged full-length
Ossa but not A829-1119 Ossa from gastric cancer cell extracts
(Fig. 7D). As controls, the same amount of nonspecific carry
over of RNAs was observed in immunoprecipitates as detected
by GAPDH and RPLO (Fig. 7D).

As RNA-binding proteins are reported to modify the trans-
lation of their target mRNAs, we next examined whether Ossa
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FIG. 6. Association of C9orfl0 with SFKs and PI3-kinase. (A, B) 44As3 cells stably expressing Flag-tagged C90rf10 were left untreated or
treated by UV irradiation (40 mJ/cm?). In panel B, cells were pretreated with control PP3 or PP2 (10 uM) for 1 h before UV treatment. C9orf10
was immunoprecipitated (IP) with anti-Flag antibody, and coprecipitated SEKs or p85 was detected by immunoblotting (IB). (C) Protein lysate
of 44As3 C901f10 cells was pulled down with the GST-tagged SH2 domain of p85; and coprecipitated Corf10:was detected by anti-C90rf10-C
antibody. The band at:50 kDa is a nonspecific cross-reaction of the antibody. (D) 44As3 C9orfl0 cells were treated with PP3 or PP2 and UV
irradiated as in panel B. p85 of PI3-kinase was immunoprecipitated from the cells and immunoblotted with 4G10. (E, F) 44As3 C9orf10 cells left
untreated or treated with UV-C (40 mJ/cm®) were fixed 5 min after irradiation and immunostained with the antibodies indicated. Controls

immunostained only with the secondary antibodies (Abs) are shown at right of each panel.

affects the production of IGF-1I protein. When Ossa was over-
expressed in gastric cancer cells, IGF-II protein in the culture
medium was significantly increased; it was decreased to. the
basal level by reduction of Ossa expression from the same cells
(Fig. 7E). The overexpression of the mutant form of Ossa
which lacks the C-terminal region did not affect the extracel-
lular secretion of IGF-1I (Fig. 7E).

Suppression of Ossa/C9orfl0 expressioninduced tumorapop-
tosis and blocked tumor invasion in nude mice. In order to
analyze the effects of reduction of Ossa/C9orf10 expression on
tumor formation and tumor invasion of gastric scirrhous cat-
cinoma cells in vivo, we prepared 44As3 miOssa cells (stably
expressing the microRNA for Ossa), which showed stable sup-
pression of Ossa expression; by transducing the siRNA for
Ossa with an RNAI expression vector system and selection in
medium containing blasticidin (Fig. 8A, g). When 44As3
miOssa cells and control 44As3 miLacZ cells (stably expressing
the microRNA for LacZ), into which a nonspecific siRNA for
LacZ was introduced, were subcutaneously transplanted into
10 nude mice each, the tumor size was significantly reduced in
miOssa cells compared to that in control miLacZ cells (Fig.

8A, a to e). Similar results were obtained from NKPS miOssa
cells derived from gastric cancer cell line NKPS (data not

.shown). On the other hand, the proliferation of these cells

under  standard culture conditions was: not - significantly
changed (Fig. 8A, f).

This reduction in tumor size may reflect an inhibition of
growth and/or an increase in apoptosis of cancer cells in vivo.
Therefore, the states of proliferation and apoptosis were indi-
vidually examined in the tumor tissues. Subcutaneous tumor of
44As3 miOssa showed an increased Ievel of apoptosis by anal-
ysis of TUNEL staining (Fig. 8B). The percentage of TUNEL
staining-positive cancer cells was around 20% in the fumor of
44As3 miOssa cells and 310 4% in the tumor of 44As3 miLacZ
cells. In contrast, there was no significant change in the level of
Ki67, a marker of cell proliferation (Fig. 8C). These results
indicate that Ossa might be suppressing tumor apoptosis dur-
ing the progression of tumors in vivo.

The effect of Ossa on tumor invasion was also examined in
vivo in an animal model of peritoneal dissemination. When
control cells of 44As3 milacZ or NKPS miLacZ were injected
intraperitoneally into nude mice, severe carcinomatous perito-
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