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surface. The immunoprecipitation and western analysis were
performed using the procedure deseribed in a previous report
(Mivake et al., 2002).

Quantification and statistical analysis of expression levels of:
SheClShed
The Bitensity of cach band obtained: by western analysis was
measured © usinga - niolecular 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 to ¢valuate the
significice of. the two groups quantified expression: fevels of
indicated molecules.

Knockdowi of: SheAISheC by RNA inferfereice
For 'siRNAs. - Stealth. \RNA duplex - oligoribonuclcotides
(Invitrogen, Carlsbad. CA. USA) was used o knockdown
SheCiShicA protein: The following two 25-mer oligonucicotide
pairs for: cach molecule were available; As for ShcC. CR1:
5".GCUGGCCAAAGCGCUCUAUGACAAU-3" = (nucleo-
{ides 141=165), CR2: S-CCAAGAUCUUUGUGGCGEACA
GCAA-3" (nucleotides 2447-2471).- As negative controls for cach
oligonuclestide pair. ccl: GGCUCCAGAACGGCCUUAGU
AACAU-3. ce2: GGAAACCGACAACUACGAUGUCAAU.
respectively, “As for ShcA. ARI: 5-GGAGUAACCUGAA
AUUUGCUGGAAU-3 (nucleotides 335-359). AR2: 5-GCCU
UCGAGUUGCGCUUCAAACAAU-3 (nucleotides 689-611).
As a négative control for eacl; acl: GGAAACCGUAAUAUUY
CGGUGUGAA. ac2: 5-UGCCGCGAUUCGCGUUACAAC
UUAAU. respectively.  As the other negative control for
universal siRNA; Stealth. RNAi Negative. Control Duplexes
(Medium GC Duplex) (Invitrogen) was used (NC). Cells were
{ransfected with siRNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions, Cells (5% 10% per
well of a six-well plate) in suspending condition were transfected
twice at. 24 11 interval (Sul of 20 1M $iIRNA each) and analysed
48 h after second transfection.

A systen stably expressing miRNA was generated using the
BLOCK-T Pol II miR RNAi Expression Vector Kit with
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EmGFP (Invitrogen) according to the manufacturer’s instruc-
tions. In the generation of the miR RNAT vector for humans,
SheC was chosen as the target scquence, using the top/bottom
oligosequence:: -TGCTGCTTGGAGGCTTTCTCTTCTT
GGTTTTGGCCACTGACTGACCAAGAAGAAAGCCTC
CAAG-3/5-CCTGCTTGGAGGCTTTCTTCTTGGTCAGTC
AGTGGCECAAAACCAAGAAGAGAAAGCCTCCAAGC-3.
Cells: stably: expressing the miR * RNAj “vector- for SheC
(miSheC) and LacZ (milacZ). that were also expressing green
fluorescént: protein were established and cultured in medium
containing blasticidin (InvivoGen. Sun Dicgo. CA, USA)at a
concentration of T5pg mifor 3 weeks. Three clones expressing
the SheC RNAT vector were selected by significant suppression
of the SheC pratein (< 10%). and two ¢lones from the control
LicZ vector were also sclected.. Cells transfected with. miR-
negative control plasmid (onc of kit components) were used: as
other control cells (Vee):

Generation: of KU=YS cells stubly expressing SheAISheC

The full-length human ShcA c¢DNA for transfection was
donated by Dr N Goto. ShcA and ShcC ¢cDNAs were inserted
with C-terminal Flag epitope tag into'a mammalian expression
vector pcDNA3TA. All parts amplified by PCR were verified
by sequiencing. The stable expression of the full-length of ShcA
and: full-length . of ShcC in . KU-YS cells. were obtained
by ‘transfection using. (ransfection. reagent . Lipofectamine
2000 (Invitrogen) according (o the manufacturer’s instructions:
The KU-YS cells transfected: with. pcDNA3.1 vector (mock)
were used as a control. Then, cells were selected according to
the method described. previously and the expression level of
cach independent: clone was evaluated: by immunoblotiing
analysis:
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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 (SFKs), 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, C9orf10. Here we report that C9orf10 (designated Ossa for oxidative stress-
associated Src aetivator) 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/C9rf10 with regulatory domains of SFKs, which activates these kinases and causes
marked tyrosine phosphorylation of C90rfl10 in turn. Tyrosine-phosphorylated Ossa recruits 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 ferminus
of Ossa has a distinct function that directly binds RNAs such as insulin-like growth factor 1I (IGF-II)
mRNA and promotes the extracellular secretion of IGF-IL 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.

Tunior cells are exposed 10 oxidative stress in various situ-
ations in vivo. Reactive oxvgen species (ROS) such as super-
oxide and hydrogen peroxide (H.O,) are generated by expo-
sure of cancer. cells to hypoxia, followed by reperfusion:
radiotherapy; photodynamic therapy; and some chemothera-
peutic agents such as cisplatin (6, 25). This production of ROS
generally induces apoptosis, whercas some tumor cells become
résistant Lo this kind of apoplosis 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
funictions such as cell proliferation, cell adhesion, and cell
migration (26), and the activities of SFKs often correlate with
the malignant potential of cancer and a poor prognosis 37):
Activation of ¢-Src is observed after the cells are exposed (o
oxidative stress (1,.9; 11, 34), and the activation of SEKs con-
{ributes (o 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 réscued by expression of v-Src (28). In our attempt {0
identify the key molecules that promote the expansion of gas-
{ric scirrhous carcinoma in vive by medialing signals {rom
activated SEFKs, we identificd an uncharacterized protein,
CYori10:
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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). CY90rfl0 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 (o 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 tlie 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). C901f10 functions as a novel
activator of SEKs 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 SEKs in turn, producing scaffolds 10 recruit phosphati-
dylinositol 3-kinase (PI3-kinase) and activate P13-kinase-AKkt
signaling, which plays a key role in protecting cancer cells from
oxidative - stress-induced  apoplosis. Therefore, we nanmed
CYorf10 Ossa (oxidative stress-associated Src gctivator).

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 11 (IGF-1I) mRNA, which
subsequently enhances the extracellular secretion of IGF-11,
Because an increase in IGFE-I1 promotes cell proliferation, the
RNA-binding function of Ossa may also confribute to-the
survival of cancer cells'in vivo,
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Scirrhous gastric carcinoma diffusely infiltrates a broad re-
gion of the stomach and is frequently associated with metas-
tasis to lymph nodes and peritoncal 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 AN METHODS

Phismids, amtibudies, and veagents, Full-Jengths ¢cDNAsT of humun Ossa’
COorf It and TGF-IF mRNA-binding protein: 1 (JNMP- 11 from: $4As3 cells were
amiplitied by reverse transcription (RT)-PCR: Mutant forms of C9or{10 lacking
the eytoplasmic tail (N amino aoids {aa} 110/ 339: X2 a0 110,405, N3vaa Lo
570y were generated by PCR-based techniques, To make Flag-tugged C9o1f10. a
DNA fragment encoding the Flag tag was inserted 3710 C9or{10. GST-C90r{10
fragments were generaled by cloning of PCR-amplified cDNA of C9or{10 into
pGEXN4T2 (Amersham Pharmacia). The plasmids encoding the IGE:11leader 3
mRNA were donated by J. Christiansen (University of Copenhagen). Full-length
cDNA of IMP-1 was amplified by RT-PCR, and the region ¢ncoding KH do-
mains 1 to 4 was subcloned into pGEX4T2, To generate the recombinant ret-
rovirus, cDNAs were subcloned into a pDON-AL vector (Takara). A monoclonal
antibody that:recognizcs the Flag tag was purchased from Sigma. A goat poly-
clonal mtibody that recognizes IMP-1.was purchased from Santa Cruz Biotech-
nology, Inc. To: generate polvclonal antibodies against C90rf10, anti-C9orf10-N
and -Corf10-C antibodies were obtained by rabbit immunization with C9orf10
aa 110 80 or 829 to 1119 fused 1o glutathione S-transferase (GST). Monoclonal
antibodies for phosphotyrosine: (4G10) and Ki-07 were oblained from Upstate
and DakoCytomation, respectively. Antibodies (o ¢-Src (clone GD11), Fyn; and
c-Yes were purchased from Upstate Biotechnology, Santa: Cruz, and Transduc-
tion Laboratories, respectively, “Antibodies. to- phospho-Src- family Tvrd 16 or
Tyr527 (corresponding to- Tyrd19 and Tyr530 of human Sre; respectively), anti-
phospho-p53 (Ser15), and: anti-phospho-ATM. (Ser1981) were from Cell Signal-
ing. Anti-phospho-Src. Tyr416 cross-reacts with'c:Src, Fyn, ¢-Yes; Lyn, Lck, and
Hck; and anti-phospho-Src Tyr527 cross-reacts with ¢-Src, Fyn, ¢-Yes; Fgr, and
Yrk. Rabbit polyclonal antibodies for pan-Src (Sre2), which reacts with Sre. Fyn,
Ye.s and Feroand anti-PI3-Kinase p8Sa were from Santa Cruz. The SFK inhibitor
4-amino-3-(4-chlorophenyl)-7-(-buty)pyrazolo]3.4-d]pyrimidine (PP2) and the
structural ‘analog 4-amino-7-phenylpyrazolo|3.4-djpyrimidine (PP3) were pur-
chased from Calbiochem. The DeadEnd colorimetric terminal deoxynucleotidyl
translerase-mediated dUTP-biotin nick end labeling (TUNEL) system was pur-
chased from Promega.

Cell enlture, 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 SYE 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 assavs, Cos} cells
and: gastric cancer cells were transfected with: plasmid DNA by using Lipo-
fectamine 2000 reagent (Invitrogen). Recombinant refroviral plasmid pDON-AI
was cotransfected with the pCL-10A1 retrovirus packaging vecior 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 sonie ex-
periments, 44As3 or NKPS cells stably overexpressing wild-tvpe C90rf10 were

established after relrovirus infection through sclection in medium containing.

G418 (600 pg/ml). In some experiments, cells were irradiated with UV-C by
using UV-linker (FS-800; Funakoshi).

Constroction of stealth siRNA and miR RNA inferference (RNAiQ) vectors,
Stealth small interfering RNA (siRNA) of C9orf10 was svnthesized as follows
(Invitrogen): Sense:1; S:CAAACCAUAUCAGCGGGAACAAGAU:3Y Anti
sense-1; 5-AUCUUGUUCCCGCUGAUVAUGGUUUG:3; Sense-2, 3-=CAAA
CAAAGGCAGAAGGCUCGUCCA-3' Antisense-2; S2UGGACGAGCCUU
CUGCCUUUGUUUG-3", The control siRNA (scramble 11 duplex. 3-GCGC
GCUUUGUAGGAUUCGATAT-3") was purchased [rom Dharmacon. siRNAs
were incorporated into cells with Lipofectamine 2000 according fo the manufac-
urer's instructions (Invifrogen). Assiavs were performied at:72 b postireatment,

A system stably expressing sSIRNA was generated with the BLOCK-IT Polll
miR RNAj expression: vector kit (Invitrogen) according to- the manufacturer’s
instrisctions. In the generation of the miR RNAi vector for humans, C90rf10 was
chosen ns the target sequence with the forward primer $“TGCTGTGTTCCCG
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CTGATATGGTTTGGTTTTGGCCACTGACTGACCAAACCATCAGLGE
GAACA-3" and the reverse primer 8-CCTGTGTTCCCGCTGATGGTITGG
TCAGTCAGTGGCCAAAACCAAACCATATCAGCGGGAACAC-3. Cells
stably expressing the microRNA veetor: for C901f 10 1ind LacZ were: ¢stablished
and cultured in medium containing blasticidin (Invitrogen) at & concentration of
10 g/mlfor 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: MgClo 1'mM EGTA. 1070 glvecrol 100 mM NaF, 1 mM Na.VO., 1%
Tritén X-100). To precipitate- the proteins, 1 pg of monoclonal antibody or
sffinity-purificd polvclonal antihody wiis incubated with 500 jrg of el lvsate for
2 hrat 4°C and then precipitated with protein Geagarose for 1 Iy at'4°C Immu-
noprecipitates were extensively washed with PLC buller. separated by sodium
dodecy! sulfate-polyacrylamide gel clectrophoresis (SDS-PAGE). und immuno-
blatted,

RT-PCR. The presence of IGF-IF mRNA bound 1o the C9arf10 complex was
verified: by RT-PCR- analysis:: Following immunoprecipitation. of Flag-lugged
CYorf 10 with anti-Flug M2 agarose in the presence of RNase inhibitor (100 Uiml;
Toyobo). RNA was extracted: from the agarose’ beads: with: 1:ml of Isogen
(Nippon Gene} according to the manufacturer’s instructions. The isolited RNA
wiis reverse: transcribed with: randon primers for cDNA synthesis, The cDNA
was used for PCR with IGF-Tl-specific primers spanning 200 bp located af the N
terminus of the 1GF-11 coding region; glyceraldehyde-3-phosphate. dehydroge-
nase (GAPDH); nd. ribosomal’ acidic phosphoprotein (RPLO): as described
previously (18,-19). PCR producis were subjected (o clectrophoresis on: 29
agarose gels. and DNA was visualized: by ethidiun bromide staining.

In vivo timor transplantation. 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; Ta obtain nude mouse
tumors, 5 = 10" cells were injected into the subcutaneous tissiie of 6-week-old
BALB/c nude mice (CLEA Japan, Inc.): Peritoneal dissemination of tumors wis
tested by injection of 4 ¢ 10" 44As3 or 5. 10" NKPS cells suspended in 0.3 ml
of RPMI 1640 niedium into the peritoneal cavity, The mice were sacrificed 2 to
4 weeks: after injection.

Immunohistachemistry and: immunofiuorescence. We: obtained 10 paraffin-
embedded tumor tissue samples of gastric scirrhous carcinoma in. 2006 fron. the
National Cancer Center Hospital. The study. population consisted of five men
(509%) and five: women  (505¢). Paraffin blocks. were seclioned into. slices and
subjected fo immunohistochemical staining by the indirect polymer method with
Envision reagent (Dako). Antigen retrieval was performed by placing sections in
citrate bufler and heating them'in a microwave pressure cooker according to the
manufacturer’s instructions, All sections were: incubated with anti-C9orf10-C
antibody: (diluted 1:200).

UY cross-linking analysis. Cosl cells were transfecied with the indicated
plasmids and extracled with a buffer containing 50 mM HEPES (pPH 7:4). 0.1%
NP-40, 140 mM KCL 1 mM MgCls. 1% glycerol, and 1 mM EDTA (3). Extract
was cleared at 14,000 = ¢ for 10 min at 4°C; and the supernatant was used:for the
cross-linking assay. Cross-linking was performed.in a binding bufler consisting of
10 mM HEPES (pH 74). 50 mM KCl, 3 mM MgCls. 5% glycerol, 1 mM
dithiothreitol, and 100 pg/ml yeast {1RNA. [¥*PJUTP-labeled RNA franscripls
with a specific amount or radioactivity (2 > 10% epm) were incubated with 15 iy
of Cosl cells or 10 nM GST fusion protein for 30 min at room temperature. After
UV crosslinking with UV-linker (FS-800; Funakoshi) for 4 min; the samples
were: treated with RNase A (0.5 mg/mi). a1 -37°C for 20 min and separated: by
SDS-PAGE. The gel was then dricd and subjected 1o autoradiography.

RESULTS

Identification of C90rf10 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 profeins that bind 1o SFKs, We previously
established human gastric scirrhous carcinomacell 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 tyrosine-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. Hematosylin-and-eosin staining
was used, (C) Profein lysate prepared from disseminated tumor nodules of 44As3 cells or 44As3 cells cultured in & dish were purified with the SH2
domain of ¢-Yes. The eluted sample was separated by SDS-PAGE and immunoblotted (IB) with antiphosphotyrosine (4G 10) antibody. The bands
corresponding (o the asterisk were excised: [ronm the gel and used for matrix-assisied laser desorption: jonization-tanden mass spectrometry
analysis. (D) The protein lysate of 44As3 cells was affinity precipitated with the GST-lagged SH2 domains of various adaptor profeins or SFKs as
indicated above. The precipitates were subjected (o immunoblotting with anti-C90rf10-C antibody, which reacts with the C terminus.of C90rf10.
The arrowhead indicates coprecipitaied C9orf10, An asterisk indicates the cross-reaction of the antibody fo 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 C901{10 and c-Fyn and treated with PP3.or PP2 (10 uM) before lysate preparation. C9orf10 was immunoprecipitaied (IP), and the

phosphorylation level was analyzed with 4G10. An asterisk indicates the heavy chain of immunoglobulin G.

with: stromal fibrosis (Fig. 1B).-Among ¢-Src, Fyn, and ¢-Yes,
major SFKs in epithelial cells, the SH2 domain of ¢-Yes most
effectively: pulled down. the tvrosine-phosphorylated proteins
prepared from 44As3 tumor nodules disseminated in the peri-
toneal cavities of nude mice (data not shown). Within the
proteins associated with c-Yes, proteins with molecular masses
of 13010150 kDa were prominently phosphorylated in invasive
tumor nodules compared with the usual tissue culfure condi-
tions (Fig. 1C). Therefore, the protein lysates of these 44As3
tumor nodules were sequentially purified with two affinity col-
umns by using the c-Yes SH2 domain and. anti-phosphoty-
rosine antibody 4G10; these 130- to 150-kDa bands were then
cut out and analyzed by matrix-assisted laser desorption ion-
ization=tandem mass spectrometry. In addition to several pep-
tides. corresponding 1o p130 Cas and CDCP1 (32; 33); two
peptides were determined as paris of an uncharacterized pro-
tein-called C9orf10. With a specific antibody against C9orf10,
it was. confirmed that c-Yes SH2 could actually pull down
CYorf10 af the proper molecular weight, while the SH2 domain
of the ¢-Src, Fyn, or SH2/SH3 adaptor protein could not (Fig.
1D). Tyrosine phosphorylation of C9orf10 was also obscrvedin

gastric cancer cells, which was cflectively suppressed by treat-
ment of cells with the SFK inhibitor PP2 (Fig. 1E).

To gain insight into-the biological function of C90rf10; we
next-examined the intracellular distribution of C9orf10 with a
polyclonal antibody generated against the carboxyl-terminal
region of Co1{10. C9orf10 was abundantly expressed in the
cyloplasm of the pastric cancer cells as fine granular slaining
(Fig. 2A). In some populations of the cells, €90rf10 also ac-
cumulated at the protruding cell edges (Fig, 2C). Such staining
of Corf10 was significantly reduced by treatment of cells with
siRNA of C90rf10, and there was: no signal by the conirol
staining-without the primary antibody (Fig. 2B and D).

Expression of C9orf10 was further examined in human gas:
tric scirrhous cancer tissues by immunohistostaining. In nozmal

_gastric mucosa, weak cytoplasmic staining of C90r{10 was ob-

served in the boltom region but not in the superficial region of
the foveolar epitheliun (Fig. 2 E and F). High-level expression
of C9orf10 was clearly detected in gastric cancer cells invading
the gastric wall (Fig. 2G). On the other hand, stromal cells such
as: fibroblasts, ‘endothielial cells of 'veins, and muscle: did not
express: C9orf10. No detectable signal was observed in- the
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FIG. 2. Intracellular localization of C90rf10 and immunohistochemistry of C9orf{10 in human: gastric scirrhious carcinonia tissiies, (A.to D)
44As3 gastric cancer cells were trealed with the control siIRNA (A) or C901{10 siRNA (B) or left untreated (C, D) and then immunostained with
antibody raised against the C-terminal region of C901{10 (C90rf10-C, green) and phalloidin (red). In panel D, cells were stained only with the
secondary antibody (Ab) and phalloidin. Immunohistochemical staining of C9or{10 by anti-CY0rf10-C antibody ini fioncancerous gastric mucosa
(E; F) or gastric scirrhous carcinoma (G, H) is also shown. In normal mucosa, C90rf10 was detected in {he boliom region of the foveolar
epithelium. The square box in'panel E is shown enlarged in pancl F. The positions of miclei are marked by asterisks. C9or{10 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 704 of the scirrhous-type gastric cancer tissues (i =
10) compared with normal gastric mucosa, as shown in Fig. 2H.

C9orf10 physically interacts with SFKs and is a novel reg-
ulator of SFKs. The physical association between C9orf10 and
SFKs was further examined by immunoprecipitation analysis.
Although C9orf10 preferentially binds with the SH2 domain of
c-Yes in vitro, C9orf10 was coimmunoprecipitated not only
with c-Yes but also with Fyn and c-Src (Fig. 3A). C9orf10 was
effectively pulled down by the SH3 domains of ¢-Sre, Fyn, and
¢-Yes but not by the SH3 domain of cortactin; suggesting that
the SH3 domains of SEKs are involved in the general associ-
ation between C90r{10 and SFKs (Fig. 3B). From the analysis
with truncated mutant forms-of C901f10, the region required
for the interaction with the SH3 domain of Fyn was restricted
to-aa:339 10 405, which contains a polyproline motif (Fig. 3C).
Similar results were obtained with GST-Sre:SH3 and GST-Yes
SH3 (sce Fig. STA in the supplemental maferial). Coexpres-

sion of C90rf10 with c-Fyn in Cosl cells caused marked ty-
rosine phosphorylation of C9orf10 (Fig. 3D). The specificity of
¢-Src; Fyn, and ¢-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 c-Src induced relatively weak phosphorylation
of CYorf10 (sec 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 beei reported to activate SFKs
by associalion with the regulatory domain of SFKs, we next
examined whether the expression of C9orf10 aflects 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 Tyrd19 of SFKs, which recognizes c-
Sre, Fyn, ¢-Yes, Lyn, Lk, and Hek (Fig. 4A). SFK was also
activated by expression of C-terminally truncated mutant
C9orf10 N3, which possesses the region that binds SFKs, but
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FIG:: 3. Physical association of C90rf10.with SFKs. (A) Lysatc of 44As3 cells was immunoprecipitated (IP) with anti-C9orf10-C antibody and
immunoblotied (IB) with individual SFK antibody. Immunoprecipitated C9orf10 is shown at the bottom of each pancl IgG, immunoglobulin G.
(B, ) Protein lysate of Cosl cells transiently transfected with C-terminally Flag-tagged full-length (FL) C901f10 or various deletion mutant forms
(illustrated at the top of panel €) 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 C90r[10 construct in Cosl cells is shown at the bot{om right of
panel C: The GST fusion proteins used for pull-down were revealed by Coomassie staining. WT, wild: type. (D) Cosl cells: were. (ransiently
transfected: with: C-terminally Flag-tagged C9or{10 with or without c-Fyn. C9orf10° was immunoprecipitated: with ‘anti-Flag antibody, and its
phosphoiylation was detected by antiphosphotyrosine (4G10) antibody. :

not by N1, which is-unable to bind the SEK SH3 domain (Fig. . other hand, it did not affect the basal level of apoptosis of these
4B). Activation of SEKs in 44As3 cells by stably expressed . cells under normal culture conditions (Fig. SA). These results
CY0rf10 was negated by treatment with C9orf10 siRNA (Fig. suggest an antiapoptotic eflect: of SFK activity in résponse (o
4C). On the other hand, overexpression of C9orfl0 did not the oxidative stress.

allect the phosphorylation level of Tyr530, which negatively Treatment of 44As3 cells with' UV irradiation or H,0; in-
regulates SFK activity. These results indicate that C9orf10 isa duced marked elevation of SEK activity, along with significant
novel activator of SEKs. Moreover; activation of c-Sr¢, Fyn, tyrosine phosphorylation of C9o1f10 with a peak at 3 min and
and c-Yes by €9orfl10 was individually examined in SYE cells.. . niaintenance for 30 min (Fig. 5B; see Fig. S2A in the supple-
The coexpression of C9orf10 induced the acfivationof all three - mental material). The activation of SEKs and phosphorylation
of these kinases. Although the proportion of the activated form of CYor{10 were dependent on the generation of ROS, because

of ¢-Src was relatively low, the relative increase. in their acti- they were inhibited by the pretreatment of cells with N-acetyl-

vation by CYorf10 was almost the same (see Fig. S1C in the cysteine, a scavenger of ROS (Fig. 5C). Then we examined

supplemental material). whether €9orf10 is required for the activation of SFKs as an
CY0rfl10 is required for activation of the SFKs/PI3-Kinase antiapoptolic response {o oxidative stress.

pathway to prevent oxidative stress-induced apoptosis. During Reduction of endogenous Corf{10 expression by treatment

the search for the biological function of the C9orf10 protein, of cells with siRNA clearly inhibited the activation of SFKs,
we noticed that Akt was significantly activated in 44As3 cells  Akt, and Erk caused by UV irradiation (Fig. 5D). We also
stably expressing C9orf10, while only slight activation of Erk'  observed that siRNA of C9rf10 blocks H.Os:induced activa-
was detected (Fig. 4C). The activation of Akt was abolished by - tion of SFKs (see Fig. S2B in the supplemental material). At
the treatment of cells with C9orf10 siRNA (Fig. 4C). These - the same time, suppression of C9or{10 expression by 44As3
resulls indicate that Akt, which is one of the most significant cells significantly enhanced apoptosis after treatment with UV,
proteins for the antiapoptotic function of cells, is involved in irradiation or H,O; (Fig. SE; top; sce Fig: S2C in the supple-
CYor{10-mediated signaling. mental malerial). No significant. change in' apoptosis was

Oxidative stress caused by various cell stimuli such as UV caused by reduction of C9orf10 expression under normal cul-
irradiation or H-O5 treatment can lead to apoptotic cell death. ture conditions (Fig. 5E, top; sce Fig: S1C in the supplemental
We observed that ihe SEK inhibitor PP2 clearly increased miaterial). On the other hand, overexpression of C9orf10 tes-
apoplosis induced: by cxposure to UV in 44As3 cells or incucd cells from apoptosis after UV irradiation in Hek293 cells
another: gastric scirrhous carcinoma cell line, NKPS, On the (Fig. SE, middle). Importantly, mutant C9orf10 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: CYorf10 (C9), or the deletion mutant forms tagged with Flag at the C terminus, as indicated. (C) 44As3 cells stably expressing
C-terniinally Flag-tagged C9orf10 were either treated with siRNAs of C9orf10 (RNA#il, RNAI#2) or a control siRNA. The lysates were
imniunoblotted (1B) with the indicated antibodies. Anti-phospho-Src family antibody reacts with activated (pTyrd19) or'inactive (pTyr530) SFKs.
Anti-pan-Src antibody (Src2) cross-reacts with Src, Fyn, Yes, and Fgr as also described in Materials and Methods:

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

The SYE cell line was then used to examine whether the
antiapoptotic function of CYorf10 exclusively depends on the
activation of SFKs. Overexpression of C9orf10in SYF cells did
not aflect apoptosis induced by UV irradiation, while it clearly
rescued the apoptosis in SYE™/! cells, into which ¢-Src was
stably reintroduced (Fig. SE, botiom). Again, C9orf10 expres-
sion did not affect the basal level of apoptosis under normal
culture conditions in SYF cells. Furthermore, coexpression of
+ C9orfl0 with c-Src more eflectively rescued SYF cells from UV
irradiation induced apoplosis (s¢e Fig. S2D in the supplemen-
{al material). These resulls suggest that the antiapoptotic effect
of C9orf10 depends on the activation of SEKs.

To understand the molecular mechanism of C9or{10-medi-
aled Akt activation; we further examined whether C9orfl10
mediates PI3:Kkinase activity through SEKs, 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 C9o0rf10 with p85 was abolished by
the treatment of cells with PP2, suggesting that tyrosine phos-
phorylation of C9orf10 by SFKs is required for the association
with p85 (Fig. 6B). It was also shown that the SH2 domain of
p83 could efficiently pull down C90rf10 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 SFK in response (0
UV irradiation, which leads to the phosphorylation and acti-

vation of PI3-kinase by SFK. The increased: association of
C90rf10 with: SFK and PI3-kinase by UV irradiation was also
suggested by the intracellular distribution of these proteins.
CY0r(10 is basically localized diffusely in the cytoplasm. UV
irradiation causes the spreading of cells, and C90rf10 accumu-
lates at the cell membrane, where SFKs are abundantly local-
ized (Fig. 6E). Accumulation of C90rf10 in the nucleus to
some extent was also observed (Fig. 6E). The distribution of
p85 of PI3-kinase is similar fo that of C9orf10, and membrane
translocation of p85 was also observed after UV irradiation
(Fig. 6F). A similar change in the infracellular localization of
C90r[10 and p8S was observed in H.O,-treated cells (see Fig.
S2E in the supplemental material). From these resulfs, we
designated C9orf10 Ossa for Oxidative stress-associated Src
aqctivator. L

Ossa/CYrfl10 is a novel RNA-binding protein and promotes
the secretion of IGF-II. During the search for proteins that
physically associafe 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. S3.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 (C9-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. C90rf10 is required for the activation of SFKs as an antiapoptolic response o, UV irradiation. (A) NKPS or 44A5s3 cells were pretreated
with PP3 or PP2 (10 M), After the cells were ifradiated with UV-C (40 mJ/cm®), an ﬁpopiosxs assay was performed. (B) 44As3 cells stably
expressing C-lerminally Flag-tagged €9or{10 (44A§3 CYorf10) were treated with UV-C as in pancl A and incubated for the indicated periods.. The
cells were lysed and subjected to immunoprecipitation (IP) of C9orf10 with an(i-Flag antibody and immunoblotied (IB) with anti-phosphotyrosine
antibody. The activation of SEKs was detected by antibody to pTyr419:SFKs. (C) 44As3 C90r110 cells were treated with UV-C as in pancl A and
incubated for 3 min before lysis. In the left lane, cells were pretreated with N-acetyleysteine (10 mM) overnight before UV treatment: (D) 44As3
parent cells were treated with siIRNAs of C901f10 (RNAi#1 and RNAi#2) or the control scrambled siRNA (control) and irradiated with UV (40
mJ/em?). The lysate was immunoblotted with the antibodies indicated. (E) 44As3 parent cells were treated with siRNA as in'panel D (top), Hek293
cells were transicnily transfected with wild-type (wt) or deletion mutant C9orf10 (N1) tagged with Flag ai the € terminus (middle), and C90rf10

was overexpressed in SYE cells or control SYE

~and subjected 1o an apoptosis assav. The asterisks indicate diflerences from UV-irradiated control cells as follows: #; [ <

(IMP-1 AN) (22). The Ossa C lerminus 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 direcily bind
to common mRNA targets such as 1GE:-1I, which binds to
IMP-1 (22). The binding of GST-tagged Ossa fragments with
6.0-kb IGFE-1I leader 3 mRNA (8) was examined by UV-cross:
linking analysis. The signal for “P-labeled IGF-II mRNA was
detected  al: the estimafed location with. the GST-fused
carboxyl-terminal region of Ossa but not with any Ossa {rag-
ment which lacks the C-terminal region: (Fig. 73, left). The

association between Ossa and IGF-II mRNA was disrupled in-.

reaction mixtures containing 1GF-11 competitor RNA but not
B-galactosidase competitor RNA (Fig. 7B, middle two panels),
and Ossa did not bind (o the coding region of B-galactosidase

* cells by retrovirus infection (bottom). The cells were treated with UV irradiation (40 ml/em?)

0.0 =%, P2.<0.05,

mRNA, which was used as a nonspecific control RNA (Fig. 1B;
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 in a tyrosine phosphorylation:indepen-
dent manner. Binding of Ossa-with IGF-11 mRNA was further
demonstrated “in vivo by detection of endogenous IGF-11
mRNA in immunoprecipitate of epitope-tagged: full-length
Ossa but not A829-1119 Ossa {rom pastric 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

0102 ‘v2 Aew uo Areugrt DON 1e B0 wse-qaw. woy papeociumoc]



Vi, 29, 2009

CYorf10 REGULATES Src FAMILY KINASES: 400

HAs 3 CYorf10 1c-Nag)

B 44As3 CYorl10 (c-Mlag
34433 CY0rM 10 (c-Mag) 4AS3 CYorl10 (¢e-fag)

inh  pp3 - PP2
uy -t Ly o+ - +
75—
IP flag > - 1P flag 1oo= o
(0 — —_
1B ;mn-SrcS 1B s 75
(Sre2)y 37

lyxalc vaufe D | o smaiet

1B PUN-SIC . iy i I.E»pXS
{Sre) .

IB flag . B flag — N it
(CYorl 1) (CYorl1
s"&
&
RGBS D HAs3 CYorl10 (c-Mag) F
pull. e ;
inh st pp3 i ppl
v SARR

150— - Joo-
100 1P p8s s No
75— IBPTyr: 95 : {reatment

50 = w———

1B pkS

1B C9orf10-C

E
flag
No
freatment
. .

Ind Abs
merge

pan-Sre

merge

HAS3 CYorl 10 (¢-1Tag)

2nd Abs

ag CFIT
Mag merge nerpe

FIG.. 6. Association of C90r{10 with SFKs and PI3-kinasc. (A, B).44As3 cells stably expressing Flag-tagged C90rf10 were Jeft untreated or
treated by UV irradiation (40 mJ/em?). In panel B, cells were preireated with control PP3 or PP2 (10 uM) for 1'h before UV treatment, C9orf10
was immunoprecipitated: (1P) with anti-Flag antibody, and coprecipitatcd SFKs or p85 was detecied by immunoblotting (IB). (C) Profein lysate
of 44As3 C90r{10 cells was pulled down with the GST-tagged SH2 domain of p85; and coprecipitated C9or{10 was detected by anti-C9orf10-C

~antibody. The band at 50 kDa is a nonspecific cross-reaction of the antibody. (D) 44As3 CYorf10 cells were treated with PP3 of PP2 and UV

irradiated as in panel B. p85 of PI3-kinas¢ was immunoprecipitated from the cells and immunoblotted with 4G10. (E, F) 44As3 CYorf10 cells Jeft
untreated or treated with UV-C (40 mJ/em”) were fixed 5 min afler 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-11 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 aflect the extracel:
lular secretion of IGFE-1I (Fig. 7E).
SuppressionofOssa/Corfl0expressioninduced tumorapop-
tosis and blocked fumor invasion in nude mice. In order to
analyze the eflects of reduction of Ossa/C90r{10 expression on
tumor formation and tumor invasion of gastric scirrhous car-
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 sSiRNA for
LacZ was introduced, were subcutancously transplanted into
10 nude mice cach, the tumor size was significantly reduced in
miOssa cells compared to that in control miLacZ cells (Fig.

8A, a 1o g). 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. ().

This reduction in' tumor size’ may: reflect an- inhibition of
growth and/or an increase in apoplosis of cancer cells in vivo;
Therefore, the states of proliferation and apoptosis were indi-
vidually examined in the tumor fissues. Subcutaneous tumor of
44As3 miOssa showed an increased level of apoptosis by anal-
ysis of TUNEL staining (Fig. 8B). The percentage of TUNEL
staining-positive cancer cells was around 20% in the tumor of
44As3 miOssa cells and 3 10 4% in the tumor of 44As3 milLacZ
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 eflect of Ossa on tumor invasion was also examined in
vivo in an animal model of periloneal dissemination, When
control cells of 44As3 mil.acZ or NKPS miLacZ were injected
intraperitoneally into nude mice, severe carcinomatous perito-
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FIG. 7. C9orf10. directly binds to mRNAs such as IGF-II mRNA. (A) The RNA-binding:activity of C90r{10 was analyzed with:synthetic
ribonucleotide homopolymers: as: probes.. GST-fused IMP-1 and C90rf{I0 fragments were separated, transferred 1o polvvinylidene difluoride
membranes, and incubated with *“P-labeled poly(U). (Right bottom) Coomassie blue-stained gel showing each GST fusion protein. WT, wild type:
B, C) GST-fused C9orf10 fragmcnls (B) or protein lysates prepared from Cosl cells transfected with full length (FL) C9orf10 with or without

e-Fyn (C) were incubated with **P-labeled IGE-11 leader 3 mRNA or the control mRNA of the -galactosidase (B-gal) codmg region: Affer UV
cross-linking, samples were {reated with RNase A and subjected 1o SDS-PAGE uand autoradiography. The filled arrowhead in panel Cindicates
the posnion of full-length C90r{10. In panel B, unlabeled competitor of IGE-II or B-galaciosidase as a nonspecific RNA was mixed with **P-labeled
RNA. (D) Protein lysates prepared from 44As3 cells stably expressing full-length (C9) or (runcated mutant C9orf10.(A829-1119) tagged with Flag
al the C terminus or control mock veclor-transfecied 44As3 cells (mock) were immmunoprecipitated (1P) with anti-Flag antibody in the presence
of RNasc inhibitors. RT-PCR of a 200-nuclcotide IGF-II mRNA fragment, a 150-nucleotide GAPDH mRNA fragment, or 4 103:nucleotide RPLO
mRNA fragment was performed on the precipitated material. (E) Conditioned medium of NKPS cells stably. expressing wild-type or truncated
mutant Corfl10 was collecied after the cells were incubated for 8 I in serum-free medium, Proteins scereted into the medium were precipitated
with trichloroacetic acid (107); resuspended. in sample buffer; and subjected fo inmunoblotting (1B) with anti-IGF-1I antibody. wi+siRNA,
COorl10-expressing NKPS cells treated with siIRNA of C90rf10 before collection of the conditioned medium. The expression Jevel of wild-type or
mutant C9orf10 i each cell lysate is shown at the botiom with the antibody against the N terminus of the €%0rf10 protein. Filled and open
arrowheads indicate wild-type and 4829-1119 mutant C901f10, respectively.

nitis was observed, as previously described: Innumerable whit- DISCUSSION

ish nodules were observed in the mesentery and the surface of

the liver of almost all of the mice injected with 44As3 miLacZ Exposure of cells to oxidative stress such as UV irradiation or
cells (n = 10, Fig. 8D; see Fig. $4 in the supplemental mate- ~ H:O: elicits a variety of responses. Severe oxidative stress leads to
rial). On the other hand, peritoneal dissemination of 44As3  programmed cell death (7). On the other hand, oxidative stress

miOssa cells was apparently modest. We did not observe dis- - also activates cell survival signaling, possibly by a protective re-
semination of 44As3 miOssa cells on the liver surface, and . sponse. For example, treatment of cells with UV irradiation or
{umor nodules in the mesentery were small and few (Fig. 8D; H,0; induces the activation of Src by an unknown mechanism (1,
see Fig. S4:in the supplemental material). This reduction in -+ 9, 11, 13). In this report, we demonstrate: that Ossa/Corf10'is a
fumor dissemination in the peritoncal cavily was also observed critical component of the oxidative stress-induced survival signal-
in. NKPS miOssa cclls (data not shown). ing through the activation of SFKs and PI3-kinase.
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injection (c, d) is shown. (e} Average weight (= the standard deviation) of 10 tumors derived from either 44As3 miOssa or 44As3 milacZ cells.
{f) Invitro proliferation 6f 44As3 miOssa and miLacZ cells was evaluated by counting the cells under standard culture conditions, The experiments
were performed {wice in duplicate, and the mean cell number was plotted against time (days). (g) Expression level of C90r10 in 44As3 miOssa
or miLacZ cells. 1B, immunoblotting. (B) TUNEL analysis of the tumors in pancl A was performed as described in Materials and Methods. A total
of 500 cancer cells of each tumor were scored for the ratio of TUNEL staining-positive cells. (C) Tumors from the nude mice in pancl A were
immunostained with anti-Ki-67 antibody. (D) 44As3 miOssa or milacZ cells were injected intraperitoneally info mice (4 X 10%mouse), and the
mice were sactificed at 10 days after injection. The representative appearance of the dissecied mesentery is shown.

The fate of cells exposed 1o oxidative stress depends on the
balance between survival and apoptotic signaling: ROS-nmedi-
ated DNA damage causes phosphorylation of ATM/ATR and
p53, which leads to apoptosis (15, 17, 38). The time course of
SFKactivation, tyrosine phosphorylation. of Ossa, and PI3-
Kinase activation was rapid, within 30 min of UV irradiation,
which precedes the phosphorylation of ATM and p53 (see Fig.
S5 in the supplemental material). Moreover, reduction of Ossa
by siRNA did not allect the phosphorylation of p53 and ATM
after lethal UV irradiation (data not shown). Therefore, Ossa-
mediated activation of SEK and PI3-kinase seems 10 be a
separate phenomenon from the p53-mediated signaling trig-
gered by the: DNA damage.

Ossa was identified in tumor nodules as:a tyrosine-phosphor-
ylated protein which binds to. the ¢-Yes SH2 domain but not
obviously to the SH2 domain of ¢-Src or Fyn. In addition; Ossa

binds to the SH3 domain of all three SFKs and the relative
increases in the activation of ¢-Src, Fyn, and c-Yes were almost
the same. Therefore, it was suggested that the SH3 domiain-
mediated: interaction of Ossa with. SFKs may be critical for
activation. Among the three SFKs, Ossa was highly phosphor:
ylated by c-Yes and Fyn and relatively weakly phosphorylated
by ¢-Src under the fransient expression of the individual kinase
in SYF cells (see Fig. S1B in the supplemental material), Al-
though the eflect of ¢-Src on Ossa phosphorylation was mild, it
was enough to rescue the cells fron apopiosis. As one of the
reasons for the mild effect of c-Sr¢ on Ossa phosphorylation,
the Kinase activity of Src is relatively weak in the unstimulated
condition (see Fig, S1C in the supplemental material).
Several cross talks between Sre kinases and P13-kinase have
been suggested. We showed that Ossa functions as a scallold-
ing profein for SFK and Pl13-kinase; which ‘enables SFK 1o
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phosphorylate and activate PI3-kinase. Such direct activation
of PI3-kinase by SFK was supported by a previous report that
incubation of purificd p85/p110 with Src activated P13-kinase
activity in vitro (2). From: this aspect; polyomavirus middie: T
also interdcts with ¢-Src and activates its kinase activity that
recruits PI3-kinase. (10). As SFKs are also: known to activate
Akt through ‘activation ‘of the regulator of Akt such as 3-
phosphoinositide-dependent protein kinases or PI3-Kinase ¢n-
hancer-activating AKt (31, 36);- it is: also, possible that Ossa
produces survival signaling via maodification of these molecules.
On' the other hand, rapid activation of SFKs in responsc (o
oxidative stress does not-depend on the RNA:binding activity
of Ossa, as Ossa/C90r{10: N3, which lacks the mRNA:=binding
region, also-activated: SFKs (Fig. 4B).

As an carly response (0. UV irradiation, Ossa is translocated
to the cell:membrane and tyrosine phosphorylated, which: sup-
ports the idea that the cell survival function of Ossa is initiated
at- the cell. membrane. Ossa has a hydrophobic amino acid
stretch: consisting of putative transmembrane domains; thus,
Ossa may be recruited and tethered to the cell membrane (12).
However, the molecular mechanism: of the membrane recruit-
ment of Ossa is not understood. A 'recent report suggests that
cell surface membrane components such as G prolein o sub-
units dre directly activated by ROS, which contributes {o Src
activation (23). ‘We cannot rule out the possibility that Ossa
interacts with G protein and is recruited to the cell membrane,
although treatment of cells with NF023, an antagonist of G
protein o subunits, did not affect the membrane translocation
of Ossa in response to: UV irradiation (data not shown). In
addition, direct activation of epidermal growth factor receptor
or IGF receptor by UV irradiation or H.O, treatment was
recently demonstrated (4). Therefore, there is also a possibility
that Ossa is involved in the RTK-mediated activation of the
SFK/Akt pathway. Anyway, it is fo be resolved further how
oxidative stress triggers the rapid cellular response, including
the translocation of Ossa. Upon treatment with Ossa siRNA,
most of the cytoplasmic signal disappeared, suggesting a cylo-
plasmic localization of Ossa (Fig. 2A), although some signal
remained, possibly caused by either remaining Ossa protein or
nonspecific cross-reaction of the antibody.

Tumor cells are exposed to oxidative stress in various situ-
ations in vivo. Tumors rapidly outgrow their blood supply,
leading to hyposia, while tumors usually support their growth
by stimulating angiogenesis. However, blood flow within. the
new. vesscls is often chaotic, causing periods of hypoxia-fol-
lowed by reperfusion. Such reperfusion causes the generation
of ROS; which may: therefore be a cause of oxidative siress
within tumors (6, 24). In addition, tumors are frequently infil-
trated: by large numbers of macrophages, which have been
shown to generale oxygen radicals (16). In addition, radiother-
apy and photodynamic therapy generate oxygen radicals; and
some chemotherapeutic agents such as cisplatin are also su-
peroxide-generaling agents (39). We observed increased ex-
pression of Ossa protein after the treatment of gastric cancer
cells with cisplatin, suggesting some additional roles for Ossa in
response (0. the chemotherapeutic agents (data not shown).
Ossa may confribute fo resistance to radiotherapy, . photo-
dynamic therapy, or chemotherapy by providing an antiapop-
totic shield for-cancer-cells in these situations in. vivo, which
should be further elucidated by examination including the de-
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tection of tyrosine phosphorylation' of Ossa in human cancer
tissues after various clinical treatments.

We showed a distinct role for Ossa in the promotion of the
extracellular secretion: of IGF-1T through™ the RNA-binding
ability of the C-terminal region (aa 829 o 1119). Because many
RNA-binding proteins function: as translational regulators and
control the protein fevel; Ossa may also alfect the stability or
translation of IGF-11. mRNA, which increcases the sceretionof
IGF-11. The human IGF-1I gene contains four promoters, and
cach promoter drives the transcription of a distinct5” untrans-
lated region: (leader) that s spliced o' the coding region: (8).
Ossa and IMP-1 bind to IGF-11 Jeader 3 mRNA; which'utilizes
the: major promoler. in most tissues: (8). Further experiments
should be conducted to determine (i) whether Ossa and IMP-1
modify-each other’s functions and (i) their biological signifi-
cance in cancer progression. Elevated expression of IGF:IT is
often: observed in human gastric cancer tissues, ‘especially in
the infiltrative-type ‘cancers (29), and. the paracrine or auto-
crine: pathway of IGF-1I causes a significant increase in the
PI3-kinase and Akt pathway, which rescues cells from apopto-
sis (5). It-was reporled previously:that cross talk occurs be-
tween SEKs and a factor that mediates nucleic acid-directed
processes, a Src-associaled substrate during miitosis, the 68-
kDa protein Samo8, which belongs (o the family of KH do-
main-containing. RNA-binding proteins, and that its tyrosine
phosphorylation via interaction with SEKs causes a decreased
affinity for RNA (20, 21). On the other hand, the RNA-binding
capacity of Ossa was not altered by phosphorylation via SFKs
(Fig. 7C). Overall, the. RNA-binding activity of the Ossa C-
terminal region may be another mechanism to contribute to
tumor growth and:survival by the control of target mRNAs
such as IGF-II mRNA,

Frequent overexpression of Ossa in gastric seirrhous carci-
noma and the suppression of tumor growth by a decrease of
Ossa in vivo suggest that Ossa may play a pivotal role in the
progression of scirrhous-type gastric cancer. One of the critical
functions of Ossa in cancer appears {o be the support of cancer
cell survival in environments with various oxidative stresses
during cancer progression, invasion, and clinical treatments.
The specific cellular signal mediated by the phosphorylation of
Ossa is a promising therapeutic target of cancer progression
and invasion.
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Identification of UNCSA as a novel transcriptional tar get
of tumor suppressor p53 and a regulator of apoptosis
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Abstract. UNC3A is an axon-guidance molecule. and plays
a critical role in neuronal development and differentiation:as
a nelrin-1-receptor. Emerging evidence suggests: thab-axon
guidance molecules including UNCSA regulate apoplosis in
non-neuronal cells: Herepwe report that UNCSA regulates
apoptosis.as a downstreum: turget of p33. UNCSA expression
was strongly induced by exogenous and endogenous pi3.
Chromatin: immunoprecipitation (ChlP) revealed that p33
binds 1o i sequence in the promoter region of the UNCSA gene:
Reporierassays showed that this sequence exhibits p33-
dependent transcriptional activity: Overexpression of UNCSA
significantly suppressed colony: formation of {wo glioblasiomu
cell lines-U373MG and TI9SG. UNCSA dramatically. induced
apoplosis through the activation of caspase-3-in various
cancer cell lines, including LS174T (colon cancer), U373MG
(glioblastomu). SH-SY3Y (neuroblastoma), and SKNAS
(neuroblastoma). Finally, v irradiation strongly induced 1he
expression of UNCSA mRNA in (he spleen and colon of
p33++ mice. but not in those of p33: mice. implying that the
franscription of UNCG3A ‘in vivo is regulated by pS3. These
results suggest that UNCGSA s a novel transcriptional: target
of p33 and plays a role in pS3=dependent apoplosis.

Introduction

The p53 genc is mutated in >30% of human cancers, The p33
profein: activafes transeription of many. downsiream fargel
ecnes by binding to-the:reguliatory sequences of these genes,
thereby increasing fheir éxpression Ievels and enhancing their
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Kevawords: p33: dependence receptor; UNCSAapoptosis, axon
cuidance

functional wctivitics in résponse - to various tvpes’of cellufar
stress-including DNA dumiages Arconsiderable number of
p33-target genes have been identificd <o far (12). The core
functions of p33-ure cell evele arrest. apoptosis. DNA repuir,
andantiangiogenesis. which are mediiied by the p33 turgets
P2EWAF I pS3AIP T p33R2 and SEMAJF . respeciively.
By regulating these target genes: p33 prevents the damaged
cell: from malignant transformation and serves as a guardian
of the: genome (3). In fact: pS3 induces cell cvele arrest via
pP2EWAFEL in order to repair damaged DNA whereas it
induces apoptosis via' p33 upregulated modulator of apopiosis
(PUMA) and Noxa in order 1o eliminate the pofential cancer
cells containing severely damaged DNA Therefore.
identification of apoplosis-inducing farget genes of p33°is
very important to-clarify the mechanism of p33-regulated
fumor suppression;

The deleted in colorectal cancer (DCC): gene and: ihe
UNCS gene family members uct as receptors of netrin-1 (4.5).
The UNGS gene family consists of four relited genes including
UNCSA UNCSB UNGSC, and UNCID: The UNC3s encode
{ype-1 transmembrane profeins: Rodent UNC3H1. UNC3H2,
UNC3H3and UNC3H4 ure orthologs of human UNC3A
UNC3B. UNCSC. and UNCSD. respectively. DCE and UNC3s
play.an essential vole in uxon guidance during neuronal
development and differéntiation: in addition. they regulafe
apoplosis as ‘dependeince receplors’ (6.7). In the absence
of nelrin-1.DCC and UNCSs fransmit-upoplotic signals.
However, in the presence of netrin-1,:the survival signal is
activated via the inferaction of netrin=1 and these recepiors
(6,7). Thus, these receptors posifively and negatively regulate
apoplosis in a netrin-1-dependent manner.

Although the: UNCS gene family is prismarily: imporiant
for axon guidance in neuronal cells, if is associdted with
tfumorigenesis in non-neuronal cells (8.9). For example. the
expression of UNCSA UNCSB. and UNCSC is frequently
downregulated in human colorectal. stomach, breast, and
lung cancers (10.11). This downregulation is associated with
the genomic deletion of the respective gencs. Furthermore,
the netrin-1 receptors: including UNCSH T, UNCSH2. and
DCC. have been shown to-induce apoplosis in non-neuronal
cells (6-14). UNC3B (also termed p33RDLI) mediates p33-
dependent-apoplosis as a p33-targel gene (15). UNG3D was
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recently identificd as o p33 target gene, whose gene product
was found to be involved in the p33-dependent apoptotic
response induced after DNA damaze (16).

These resalts prompled us 1o examine whether UNCSA
may be direety regulated by the tumor suppressor p33 and he
involved in p33-dependent apoptosis. We propose that UNC3IA
is anovel p33 target gene and that it regulates apoplosis.

Mauterials and methods

Cell Tinese LSTTHT (colon cancer). HI1299 (lung cancer).
HepG2 (hepatoblastoma). U373MG (glioblastomu). TYSG
(glioblastoma). SH-SY3Y (ncuroblustoma) and SKNAS
(ncuroblustoma) were purchased from American Tvpe Culture

Collection (ATCC: Manassas. VAL USAY These ¢l lines

were maintained under the conditions recommended by the
depositor.

RNA interference. By using LS174T containing wild-(ype
P33 (Wi-p33), we established: the p33-knock-down cell Jines
(LSI74T-p33-KD) and the control cell lines (LS174T-Cont)
as previously deseribed (17).In brief; LS174T cellis were
infected with SIEMSCV-puro-HIR-p33Ri refrovirus for down-
regulation of p33 expression and with SI-MSCV-puro-HIR
retrovirus: for negative control. Then the infecied cells were
selected with 1 gg/ml puromycin for 2 weeks, and the single
clones were isolated,

Reverse (ranscription-polymerase chain reaction (RT-PCR)
analysis. HepG2 and H1299 cells were infected with Ad-wi-
P33, Ad-p53-40F or Ad-EGEP a1.30 multiplicity of infection
(MOI) (17.18). Using TRIzol reagent (Invitrogen: Carlsbid:
CALUSAY total RNAs were isolated from the cells collected
at-the time-points of 0,76, 12:: 24, and 48 h-after-infection,
respectively. LSI74T-p33-KD and LSI74T-Cont cell lines
were freated with I ne/mlof adriamycin (doxorubicin) for 2 k.
and total RNAs were also obtained at the same (ime-points
after the treatment: A 3-ug aliquot of each fotal RNA wis
reverse-franscribed and the PCR was run:in the exponential
region (18-35 cycles) to allow semi-quantilative comparisons
among ¢cDNAs developed from identical reactions. Iy order
to compare: the expression level of UNCS family. pcDNA 3:1<
UNGIA-sensezuntisense, pcDNA 3.1-UNCS Basense/antisense
were transfected 10 HI299 cells: and Ad-UNCSA. Ad-UNC3B.
Ad-UNC3D were mfected (o U373MG cells at an indicated
MO, respectively. Twentv-four hours lafer, the cells were
harvested and-subjected o semizquantitative RT-PCR us
described above, ~

Weslern blot analysis. Adriamycin-treated cells were Ivsed in
Radio-immuno-profein=ussay (RIPAY buffer (150 mM NaCl.
S0 mM Tris-HCE pH 8.0, 0.1% sodium dodecyl sulfate (SDS).
1% Nonidet P/ (NP)-40. protease inhibitor cockiail), Aliquots
(15 ug) of the soluble proteins were loaded on SDS-poly-
acrylamide geland fransferred to Hybond:P membranes
(GE Healtheare Bio-Sciences, Piscataway. NI USA). After
blocking. the membranes were incubated with unti-p33 (Ab-6.
1:1000) (Merck. Darmstadt. Germany) oranti-B-actin antibody
(AC-74. 1:5000) (Sigma. St. Louis, MO. USA) then hybridized
with horseradish peroxidase (HRP)-conjugated secondary
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antibody. and detected by ECL Western blotting detection
reagents (GE Healtheare).

ChIP assay. ChIP assay was performed using the chip assay
kit (Upstate, Lake Placid. NY, USA) as recommended by the
munufacturer. In briel. H1299 cells plated on a 10-cm-dish
(2x107) were infected with either Ad-p33 or AJ-EGFP al
30 MOL After 24 h. genomic DNA and protein were cross-
linked by adding formaldehvde (1% final concentration)
directly into culture medium and incubated for 15 min at 37°C.
Cells were Jvsed in 200 g1 of SDS Ivsis buffer with u protease
inhibitor cockiail and sonicated to generate 200-100() bp-Tong
DNA fragments. Affer centrifugation. cleared supernatant
waus difuted T0-fold with SDS Ivsis buffer and incubated at
47 C overnight with the specific antibody, Immunc complexes
were precipitated. washed. und cluted by elution bulfer (1%
SDS. 1'mM NaHCO;). The cluted DNA-protein complexes
were reversed by heating al 63°C for 5 h. The DNA wag
phenol-extracted. ethanol-precipitated and re-suspended in
S0-mlof TE buffer then subjected for PCR amplification
with:30 cveles.

Gene reporter assay. DNA fragments including potential
p33-binding sequence (p53BS) of UNC3A were umplified
by PCR and cloned info pGL3-promoter vector (Promega,
Madison. WI. USA). The reporter plasmid was co-fransfected
into H1299 with cither wild-type or mutant (R175H) p33
expression vector in combination with pRL-CMV veclor
(Promega). Twenty-four hours later. the cells were lysed
and subjected fo measurements of luciferase activity, pGL3
vector with pS3BS for p21 was used for positive control,
In addition four constructs expressing p53 family gene
(p73ue: p73B. p63ar, p63) (19.20) were also used-as described
previously (21).

Plasmid construction. The entire coding region of UNCSA
and UNCSB amplified by RT-PCR was cloned into pCR-
Blunt 1I-TOPO vector (Invitrogen) and sequenced. The frag-
ment containing the whole UNC3A or UNCSB sequence were
digested by EcoRland cloned into pcDNA3.1 (+) (Invitrogen)
to prepare sense-strind UNC3A or UNC3B (pcDNA-UNC3A-S
OrpeDNA-UNCSB-S) und antisense-strand UNCSAor UNCSB
{(PCDNA-UNCSA-AS or pcDNA-UNC5B-AS) for colony
formation assay. :

Colony formation assay. Five microgram of pcDNA3.1-
UNCSA-S, UNC3B-S. -UNC3A-AS. UNC3B-AS. und empty
PEDNAGL (+) veclor were franslected into the U373MG
or TISG (1.5x10%10 cm dish) cells. Twentyv-four hours
later. the fransfected cells were diluted. replated onto 10 cm
dishes and cultured in G418-confaining media (1 Hgiml),
Two weeks Jater, the drug-resistant colonies were fixed with
10% formalin then stained with crystal violet. Colonies of
> mm diameter werc counted.

Adenovirus construction. Adenovirus (Ad) expressing WIpS3.
p33-40F. enhanced green fluorescent profein (EGFP). and
UNCSB were prepared as described previously (18:21).
Ad-UNCSA and Ad-UNCSD were also generated and purified.
In bricf. blunt-ended full-length UNCSA and UNCSD were
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Figure 1. UNC3A js u p33-inducible gener (A) nduction of UNCEA by exogenous pS3; The expressions of UNCEA mRNACare shown by RT-PCR in HepG2

and HI1299 cells infected with cither Ad-p33-w L Ad-p33d6F or Ad-EGEP at the indicuted times, B2-MG. (miicroglobuliny was used as o Joading control;
(B) Expression level of endogenous p33 afier DNA damage, (C) Induction of UNCSA by endogenous pd3. The expression levels of pS3 protein nd UNCSA
MRNA are shown by Western blot analvais and RT=PCR: respectively in LSI74T cantroland LS174T-pS3-KD cells freated with bag'mb of udriamycin for
2 i at the indicaied thmes: p2 1 s a positive control, B-actin and B2:MG are used as a Joading control

also-cloned info the Smil site of the cosmid pAXCAWIiL - p33 knockoul mice, p33-deficient mice were o gift from Dr S.
(Takura. Otsu; Japan), which contains the CAG promoter and - Aizawa. Cenfer for Developniental Biology, RIKEN. Japan
the entire genome of type S adenovirus except for EI and E3- - (22). p3377 und. p33= mice: were inradiated by 10 Gy. Then
regions, then fransfected to HEK293: (human embryonic. - the mice were cuthanized and hirvested at- indicaled times
kidney cell). Viruses were propagated in-the 293 cells and - after irradiation. The indicuted organs were isolaled and total
purified as described previously (18).:Expression levels of - RNAs were purified from the fissues: from which cDNAs
UNCSA UNC3B:or UNG3D were evaluated by RT-PCR at . were synthesized and subjecied fo RT-PCR analysis. All mouse
24 h post infection to U373MG cells at the indicated MOLL procedures were carried oul according to the recommendations
of the Institutional: Animal Cure and Use Commitice of the
Apoptosis assay. U373MG, LST74T. SH:SY3 Y and SKNAS - National Cancer Cenfer at Tsukiji. Jupan.
cells were secded on 6 well-plate and infected with either !
Ad-UNCSA, Ad-UNC3B: Ad-UNCSD or Ad-EGFP at . Resulis
mdicated MO After 72 h of infection. the cells were collected
and: fixed with 70% ethanol then treated with 10 «g/ml of  Identification of UNC3A us a novel p33-inducible gene. Since
RNase A for 30 min at 37°C; After centrifugation the cells - UNC3B (p33RDL1) und UNC3D were reported to be p53
were stained with S0 cg/mlof propidium iodine and subjected- - targel genes (15:16). we hvpothesized that other UNCS3s.
fo flow cytometry analysis by FACS Calibur (Beckfon-  including UNCSA may also be regulafed by fumor suppressor
Dickinson: Franklin Lakes: NE USA). Next 20 M of Z- - p33: Therefore. we determined the p33-dependent inducibilify
VAD-EMK (MBL. Nagoya, Japan), @ pan-caspase inhibitor - of UNCSA by using HepG2 and H1299 cells. The expression
was added 1o examine whether UNCSA-inducing cell death: of UNCSAwas induced by adenovirises expressing exogenous
was caspase-dependent. P33 (Ad-wi-p53 und Ad-p33-46F) (17.18), bui not by the
conlrol adenovirus expressing enhanced: green fluorescent
Caspase-3 activitv. Caspuse=3 activity wis measured using - prolein (Ad-EGFP) (Fig. 1A). To further confirm (he induciion
tetrapeptide p-nitroanilide (pNAY) substrate (Ac-DEVD-pNA. - of UNCSAby endogenous pS3. we generated a pS3-Knockdown
Sigma) in a colorimeltric assay. Affer 48 hof Ad-UNCS = (p33 kDa) cell line by using the colorectul cancer eell line
infection at 66 MOI to LSI74T. the cells were lvsed in cell” =+ LS174T. The expression of endogenous p33 increased in
lvsis buffer (30 mM HEPES pH 7.4, 100 mM NaCl 0.1% . LS174T-Cont cells alter adriamycin treatment at a concen-
CHAPS. I'mM EDTA. 10% glycerol. 0.1% NP-40). The tration of Ijg/ml for 2 h, whereas negligible p53 expression
assayv was performed in 96-well plafes by incubaling 10 1. was defected in LS174T-p33-KD cells after this (reatment
of:cell Ivsate with 90 ul of redetion buffer (30 mM HEPES - (Fig. 1B). Consistent with the p>3 expression. the expression
pH 7.4 100omM NaCl 0:1% CHAPS. 1 mM EDTA, 10%  of UNCSA mRNA increased in LS174T-Cont cells; but not
alycerol) containing 230 1M of Ac-DEVD-pNA for caspase-3  in LSI74T-p33-KD cells, after adriamycin treatment: this
{(Sigma)at 37°C for 4 h. Then the samples were vead ina - expressjon profile was inaccordance with that of p2I/WAFI,
spectrophofometer at 405 nm. which was used as a posifive control (Fig. 1C). These resulfs
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Figure 2. UNCSA s dircet furger gene of pS3. (A) Identification of 4 putential pS3-binding sequence (p33BS) in the genomic DNA of UNC5A Twa
cundidate sequences (BST in the promoter regionand: BS2 inintron 1y were found. The sequences are shown  ELL E20and B indicate the cxons: TATA

indicates the TATA box sequence. (B) ChIP assayv. The eross-linked DNA-profein complex wiis immunoprecipitated by
g) orin the absence of antibody, (<) served as neaative controle Input chromatin (Input)

by PCR amplification.: Immunopiccipitaies by anti-Flag (¢

represents apart of sonicaied chromutin before immunoprecipitition Promoter sequence of p2Lwas used: as @ positive control, (C) Luciferase as
plasmid confaining BST or BS2 was cotransiceied with p33-wi. pad-mut (R17

shown: (D) Lucierise s
und p63y: Relative luciferase activitics are shown:

suggest that the transcription of UNC3A is activated by both
exogenous and endogenouns p33.

UNGCS5A is a direct transcriptional target of p33. To further
investigate whether the expression of UNC3A is dircctly
xzcguluted by p33, we searched for putative p33-binding
sequence(s) (p33BS) in the UNCSA genome, We eventually
found two potential sequences, one located in the dl-upsiream
region (BS1). and the other, in infron-1 (BS2) (Fig. 2A). We
performed chromatin immunoprecipitation (ChIP) fo
examine whether p33 binds 1o these sequences. The DNA
fragments precipitated by the anti-p33 antibody in H1299
cells infected with Ad-p33 were shown to contain both BS]
and BS2 (Fig., 2B). thereby indicating that both BS1 and: BS2
could interact with p33,

To determine whether these scquences actually exhibit
p33-dependent franscriptional activity. we performed reporter
assays. DNA fragments were amplified by polymerase
chain reaction (PCR). cloned into a pGL-promoter vector
(PGL-BSI or pGL-BS2). und cotransfected with wild-type
or mutant p33 expression vectors. The luciferase activity
was enhanced only when pGL-BST was cotransfected with
the wild-type p33 expression vector (Fig. 2C), indicating that
BS1 exhibils p33-dependent transeriptional activity,

anti-pS3 antibody, (i=p33); followed

¥ Reporier

SHY or emply expression vector into H1209 cells: Relative Ticiferise siclivities are
v, Reporter plasmid containing BST was colransledted witly expression: veetors of the p33: fumily: pencs such us 73e P78, poie

We examined whether the transcription of UNCSA could
be activated by other p33 family genes. namely. p63 and p73:
However. unlike p33. neither p63 nor p73 could significantly
enhance luciferase activity (Fig. 2D): these results suggesl
that UNCSA transcription is specifically activafed by p33.
Therefore. we concluded that UNC3A is a bonu fide larget of
P33,

UNCSA plays a role in the suppression of cell growth. To
investigafe the role of UNC3A in the regulation of cell growth;
we carried out a colony formation assay. Before the ussay,
we investigated the expression levels of sense/untisense-
UNCSA und sensc/antisense-UNCSB mRNAs derived from
the plasmids designed fo express them. We confirmed that
the mRNA levels of sense-UNC3A and sense-UNC3B were
very similar (Fig. 3A). U373MG and TYSG cells transfected
with plasmids expressing sense-UNC3A showed a significant
decreuse. in colony number when compared wifh those frans-
lected with plasmids expressing antisense-UNCSA (Fig. 3B):
Moreover, the colony number of sense-UNCSA-tranfecied
cells was cquivalent to that of sense-UNC5B-transfecied
cells (Fig. 3B). Since UNCSB/PSIRDLT is known (o' induce
apoptosis (13), we strongly suspected that UNCSA may
possess apoplofic activity,
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Figure - UNCSA induces cell growth suppression. (A) Expression: levels
of UNCSA and UNCIB mRNAs:in HE299: cells: Twenty-four hours after
transfection of pcDNAS3L LS antisense:UNCSA pcDNA3JL L sensef
antisense-UNCSB or pcDN F {empte ). RT-PCR was performed with
the UNCSA or UNCSB specific primers: B2-MG was used s o quality
confrol (B) Colony formation assayv.: The number of GHI8-resistant colonics
derived from U373MG o TISG cells transfected with the plasmids are
shown. The experiments were performed: three times; and: the uverage seore
is: indicated with:error burs of stiandard division. "p<0.03 was considered
statisticallv significant;

UNCSA induces apoplosis. To evaluaie the role of UNCSA
in-apoptosis, we prepared adenovinil vectors designed fo
express UNCSA, UNCGSB; or UNC3D. UNCSB and UNCG3D

have been shown 1o induce apopiosis (13,16). We confirmed
that UNCIAL UNCSB and UNCSD mRNAs were well
expressed-in cells infected with Ad-UNCSA. Ad-UNC3SB,
and Ad-UNGSD, respectively. in adose=dependent manner
(Fig. 4A). Four cancer cell lines-LS174T (colon cancer),
U373MG (glioblastoma), SH-SY3Y (neuroblastoma), and
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Figure 4. UNCSA induces apoptosis: (A) Expression Jevels of UNCSA,
UNCSBand UNCSD mRNAs; The cxpressions of UNCSA. UNCSB and
UNCSD mRNAs in U373MG cells 24 W after: infection with Ad:UNCS AL
Ad-UNCSB and Ad-UNCGSD atindicated MOIs B2-MG wis used as a quality
contral (B} Apoptosis assav, Apoplotic cells were evaluated by FACS Scan
anal Theuverage values of dpoplotic cells are showin with error birs of
standard: division. Al experiments were repeated independently three: times
and representative resulis e Shown;

SKNAS (neuroblustoma) were infected with Ad-UNCSA,
Ad-UNCSB, or Ad-UNCSD at-various multiplicities of
infection (MOIs), and apoptotic cells were analyzed by
fluorescence-activated. cell sorting (FACS) i the indicated
times. UNCSA, like UNCSB, was able 1o strongly induce
apoplosis in‘all cancer cell lines (Fig: 4B), particularly LS174T.
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Figure 50 UNCSA regulutes apoplosis in o cispase-dependent manner,
(Y Caspase=3 aclivity; Forty=cight hours aftér infection with ' the. indiciited
adenovirus vectors: the activity of caspuse-3 in LS174T cells was measared
with Ac-DEVD-pNA: Relative activities were indicated with: error luirs of
standard division compared {o control ¢ells (<) (B) Apoplosis assiay with
Z-VAD-FMK. LS AT cells were treated with 30 «MI6f caspise inhibitor
Z-VAD-FMK before infection. Fortv-eight hours after infection. apaptotic
cellswere evaluated by FACS Scun unalvsis, The average values of upoptotic
ccllsrare shown witlverror birs of standard-division.

SH-SY3Y,and SKN-AS. However; in U373MG cells; UNCSA
induced apoptosis to:a much lesser extent (hun UNC3B.
Inferestingly. UNC5D was unable (o induce apoplosis in
U373MQ cells, suggesting that the role of UNC3D in apoptosis
is tissue specific;

To Turther confirm the role of UNC3A in apoplosis. we
investigated whether UNC3A activates caspuase-3. UNC3A,
like UNCSB, was able to dramatically aclivafe caspuse-3
In addition. the caspase-inhibitor Z-VAD-FMK completely
inhibited the DNA fragmentation induced by UNC3A (Fig. 5B),
suggesting that UNCSA-induced cell death is caspase depen-
dent. These resulls clearly suggest that UNCSA induces
apoplosis via the activation of caspase-3 and that UNC3A is
d mediator of p33-dependent apoplosis,

UNC3A functions as an in vivo mediator of p33 response affer
DNA damage. To assess whether UNC3A truly functions as
an-in vivo mediafor of p33 response. we defermined the
p33-dependent inducibility of UNCSA by using p33-knockout
mice. We irradiated pS3** and p33-- mice with 10 Gy of y rays
and isolated RNA from the spleen. colon. brain, and thymus

at the indicated times. Interestingly, we observed sfrong
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induction of UNCIHT (mouse UNC3SA) in the spleen and
colon (Fig. 6) and slight induction in the thymus in response
lo DNA damage; the induction was p33-dependent in the
case of all three organs. Furthermore, UNCSH2 (mouse
UNC3B) and UNCSH4 (mouse UNC3D) were induced by
p33 in the spleen. colon. und thymus in response to DNA
damage. However. none of the three UNCSs showed any
changes in mRNA Tevels in the brain aller DNA damage,
These results suggest that UNC3s: including UNC3A, play
a critical role in the p33-dependent apoptosis induced after
DNA damage in vivo, especially in non=neuronal tissues.

Discussion

As “dependence receplors’. axon guidinee molecules - the
UNCSs - are known fo regulale apoplosis in non-neuronal
tissues and fo be associated with tumor suppression. For
example. the dependence receplor UNC3B mediates p33-
dependent apoplosis by activaling caspase-3; whereas
apoptosis is inhibited when its Tigand netrin- 1 binds fo UNCSB
(15). UNC5B is a target gene of pS3. Interestingly. netrin-1 is
alsoa target of p33 (8.9). Thus, p33 could regulate both the
ligand and the receptor for control of cell death and survival:
however, the mechanism by which this regulation occurs still
remains unclear, Llambi et al showed that rat UNCSHI. H2.
and H3 are involved in caspase-dependent apoptosis through
their cleavage at putative caspase cleavage sites in the infra-
cellular domains (12). The newly identified UNCSD wis
also shown 1o be a farget of p33 and 1o regulate apoplosis in
response to DNA damage (16). These results prompled us to
examine the relationship between human UNCSA and p53,
We identified a p53-binding site (p33BS) in the S-upstream
region of the UNCSA gence. which was found 1o functionally
interact with the p33 protein in ChIP and reporter assays. The

p33-binding site of UNC5A was evidently activated by p33.
bu( not by other p33 family profeins. thereby suggesting that
P33 plays a central role in the apoptotic pathway mediated by
dependence receptors.

We showed that UNCSA is induced in vivo by using
irradiated p33° * or p33- mice (Fig. 6). Like the other UNCS
genes. UNCSA was particularly induced in the spleen and
colon after DNA damage. Although UNCSA expression is
usually high'in the brain. it did nof show an increase after DNA
damage. UNCSA plays an imporfant role in neuronal apoplosis
independent of nefrin-1 (23); this suggests that UNCSA may
function independent of p33 in neuronal fissues. Therefore. we
belicve that UNC3A may play a critical role in p33-dependent
apoplosis in non-neuronal tissues, in response 10 DNA damage.

The UNCSs share several domains, such as an immuio:
globulin domain. a TSPI (thrombospondin 1) domain. a
ZU-5 domain (4 homology domain found in zona occludens
protein-1 and UNCS proteins). a death domain at the C lerminal
region (5,12). and the classical caspase cleavage sife down-
stream of the fransmembrane region (DXXD) (24). Human
UNCSA also possesses a putative caspise cleavagpe site
(337D VAD340) at the N-terminus of the intracellular domain.
In fact, UNCSA and UNC3B showed similar levels of arow(h
suppression or apoplosis induction via caspase-3 activation,
Since apoptosis induced by UNC3s was almos! complelely
suppressed by a pan-caspase inhibitor, we think that UNCSA



