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Fig.1 XKaplan-Meier estimates of overall survival by treatment
A A meta-analysis comparing radiotherapy (RT) and RT-chemotherapy (nitrosoureas) (modified from

Stewart LA, et al).

B : Statistically significant survival advantage of patients treated by RT+temozolomide (TMZ) (modified from

Stupp R, et al). .
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Fig. 2 Overall survival in radiotherapy (RT) and
RT+PCV groups with and without
combined 1p/19q loss of heterozygosity
(LOH).

RT; radiotherapy, PCV; procarbazine, CCNU, and
vincristine. (modified from van den Bent MJ, et al)

TREHRIRET & BEA iz & CICBE S5 O temozolomide ff
RBrizod, RELNRT —LIIBEHREBSERTHS
DT, TAVABLUOLIET, T TEELDEZE
MREL L TibNTELRERES -ty Y L7
FABELOHBERTIRELEIDEVIMENE -
7o, INECTOREIIAESHREREN oY YL
TOREBETH S LI MBI oD THNIE, temo-
zolomide & DENMHFEELTIRETH L, TNET=
rey YL 7PERERLTELDR, WhITERNLER
HE»SDEFICL2DDTHD, BIEEMICIIHEHRE
S EEMSIEEMNBE TH o L VLI MBI T 2D THN
1E, ¥7808D & 9 i meta—analysis I BWTh= b o
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Fig.4 Proposed treatment strategies for malignant gliomas
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FEEFEOEREEEMEERE WY 5
Temozolomide BEEIH 5 DEMEL L VL2 MO
— 2 hERk L RS I AR ER —
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W HEE

(Jpn J Cancer Chemother 33(9):1279-1285, September, 2006)

Efficacy and Safety of Monotherapy with Temozolomide in Patients with Anaplastic Astrocytoma at First Relapse—A
Phase 1l Clinical Study: Ryo Nishikawa*!, Soichirc Shibui*?, Motohiko Maruno*?, Kazuhiko Sugiyama**, Shinya
Sato*®, Takamitsu Fujimaki*s, Hideaki Takahashi*?, Toshihiko Wakabayashi*®, Jun Takahashi*?, Masato Kochi**,
Hideo Nakamura*!!', Yutaka Sawamura*!?, Jun lkeda*!®, Tomokatsu Hori*¢, Tomokazu Aoki*!®* and Masao
Matsutani*! (*!Dept. of Neurosurgery, Saitama Medical University, **Neurosurgery Division, National Cancer
Center Hospital, **Dept. of Neurosurgery, Osaka University Graduate School of Medicine, **Dept. of Neurosur-
gery, Graduate School of Biomedical Sciences, Hiroshima University, **Dept. of Neurosurgery, Yamagata
University Faculty of Medicine, **Dept. of Neurosurgery, Teikyo University School of Medicine, *"Dept. of
Neurosurgery, Brain Research Institute, Niigata University, **Center for Genetic and Regenerative Medicine,
Nagoya University Hospital, **Dept. of Neurosurgery, Kyoto University Graduate School of Medicine, *'°Dept.
of Neurosurgery, Faculty of Medical and Pharmaceutical Sciences, Kumamoto University (currently with San-
ai Hospital), *''Dept. of Neurosurgery, Faculty of Medical and Pharmaceutical Sciences, Kumamoto University,
*zDent of Neurosurgery, Hokkaido University Faculty of Medicine, **Dept. of Neurosurgery, Hokkaido
University Faculty of Medicine (currently with Hokkaido Cancer Center Hospital), **Dept. of Neurosurgery,
Neurological Institute, Tokyo Women’s Medical University, ***Dept. of Neurosurgery, Brain Tumor Center,
Kitano Hospital)

Summary

The efficacy and safety of temozolomide were evaluated in 32 patients with anaplastic astrocytoma at first
relapse. Temozolomide was administered orally once daily for the first five days of a 28-day cycle, at a dose of
150 or 200 mg/m?/day. The response rate determined by independent central review of MRl was 34% (95%
confidence interval: 18.6%-53.2%), with 3 complete response and 8 partial response. The rate of “no change or
better” was 91% (95% confidence interval: 75.0%-98.0%). Progression-free survival (PFS) at 68 months was
40.6%, and the median PFS was 4.1 months.

The incidence of constipation (50%) and nausea (25%) was high, but these evenis were all miid or moderate
in severity except in one subject with constipation, and could be managed with standard laxatives and antiemetics.
The main laboratory test abnormalities (total incidence and incidence of grade 3/4 change) were lymphocytopenia
(50%, 25%), neutropenia (47%, 6%), leukopenia (38%, 3%), thrombocytopenia {31%, 9%), and increased GPT
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(25%, 3%).

BAS R

Temozolomide was shown to have good efficacy and tolerability in patients with anaplastic astrocytoma at first
relapse. Key words: Anaplastic astrocytoma, Temozolomide, Phase 11 study (Received May 26, 2006/ Accepted

Jul. 18, 2006)

B VEBEEOERUREERIESRYE 32 £%% & L temozolomide DS MEREREIERR 2TV, Bt e R2k
BT L 72, temozolomide 13 28 BR% 17—V E L, &7 — L OFH O 5 B 150 %7213 200mg/m?*/B% 1 H 1 EER
RS Ui, 25081 2EHE 34% (11/32) (95%EHEXR 18.6%~53.2%) T, ZFIONRIEZ I, B
BT H oo FREMETH o TEFIOEE I 91% (29/32) (95%(EMERKM 75.0%~98.0%) Thotr, &7z, 6 »AE
WEAFRL 40.6%, EEEEFHMOPRER4.1IHLBETH o7,

BMEEROEEER BV CIRER 50%), Bl 25%) ORBHEEVE» oz, INSRERO 1flZRLTIAN
THEENTOEREET, SENLETAHSZLRENFTI Y b o —AVARTH 7z, T 2BRREERERHE, V
v SEHRBIRA (50%, grade 3 LAk 25%), IFREREORD (47%, grade 3 DAk 6%), BIMIIREE (38%, grade3d LAk 3%),
AMRSOES (31%, grade 3BIE 9%), GPT#n (25%, grade 3 BLL3%) THolz, temozolomide BHIEIFEFH DR

R EEMIEEC N L TENEFE L AEEER LI

=Sl Vo

HEBEIMEED 5% 5 Y, MEBEICNY
ZBEFEREIINTVE LRWAT, BEEED
1980 FRBSIF L A EES L TR, FHORERIEE
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lastoma: GBM) £ \»>o 7> WHO BB grade I/
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T, EREND 5 EEFEIT URE THT LD,
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B3, P CER R NVERT 5 MTIC i & 2HEE/FR
Wiz T, FE{LED temozolomide HSMEANEIFT % 8
BL, B MCBTLLRCBRHTERKE LS MTIC
L AMEBEROREDOFENELONT 5,

SE, FFBT2PEAEEAAOBEEZNREL
<, temozolomide DEXMER & UREMEEIRETT 572
» DL FEERHL RIS ITHESER % 2003~2005 &2, BXRMEE
FABORBREERES TOARER L TR L7,
BEINEHZ LB AR B AERERET 2. TR
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EEREE, PRAUREZHES X UHREZSERFME
BEREIOLBITHE,

1. MNREFE

1. % =®

FIEFMEFICERERIC AA LR AN T2 8E
T, MRIL i X > TIEBOBR E - BEBASIER SN,
B30 Karnofsky performance status (KPS) #3 70%
Bk, G 18U LD BEENR E Uiz, BBEN2E
RPRRFEEZHEGE DI L TERN 2T o7 &7,
FIFERR ISR IR B & U nitrosourea RIEEE] 2 & ik
B YR AEEENHITENTWS Z E2LE
ZHr Lz,

2. FFHE B

1) & % &

MRI BB CEBEEVBERTHIRAIAAZEANT2
FHABEEC & D EERIGIREFE L 729, MRI &
EIRTCOEENHEE LIS O2ES, BETEEED
EOBOBID 50% L LBED L, FHREDHBELITD 5
nzVbORES, BEMERAECEOHDRL 25%
UESKT 2 0FRESHBELL DD EET, Zhso
VTN BFE LB DEAREE LT, £/, AT 1
4 R OERIRE L #FERREE 2 IR L CREEE
IR EHE L (R2). BERIDIR EREES
AR BDRERZEETHHEES (R MHE L, &
BT, BRI EREA 6 »E% T TOEREELTE (progres-
sion free survival: PFS) %2FHfiL 7z,

2) & & K

%E, B, IE RBEORES L UBKRRE (I
WERRE, MEE(LERE, RRE) 2HTLESESE
S rEWERREE L. FEERIITEELIR D National
Cancer Institute-Common Toxicity Criteria (NCI-
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1 2 BL DR E BVWIEET 2 MRIT, $NTOEENHEEL, BHEREC
IOMEESNAEBENEARORAT DA FEEERVWTAT 04 Fi&EZPIL
L, »OME¥HrERELTWSED, ELEHELTVS

12 AL FORERE BV TEMS UEET 5 MRI T, 2 AEAETEREOR
DTS S0%LLE (100%5kH) B T35, »oRTo4 FEAENHIED MRI
RERCRSL-AREEAARE G, ThEVERETE MRURER 7 BE
WBULAFOA PEHEORENASN, 3 5IHBENTEXRIRENS
5D, FREOHRIPED SNRZ B D

MRI TEMAEELRE 2V, 2 FAAETEREDHE OB 26% L _EgK
T35, FRESHBLELO, A7 04 FERAEIHIEO MRIRERREL
+FEErRBEZLE ThIDEBRETCEMRIRERTAMCETEAT D
A P EBEORENHSND, & OKHBRENEEREI HELRFDLTVLO

TFE  ZOMORET T

CTC) Version 2.0z fit > THIFEL, NCI-CTC#E
ENTLRVERIZEL TR, ERPBDONHEE
HIEEMBHT O NTNEXBEE LD EEE (grade
1), THREBO: W BENESSHIToNS, R
FRRECEELTDHSNDLHOT, LEEZETHHO%
HHEEF (grade 2), HEREEIDTREL LD, T
R EAREENSTD NS bDOEEE (grade 3)
LRELI,

3. HBRF &

temozolomide & 5 BF:ER T 1 H 1 BIZERCED
B/E5L, 2023 BEKETZ 8HRZ 17—V E L
728 1 7 — )\ T temozolomide 150 mg/m?/ B % &5

201

L, 27— nUEREERASHERE R3) kv
100, 150 £ 7213 200 mg/m?*/ B 6BRLI-BEERE
Lizo Ff2, 7 —VOBRCEL THEZERAT E
WREELN, Tihbb, FREHRESH 1,500/ mm*EiEdH
2 WIS 100,000/mmekm TH - 23mE, Th
25 1,500/mme% vk 100,000/mm* Bl ke EE F
BETRI-NOBEZRHIBLEWI L, grade 2T
temozolomide ¥ DR RBERNEETERVWEAEER
(El - 1B, BB, MEFEREEZR)BHELR
EARBETORBIES £ T, % grade 3/4 T tem-
ozolomide £ DERMAVBEETE L VWEERR (B
O - UERE, B, MEFRREEERL) BMHERLLE
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grade 1 grade 2 grade 3
IFhER O BRIEE IFPERE D F{EAE FREREOREHE
=1,500/mm?® 1,000~1,500/mm? <1,000/mm?
I/IME#E O RREE M/MRE D B EE /MRS D ERARE

=100,000/mm®

50,000~100, 000/mm? <50,000/mm?®

1 850 mg/m*#E&

- ~ BEEN 230 &
grade 0~2 BB REEEER L HEZHERZL 1 B 50 mg/m*EE
ﬁq:ﬁg&“:m’bﬁ_i 1 B 50 mg/m*EE 1 B 50 mg/m*EE
BOSOBEER . HBLRAEZEZL  HIURMELELL 1850 mg/mARE
grade s 4 (galnuEBROT  GELZLEBROI  HELRESHIE
AV R DRE) A NHSHE)

&3 grade 2 UFWEIET % £ TRZ -V DRE 2 FHA
LixwZ kel

I #% &

1. BFFE

BREASE 2P THol. EEHPRIEIIS2.5/K
(B1~71 %) T, 184l (56%) 2B, FEAIRSHIER
D KPS O hiefEll 900% TH -7z, FRIFEZWIC Lo
T AA r2¥F s I ERNE 22 B (69%), AA BIAMZ 10
B (31%) T, % OWFRIBEBAREZEEMITE (ana-
plastic oligoastrocytoma: AOA) 6, ZZHEENIE
(oligoastrocytoma: OA) 1, GBM 14, GBM £&w> 1
{6, rosetted glioneuronal tumor 1B TH o7z (o

2. B &

HEGSWUTHHEES I Lo THESNIE 67—V
TS COREBHE/INIRIIES 3F, R8sl T
75 18 4, (AT 2 ), HEREE BT, BEGEM+E
%) 34% (95%fEHEXE 18.6~53.2%) Tholz. HR
FEDHIC Lo T AA EERINLENCR-TAHD
rEnh o B, Brh5H, RE 126, EIT 24, HETEE
160, Z|hERIE 32% (95%(BREXH 13.9~54.9%) T
Botr HEFEERER & IR OB & U RES
EHEHE D OO MRI ST TE o2 1HIT
b5,

2704 REIOEFRR L HEEwERE IR LT
mApIEEE/IVE (382) TR, EX 16, BRI,
FZE19 B, AT 2Pl HIETEE 1HIT, FHER L%
(95% (4B 16.1~50.0%) TH o 7z PRIFEZHT
AA FRESRE NI 22 AN B VTR, RENIIEEENRD
Bz w3 B <, B 6 4l TE 1341, ET 2 61,
HIFEREE 1 BT, BREIZ27% (95%EHEXM 10.7%
~50.2%) ThHolz, EERINHED 3\ RIBAIEE
e NHBESARE ETho T ERM I LD 2941
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(91%, 95%IETERR 75.0~98.0%) T, FIRHEZHIC
X oT AA FRERE N 2Bl BT, BEE/IFD
B3V IAEHIEBEINIR SRR LT H o T-ER
ReFihd 194 (86%, 95%EHEXM 65.1~97.1%) T
bHolze ;

RFEBINIC B VT AA B L HE & NIERIC
BT, AOA 6 FIDERNE 33% (Bxh241), OA1Hl
BAZ, GBM 1#1i35E%), GBM DV 1 FIH33E%,
rosetted glioneuronal tumor 1 HlEFETH o7,

32 £ 8 o PFS @ Kaplan-Meier iR 2 B 1R L
joo PRS DR {EIX 4.1 008, 6 » BEBEBEEFERR
40.6% (95% ZHBEIX 23.6%~57.6%) TH o7z, I
b EREEBIIC 51T AA LRERS iz 22 PR
&5, PFSHR{ES.INA, 6 »BEIEEETFERR
31.8% (95%ZHERM 12.4~51.3%) Th-olzo 68
RIZEE L ERREEROBLIC L 3 1 Fl0ATH-
7o

3. R &

32EHDD B 2B FTE2 7 —VHED LTI DR
HT200mg/m/BEEL, 67— NVRT £
Brh i CHEB LR Do, 1BITRE2 7 —25
200 mg/m?/ BB LdS, B4 27—V 51 150 mg/
m2/ B IRE L7z, 100 mg/m?/ BIHE U7 ER 72
Modre 5 7 —MET 2 TIHEBRP L 2o TERII
940, FEEROEL 6 6, BundE 1 4, ERHIm 1 4,
BRI LBERIATH >,

REFHTRTUEBOTAS»OEEERZED 2,
S6%DEFITRIEEE L IFEETH o7z (KD, £
2EMTHESTRICELELEE (grade 4) OFEER
3P (9%) WRIRL %, % DRERILMBEAEC
5 Buisie » & RSN ERNGEERER, HRkiteko
P EEB R E-ER 1 4], MERLHD 1A, &
MmyE L&D Y 7 AME 1 FITH - Too FEIRBBELS 20% 1L
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=4 FELBREVR

T+ ERERE 51.5%13.3
E# (&), n=32 g 52.5
B/ME~&KIE 31~71
40 Bk 9 (28%)
. 40 AL 50 AR 5 (16%)
RS, n=32 50 ZEBAE 65 AR 11 (34%)
65 BELLE 7 (22%)
, _ B 18 (56%)
Al n=32 it 14 (44%)
EHE HTEERE 56.23+9.83
#hE (kg), n=32 hgfE 57.05
BIME~BKIE 35.6~79.8
B 22 (69%)
EREZ ERERRE 6 (19%)
— _ Z e mIE 1 (3%)
PEBHERR, n=32 B 1 (%)
BEFERE 1 (3%)
rosetted glioneuronal tumor 1 (3%)
 B7¥#ET O nitrosourea 7zl 0
HEIOFEE, n=32 HY 32 (100%)
_ . _ L 21 (66%)
A7 w4 FER, n=3 D 11 (34%)
T f!zi@%ﬂ%i%ﬁ% 19.63+11.76
(mg/), n=11 thfLfE 16.7
B/ME~BRIE 4.2~50
10 mg/ H K #E 1 (9%)
EROAT o4 RERE XS, n=11 10 mg/ BB L 20 mg/ B R 5 (45%)
20 mg/BELE 5 (45%)
T RERE 87.5+11.1
MEAEL SRRLART O KPS n=32 chdufE 90
B/ME~BEKE 70~100
70 6 (19%)
N o ., 80 6 (19%)
MESER S BRI O KPS RS, n=32 o 10 (51%)
100 10 (31%)
o taa] 8 (25%)
VIR OFEMASE, n=32 BRI 15 (47%)
£k 9 (28%)
ZHERE 32 (100%6)
REHEEEOEE, n=32 B EIREET 0
IESERET 0
SR SRR TOME 27.36=30.60
Ry, nes? oefE 17
B/IME~FKE 3.1~128.1
3 W HEEH 0
- 3»ABLLE 6 »ARMR 8 (25%)
AR TODHEAME 3 N
2‘?'%)%::‘5;‘;”@5% DIEER 6 AL L 0 2Rk 1 (3%)
' 9 mBELLE 12 hERE 3 (9%)
12 »BE 20 (63%)
7zl 27 (84%)
— e - £ 0
= /\ Je S ﬁ —
VIEEXEEOEMETOER, n=32 B L (13%)
&% 1 (3%)

*; prednisolone HyE{E (SHBFIZHR <)
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100

8 80-

=R

il 40-

¥ 20

O T T ¥ T
0 2 4 6 8 hE
1 2B8EAR2HACET2EEBLEFHRBNO
Kaplan-Meier Biifk ’
I RERED & DR
R 5 REEENIOULEOEEES
BE hEE EE Edpr! &5

BEERHEBFERH 1 (3%) 18 (56%) 10 (31%) 3 (9%) 32 (100%)
FEpRIREE S 4 (13%) 13 (41%) 9 (28%) 2 (6%) 28 (88%)
Y oo SERER A 0 8 (25%) 8 (25%) 0 16 (50%)
TR BRI 5 (16%) 8 (25%) 1 (3%) 1 (3%)* 15 (47%)
BBk 2 (6%) 9 (28%) 0 1 (3%)* 12 (38%)
o/NE SRS 5 (16%) 2 (6%) 3 (9%)** 0 10 (31%)
GPT #=1m 4 (13%) 3 (9%) 1 (3%) 0 8 (25%)
GOT #&40 4 (13%) 0 1 (3%) 0 5 (16%)
~E S v RS 2 (6%) 3 (9%) 0 0 5 (16%)
P 7" ¥ o EEEm 1 (3%) 2 (6%) 1 (3%) 0 4 (13%)
BlERE 10 (31%) 16 (50%) 1 (3%) 0 27 (84%)
& 2 (6%) 13 (41%) 1 (3%) 0 16 (50%)
B2 6 (19%) 2 (6%) 0 0 8 (25%)
HREERIE 2 (6%) 2 (6%) 0 0 4 (13%)
TH 4 (13%) 0 0 0 4 (13%)
Rt 3 (9%) 1 (3%) 0 0 4 (13%)
B S & VS ERE" 6 (19%) 9 (28%) ' 2 (6%) 1 (3%) 18 (56%)
SURERR 5 (16%) 6 (19%) 0 0 11 (34%)
TR RS 4 (13%) 8 (25%) 2 (6%) 1 (3%) 15 (47%)
g 0 6 (19%) 0 0 6 (19%)
EE 5 (16%) 1 3%) 0 0 6 (19%)
LBEBEB I URERMAFEE® 11 34%) 0 2 (6%) 0 13 (41%)
BRRE 5 (16%) 0 0 0 5 (16%)
Vil 4 (13%) 0 0 0 4 (13%)
KB X UHEEE" 8 (25%) 1 (3%) 0 0 9 (28%)
BHFIR 8 (25%) 1 (3%) 0 0 9 (28%)

*1

*2

*3

*4

*5

WOF & I3—FL

A

 BRIRBFER L2300 TR
DIFHREREORA 14, BMRERS 14, IVMEEESD 1 FRE—-DEFATRD oM, Ihso

CESEEDTY, ERRESTECELEEE
 HBULBESEROLS grade I X 2ERIK
CBEOBFEESERNE, EROBESEER ULEAND L OIRENENOTEER

EE 220 EEEMEPGEERRS L CNMRBEIEDEEERETHE S NI, 22

TREZ OBEFREEEREESEEERE LTE#RLL

EThHoBEERIER (16 51:50%), BEELE (11

Bl: 34%), BACKIR (9 $1: 28%), Bl (8 41 25%),

V,

S oSERBRA (16 1: 50%), IFRERSuR A (15 Bl 47%),
B mnEkEE A (12 1: 38%), MU/IMREIRA (10 41: 31%),
FS=VvF I I vAT7 25— (GPT) ¥ (84
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Autotaxin (ATX) is a multifunctional phosphodiesterase origi-
nally isolated from melanoma cells as a potent cell motility-stimu-
lating factor. ATX is identical to lysophospholipase D, which pro-
duces a bioactive phospholipid, lysophosphatidic acid (LPA), from
lysophosphatidylcholine (LPC). Although enhanced expression of
ATX in various tumor tissues has been repeatedly demonstrated,
and thus, ATX is implicated in progression of tumor, the precise
role of ATX expressed by tumor cells was unclear. In this study, we
found that ATX is highly expressed in glioblastoma multiforme
(GBM), the most malignant glioma due to its high infiltration into
the normal brain parenchyma, but not in tissues from other brain
tumors. In addition, LPA,, an LPA receptor responsible for LPA-
driven cell motility, is predominantly expressed in GBM. One of the
glioblastomas that showed the highest ATX expression (SNB-78), as
well as ATX-stable transfectants, showed LPA,-dependent cell
migration in response to LPA in both Boyden chamber and wound
healing assays. Interestingly these ATX-expressing cells also
showed chemotactic response to LPC. In addition, knockdown of
the ATX level using small interfering RNA technique in SNB-78
cells suppressed their migratory response to LPC. These results sug-
gest that the autocrine production of LPA by cancer cell-derived
ATX and exogenously supplied LPC contribute to the invasiveness
of cancer cells and that LPA,, ATX, and LPC-producing enzymes
are potential targets for cancer therapy, including GBM.

Autotaxin (ATX)? is a 125-kDa glycoprotein and a potent tumor cell
motogen that was originally isolated from the conditioned medium of
A2058 human melanoma cells as a cell motility-stimulating factor for mel-
anoma cells (1). ATX was subsequently identified asa member of a family of
ecto/exoenzymes referred to as nucleotide pyrophosphatases/phosphodi-
esterases (NPPs) (2, 3). The three cloned members of this family (PC-1/
NPP1, ATX/NPP2, and B-10/NPP3) share a 47-55% amino acid sequence
identity. PC-1/NPP1 and B-10/NPP3 hydrolyze 5'-phosphodiester bonds

* The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! To whom correspondence should be addressed. Tel.: 81-3-5841-4723; Fax: 81-3-3818-
3173; E-maik: jaoki@mol.f.u-tokyo.ac jp.

2 The abbreviations used are: ATX, autotaxin; GBM, glioblastoma multiforme; LPA, lyso-
phosphatidic acid; LPC, lysophosphatidylcholine; lysoPLD, lysophospholipase D; RT,
reverse transcription; BBB, blood-brain barrier; NPP, nucleotide pyrophosphatases/
phosphodiesterases; CNS, central nervous system; siRNA, small interfering RNA;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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in nucleotides in vitro, whereas ATX/NPP2 shows only weak activity at
hydrolyzing such bonds. ATX is synthesized as a type Il membrane protein
and is released from cells in a soluble form by an unknown mechanism (3,
4). Enhanced expression of ATX in Ras-transformed NIH3T3 cells greatly
enhances their invasive, tumorigenic, and metastatic potentials (5). In addi-
tion, enhanced expression of ATX has been repeatedly demonstrated in
various malignant turnor tissues including non-small cell lung cancer (6),
breast cancer (7, 8), renal cell cancer (9), hepatocellular carcinoma (10, 11),
and thyroid cancer (12), suggesting that ATX confers the tumorigenic and
metastatic potentials of cancer cells. However, there is no direct evidence to
show such a hypothesis so far.

The mechanism by which ATX exhibits its biclogical activity toward
various cancer cells was unknown. An ATX point mutant that is defi-
cient in 5’-nucleotide phosphodiesterase activity was found to abolish
the cell motility-stimulating activity of ATX (13), indicating that the
migratory response to AT X requiresan intact catalytic site. Recently, we
and others showed that ATX has lysophospholipase D (lysoPLD) activ-
ity, which catalyzes a reaction to produce a bioactive lysophospholipid,
Iysophosphatidic acid (LPA), from lysophosphatidylcholine (LPC) (14,
15). ATX has a significantly lower K|, for LPC than the K, for the
classical nucleotide substrate. Because LPA has long been defined as a
cell motility-stimulating factor for various cell types including glioblas-
tomas (16 ~18), ATX has been suggested to regulate motility by produc-
ing LPA through the G-protein-coupled receptor. Indeed, recent stud-
ies have shown that ATX stimulates the cell motility of various cancer
cells in vitro through one of the LPA receptors, LPA; (19-22). Taking
account of the fact that elevated ATX expression has been detected in
various turnors {6 —12), it is possible that certain cancer cells utilize the
ATX-LPC-LPA-LPA, system for their motility. In these cells, a possible
regulatory factor that remains to be characterized is LPC. LPC is always
present in plasma. In human plasma, its concentration ranges from 100
to 300 uM. LPC is also detected in other biological fluids such as serinal
fluids and cerebrospinal fluids and in tissues and various types of cells
but at much lower concentrations than in plasma (23, 24).

Glioblastoma multiforme (GBM) is a highly malignant brain tumor.
Removal of the tumor mass transiently improves the condition of the
patient, but the ability of GBM cells to infiltrate normal brain tissue
invariably almost always leads to tumor recurrence. Thus, most patients
experience recurrence within 1 year (25), and less than 20% of the
patients survive more than 2 years (26). GBM cells (glioblastornas) are
highly motile and invade the normal brain parenchyma diffusely (27).
Several factors responsible for their invasive phenotype have been
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reported, such as certain extracellular matrix proteins including lami-
nin, fibronectin, and/or collagen can promote glioma cell migration (28,
29). Secreted matrix metalloproteinases remodel the extracellular
matrix, creating pathways more conducive to migration through nor-
mal brain tissue (30). Investigations of the factors that affect the motility
of glioblastomas are of particular interest because an understanding of
these factors is needed for valid GBM therapy. Because the blood-brain
barrier (BBB) is disrupted in GBM tissue, some components in plasma
might affect the cell motility of glioblastomas (31, 32). In this study, we
examined the expression of ATX and LPA, in brain tumor tissues and
various tumor cell lines and found that both ATX and LPA, are pre-
dominantly expressed in glioblastomas and GBM tissue. Using glioblas-
tomas as a model system, we evaluated the effects of ATX, LPA,, LPA,
and LPC on the motility of the cells.

MATERIALS AND METHODS

Reagents—1-oleoyl-LPA (18:1) and 1-oleoyl-LPC (18:1) was purchased
from Avanti Polar Lipids Inc. (Alabaster, AL). Ki16425 was kindly provided
by Dr. Hideo Ohata (Kirin Brewery Co., Takasaki, Japan).

Cell Lines— All human tumor cell lines were maintained in RPMI 1640
(Sigma) supplemented with 2 mM glutarnine, 1X penicillin/streptomycin,
and 5% (v/v) heat-inactivated fetal bovine serum as described previously
(33). The cell lines used in this study were NCI-H23 (lung), NCI-H226
(lung), NCI-H522 (lung), NCl-H460 (lung), A549 (lung), DMS273 (lung),
DMS114 (lung), HCC-2998 (colon), HT-29 (colon), WiDr (colon),
HCT-15 (colon), DLD1 (colon), SW480 (colon), LOVO (colon), CaRl (rec-
tum), WiDr (colon), CaCo2 (colon), Colo320 (colon), Colo201 (colon),
HCT-116 (colon), KM12 (colon), HT1080 (colon), RXF-631L (renal),
ACHN (renal), OVCARS (ovary), OVCAR4 (ovary), OVCARS (ovary),
OVCARS (ovary), SKOV-3 (ovary), U251 (CNS}, SF295 (CNS), SF539
(CNS), SF268 (CNS), SNB75 (CNS), SNB78 (CNS), MKN45 (stom-
ach), MKN28 (stomach), St4 (stomach), MKN1 (stomach), MKN?7
(Stomach), MKN74 (stomach), KatollI (stomach), MKN28 (stom-
ach), MKN45 (stomach), MKN74 (stomach), MDA-MB231 (breast),
HBC4(breast), BSY1 (breast), MCF7 (breast), DU145 (prostate), PC3
(prostate), HPC5 (others), A2058 (melanoma), and HeLa (uterine cer-
vix). Mouse 203G glioma cells were maintained in RPMI 1640 supple-
mented with 2 mm glutamine, 1X penicillin/streptomycin, and 10%
(v/v) heat-inactivated fetal bovine serum. This cell line was kindly pro-
vided by Dr. Koji Adachi (Nippon Medical School Tokyo, Japan).

Quantitative Real-time RT-PCR—From various cancer tissues and
cancer cell lines, total RNA from cells was isolated using ISOGEN
(Nippongene, Toyama, Japan) and reverse-transcribed using the Super-
Script first-strand synthesis system for RT-PCR (Invitrogen). Oligonu-
cleotide primers for PCR were designed using Primer Express Software
(Applied Biosystems, Foster City, CA). The sequences of the oligonucleo-
tides used in PCR were as follows: ATX (human), forward, 5'-GGGT-
GAAAGCTGGAACATTCTT-3"; ATX (human), reverse, 5'-GCCAC-
CGCAATATGGAATTATAAG-3’; LPA; (human), forward, 5'-AATC-
GGGATACCATGATGAGTCIT-3’; LPA, (human), reverse, 5'-CCAG-
GAGTCCAGCAGATGATAAA-3'; LPA, (human), forward, 5'-CGCT-
CAGCCTGGTCAAGACT-3'; LPA, (human), reverse, 5'-TTGCAG-
GACTCACAGCCTAAAC-3"; LPA, (human), forward, 5'-AGGACA-
CCCATGAAGCTAATGAA-3"; LPA, (human), reverse, 5'-GCCGTC-
GAGGAGCAGAAC-3"; LPA, (human), forward, 5’-CCTAGTCCT-
CAGTGGCGGTATT-3"; LPA, (human), reverse, 5'-CCTTCAAAG-
CAGGTGGTGGTT-3; ATX (mouse), forward, 5'-GGAGAATCAC-
ACTGGGTAGATGATG-3"; ATX (mouse), reverse, 5'-ACGGAGG-
GCGGACAAAC-3’; LPA; (mouse), forward, 5'-GAGGAATCGGGA-
CACCATGAT-3’; LPA, (mouse), reverse, 5'-ACATCCAGCAATAA-
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CAAGACCAATC-3"; LPA, (mouse), forward, 5'-GACCACACTCAG-
CCTAGTCAAGAC-3'; LPA, (mouse), reverse, 5'-CTTACAGTCCAG-
GCCATCCA-3’; LPA; (mouse), forward, 5-GCTCCCATGAAGCTA-
ATGAAGACA-3'; LPA; (mouse), reverse, 5'-AGGCCGTCCAGCAG-
CAGA-3% LPA, (mouse), forward, 5'-CAGTGCCTCCCTGTTTGTC-
TTC-3';LPA, (mouse), reverse, 5'-GAGAGGGCCAGGTTGGTGAT-3";
GAPDH (human/mouse), forward, 5'-GCCAAGGTCATCCATGAC-
AACT-3'; GAPDH (human/mouse), reverse, 5'-GAGGGGCCATCC-
ACAGTCIT.

PCR reactions were performed using an ABI Prism 7000 sequence
detection system (Applied Biosystems). The transcript number of
human GAPDH was quantified, and each sample was normalized on the
basis of GAPDH content.

LysoPLD Assay—Samples were incubated with 2 mm LPC (14:0) in
the presence of 100 mm Tris-HCl (pH 9.0), 500 mm NaCl, 5 mm MgCl,,
and 0.05% Triton X-100 during indicated hours at 37 °C. The liberated
choline was detected by an enzymatic photometric method as described
(14). Briefly, the liberated choline was oxidized by choline oxidase, and
the hydrogen peroxide generated was quantified using horseradish per-
oxidase and TOOS reagent (N-ethyl-N-(2-hydroxy-3-sulfoproryl)-3-
methylanikine, Dojin, Tokyo, Japan).

SDS-PAGE/Western Blotting—Both cells and cell media were used to
test for ATX protein expression. Cells were homogenized in phosphate-
buffered saline, and then the cell homogenates were separated into
membrane and soluble fractions by centrifugation at 100,000 X g for 60
min. Protein samples were separated by SDS-PAGE and transferred to
nitrocellulose membranes using the Bio-Rad protein transfer system.
The membranes were blocked with 10 mm Tris-HCl (pH 7.5) contain-
ing 150 mM sodium chloride, 5% (w/v) skimmed milk, and 0.05% (v/v)
Tween 20, incubated with anti-lysoPLD monoclonal antibody (3D1)
(23), and then treated with anti-rat IgG-horseradish peroxidase. Pro-
teins bound to the antibody were visualized with an enhanced chemilu-
minescence kit (ECL, Amersham Biosciences).

Isolation of Stable ATX Transfectant—The plasmid vector pCAGGS
(kindly provided by Dr. Junichi Miyazaki (34)) was utilized to create rat
ATX (ATX-t) tagged with the Myc epitope at the C terminus
(pCAGGS-rATX-Myc). To establish stable transfectants, 203G glioma
cells were transfected with pCAGGS-rATX-Myec using Lipofectamine
Plus reagents (Invitrogen) as recommended by the manufacturer and
were grown in RPMI 1640 containing 800 ug/ml G418 (Wako). Individ-
ual G418-resistant clones were isolated by limiting dilution and
screened by immunocytochemistry using Myc antibody and by meas-
uring the lysoPLD activities of the culture media.

Recombinant ATX Preparations—Rat ATX was expressed and par-
tially purified using baculovirus system as described previously (14).
The purified ATX was dialyzed in phosphate-buffered saline and used
for cell motility assays.

Boyden Chamber Assay—Chemotaxis was assayed as described pre-
viously (21). In brief, polycarbonate filters with 8-um pores (Neuro-
Probe, Inc., Gaithersburg, MD) were coated with 0.001% fibronectin
(Sigma). Cells (1 X 10° cells in 200 ul/well) were loaded into the upper
chambers and incubated at 37 °C for 6 h to allow migration. Cell migra-
tion to the bottom of the filter was evaluated by measuring optical den-
sity at 590 nm. For Kil6425 treatment, cells were preincubated with 1
1M Kil6425 for 30 min.

Wound Healing Assay—Cells were plated in cell culture plates (12-
well) using cell growth media containing fetal bovine serum. After the
cells had reached semiconfluence, fetal bovine serum was removed from
the media and replaced with serum-free media. A plastic pipette tip was
drawn across the center of the plate to produce a clean wound area 24 h
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FIGURE 1. Expression profiles of ATX and LPA

receptors intumor celllines. A quantitative RT-PCR
analysis of ATX (left) and LPA receptors (LPA,, LPA,,
LPA,, and LPA,, righf) in 50 tumor cell lines fromvar-
ious origins (CNS, lung, breast, stomach, colon, kid-
ney, ovary, prostate, cervix, fibroblast, and mela-
noma)was performed. Values are expressed relative
to the expression of GAPDH mRNA.

colon

renal

ovary

prostate

cervix
fibroblast

0.15

after serum depletion. Medium was then replaced with serum-free
medium containing different concentrations of 1-oleoyl-LPA, 1-oleoyl-
LPC, Ki16425 (1 uM) and lysoPLD. After the cells were cultured for 12,
24, or 36 h, cell movement into the wound area was examined. The
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migration distances between the leading edge of the migrating cells and

the edge of the wound were compared.

Quantification of LPC—LPC concentration in cell culture superna-
tant was determined as described previously (35). Briefly, cells were
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FIGURE 2. ATX protein and lysoPLD activity in glicblastoma cell lines. A, Western blot
of cell membrane fractions (ppt), soluble fraction (sup), and cell culture medium using
anti-human ATX monoclonal antibody 3D1. B, lysoPLD activity of culture media from
glioblastoma and other cancer cell lines. LPC was used as the substrate.

cultured in serum-free RPMI 1640 containing 0.1% fatty acid-free
bovine serum albumin (Sigma) for 2 days. LPC was extracted from
culture media using the Bligh and Dyer method (51) and resus-
pended in phosphate-buffered saline containing 0.1% bovine serum
albumin. LPC concentration was determined by arecently developed
enzymatic colorimetric method as described. Briefly, samples were
treated with lysophospholipase, glycerophosphorylcholine, phosphodi-
esterase, and choline oxidase. The resulting hydrogen peroxide gener-
ated was quantified using horseradish peroxidase and TOOS reagent.

RNA Interference—SNB-78 glioblastoma cells were transfected with
siRNA oligonucleotide duplexes 1 day after confluence (day —1) with
trans-it TKO (Takara, Kyoto, Japan) according to the manufacturer’s
instructions. Generally 20 nM siRNA was transfected with 0.5 ul of
Lipofectamine per well of a 24-well plate with fresh media. Each
experiment contained equivalent samples transfected with a non-
targeting control siRNA pool and samples not treated with trans-it
TKO. siRNA oligonucleotide duplexes for each gene of interest were
purchased from WAKO (Osaka, Japan) as optimized single duplexes
(ATX1, sense, 5'-gccguuggagucaauaucuGC-3’, antisense, 5'-agau-
auugacuccaacggcAA-3' and ATX2, sense, 5'-gggagacugcuguacca-
auTA-3’, antisense, 5’-auugguacagcagucucccCT-3’). Transfection
efficiency was monitored using fluorescent (Cy3)-tagged oligonu-
cleotides (Blockit, Invitrogen) transfected as described above and
visualized with a mercury lamp fluorescent microscope.

RESULTS

Expression of ATX and LPA Receptors in 50 Tumor Cell Lines—We
examined the expression of AT X in 50 cultured human tumor cell lines
derived from various tumors using the quantitative RT-PCR technique.
We found that some cells expressed a significant amount of AT X at both
the mRNA and the protein levels (Figs. 1 and 2). High ATX expression
was detected in DMS273 (lung cancer), colo320 (colon cancer), SKOV3
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FIGURE 3. Enhanced expression of ATX in GBM tissues. Expressions of ATX (4) and LPA
receptors (LPA;, LPA, LPA;, and LPA,) (B) in various brain tumor tissues as measured by
quantitative RT-PCR. Of the three LPA receptors (LPAR), LPA, has the highest expression
in various brain tumors, possibly reflecting the high LPA, expression in normal human
brain. Note that tissues AS2 number 4 and GBM number 1 are derived from the same
patient. The patient’s cancer was initially diagnosed as astrocytoma, and after the recur-
rence, it was diagnosed as GBM.

(ovarian cancer), MKN1 (stomach cancer), and most of the brain cancer
cells (SF295, SF539, SF268, SNB-75, and SNB-78). The expression was
highest in SNB-78 cells. In good agreement with this observation, both
ATX protein and lysophospholipase D activity were detected in the
culture supernatants of these ATX-positive cells (Fig. 2). Most of the
protein was detected in the culture cell supernatants, whereas a small
amount was detected in cells (Fig. 24). These results confirm that ATX
is secreted from cells, although ATX is initially biosynthesized in cells as
a type Il membrane protein.

We also examined the expression of the LPA receptors (LPA,, LPA,,
LPA;, and LPA,) in the 50 human tumor cell lines using quantitative
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RT-PCR. Although the expression pattern of the four LPA receptors
does not necessarily reflect the tissue origin of the tumor cells, restricted
LPA receptor expression patterns were obtained (Fig. 1). LPA, was pre-
dominantly expressed in cells from colon, stomach, and breast cancers
(36, 37). LPA; expression was relatively low. However, LPA; was
expressed by certain ovarian and prostate cancer cell lines. Expression
of LPA, was fairly low. By contrast, LPA, was dominant in brain tumor
cells (Fig. 2).

Expression of ATX and LPA Receptors in GBM—Because SF295,
SF539, SF268, SNB-75, and SNB-78 are defined as glioblastomas (glio-
mas derived from GBM), we attempted to examine the expression of
ATXand LPA receptorsin tissues from various brain tumors. We found
that expression of ATX was markedly high in GBM tissues (Fig. 3).
Three of four GBM tissue samples showed extremely high ATX expres-
sion. ATX expression is apparently lower in tissues from other brain
tumors. One exception is a patient of astrocytoma (case AS2 number 4)
whose tissue showed high ATX expression. He experienced early recur-
rence after only 16 months, and the tumor progressed to GBM at recur-
rence (case GBM number 1). Among the four LPA receptors, LPA, was
dominantly expressed in most brain tumor tissues tested including
GBM with low expression of LPA,, LPA;, and LPA, which may reflect
the expression pattern in normal brain tissues (38, 39). The expression
pattern of ATX and LPA receptors in GBM tissues indicates that ATX
contributes to the invasive property of glioblastomas by producing LPA.

LPC Stimulates Cell Motility of ATX-expressing Cells—To test the
possibility that glioblastomas acquire their high invasiveness through
autocrine production of LPA by ATX, we first examined the effect of
enhanced ATX expression on cell motility. We used mouse glioma cell
line 203G that expressed LPA, (Fig. 44) but not a detectable amount of
ATX (Fig. 4B). 203G glioma cells that stably express ATX (203G-ATX)
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were established by transfecting ATX ¢cDNA and by selecting neomy-
cin-resistant clones. The established three lines expressed significant
levels of ATX as judged by both lysoPLD activity (data not shown) and
Western blotting (Fig. 4B). In addition, these cell lines showed similar
expression pattern of LPA receptors to the parental 203G cells (data not
shown). The effects of LPA on the motility of transfected cells and
mock-transfected 203G cells in the Boyden chamber were similar (Fig.
4C). LPA had a similar effect on the motility of parental 203G cells (not
shown). The effect of LPA on the motility of these cells was abolished by
the LPA, antagonist, Ki16425 (Fig. 4C). By contrast, these cells showed
quite distinct responses to LPC. LPC significantly stimulated the
migration of 203G-ATX cells in Boyden chamber assay (Fig. 4D).
However, a similar response was not induced in mock-transfected
203G cells (Fig. 4D) or in parental 203G cells (not shown). In addi-
tion, the stimulatory effect of LPC in 203G-ATX cells was com-
pletely abolished by the addition of Ki16425 (Fig. 4D), showing that
LPA mediates the LPC-stimulated cell migration of the cells through
LPA;. We confirmed that platelet-derived growth factor induced
similar migratory response in ATX-overexpressing, mock-trans-
fected, and parental 203G cells (data not shown).

We further examined the role of endogenously expressed ATX in the
cell motility of ATX-expressing cells, which has not been previously
demonstrated so far. For this experiment, we used SNB-78, which has
the highest ATX expression among the 50 tumor cell lines (Fig. 1). As
shown in Fig. 54, SNB-78 cells, like other LPA, -positive cells, showed a
migratory response to exogenous LPA in the Boyden chamber. LPC also
stimulated the migration of SNB-78 (Fig. 5B). Ki16425 blocked not only
the LPA-induced migratory response but also the LPC-induced migra-
tory response (Fig. 5). This indicates that: 1) LPCis converted to LPA by
the lysoPLD activity of endogenous ATX, 2) the LPA generated subse-
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FIGURE 5. Effects of LPA and LPC on migration of glicblastoma cells. Migration of
SNB-78 glioblastoma cells in response to LPA (A, closed circles) and LPC (B, closed circles)
was measured with a Boyden chamber. Both responses were abolished by Ki16425 (open
circles).

quently stimulates cell migration through LPA,, and 3) LPC behaves as
a chemotactic factor toward ATX-expressing cells.

We previously showed that LPC is released from cells and could be
converted to LPA to induce cell migration by exogenously added ATX
(14). In fact, SNB-78 was found to release a small amount of LPC into
the cell culture medium, and the amount gradually increased during the
culture {data not shown). However, we were unable to evaluate the
effect of cell-derived LPC on cell motility in the Boyden chamber since
LPCis lost during preparation of the cells for the Boyden chamber assay.
Accordingly, to evaluate the effects of cell-derived LPC and ATX on cell
migration, we used a wound healing assay, which takes a relatively long
period. As expected, exogenously added LPA was able to induce migra-
tion of SNB-78 cells in the wound healing assay (Fig. 64). The migratory
response was abolished by Ki16425, which shows that LPA, is involved
in this system, as was observed in Boyden chamber assay (Fig. 6A). In the
absence of exogenous LPC, we observed a weak migratory response,
which was also blocked by Ki16425 (Fig. 6B), showing that endogenous
LPCand ATX, to alesser extent, contribute to the migration of SNB-78
cells. By contrast, strong migratory responses were observed when LPC
(10 M) was added to the cells. The migratory response induced by LPC
was again inhibited by Ki16425 (Fig. 6C). The amount of LPC released
from SNB-78 was ~50 nM as judged by the enzymatic colorimetric
method for determination of LPC. This indicates that the amount of
endogenous LPC released from SNB-78 is insufficient to induce a full
migratory response in the cells and that exogenous LPC is potentially a
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FIGURE 6. Glioblastoma migrates in response to LPA and LPC in wound healing
assay. A clean wound area was produced on a monolayer of semiconfluent SNB-78 cells,
seeded in 12-well plates. The wound was then allowed to heal for 24 h in serum-free
media in the presence of LPA (10 ju4, A) or LPC (10 um, ) or in the absence of exogenous
lipids (B). Cell morphologies before (0 h) and after (24 h) the treatment are shown in the
upper and lower panels, respectively. The effect of Ki16425 (1 14m) on the cell migration is
also shown in the right panels.
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FIGURE 7. Down-regulation of ATX in SNB-78 cells using siRNA. One-day postconflu-
ent SNB-78 cells were transfected with ATX (ATX1 and ATX2) or control siRNA duplexes.
Forty-eight hours later, down-regulation of ATXin the cell supernatants was analyzed by
measuring lysoPLD activity in the cell culture supernatant of the cells.

JOURNAL OF BIOLOGICAL CHEMISTRY 17497
301

£002 ‘L Arenuep uo A LISHIAINN OAMIZL Je B10'0ql mmm woij papeojumoq



LPC Stimulates Motility of Glioblastoma

LPA

Control

24 h

FIGURE 8. ATX produced by SNB-78 cells contributes to the motility of the cells. SNB-78 cells were transfected with ATX or control siRNA duplex to suppress ATX level, and after
24 h, the cellswere subjectedto wound healing assay both in the presence and in the absence of LPC(10 jm) for 24 h. The cells were also treated with LPA (10 jum) asa positive control.
Cell morphologies before (0 h) and after (24 h) the treatment are shown in the upper and lower panels, respectively.

key factor in controlling the migratory response of AT X-expressing
-cells.

ATX Is Responsible for Motility of SNB-78 Cells in Wound Healing
Assay—Our data suggest that endogenously expressed ATX in SNB-78
cells plays a key role in the motility of the cells by producing LPA from
endogenously or exogenously supplied LPC. To confirm this hypothe-
sis, we used siRNA to down-regulate the expression of ATX in SNB-78
cells. Confluent SNB-78 cells were transfected with varying amounts of
siRNA duplexes using scramble siRNA as a control. As shown in Fig. 7,
after 48 h of culture, successful down-regulation of ATX in the cell
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culture supernatants was confirmed by measuring lysoPLD activity of
the culture cell supernatant. We next performed the wound healing
assay using the ATX-down-regulated cells. We found that motility of
SNB-78 cells was significantly suppressed both in the absence and in the
presence of LPC, when the cells were treated with siRNA to suppress
ATX expression (Fig. 8). Exogenously added LPA was able to induce
migration of ATX-down-regulated cells (Fig. 8), showing that the
siRNA-treated cells still retained the migratory activity in response to
LPA. Thus, we concluded that ATX contributes to the cell migration of
SNB-78 cells in the wound healing assay.
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DISCUSSION

GBM is the most malignant brain tumor due to its high invasiveness.
In this study, we found that ATX, a cell motility-stimulating factor (4), is
overexpressed in GBM tissues and many glioblastoma cell lines. ATX
has catalytic activity to produce a potent chemoattractant-like lipid,
LPA, and stimulates cell motility through an LPA G-protein-coupled
receptor, LPA, (14, 21). Interestingly, both GBM tissues and glioblasto-
mas express high levels of LPA;, and in fact, the glioblastoma, SNB-78,
used in this study showed migratory responses not only to LPA but also
to LPC (Figs. 5 and 6). In addition, suppression of ATX expression in
SNB-78 cells by siRNA resulted in dramatic reduction of migratory
response of the cells to LPC but not to LPA (Fig. 8). Furthermore,
LPA, antagonist, Ki16425, effectively suppressed both LPA- and
LPC-induced motility of glioblastomna cells. Thus, the motility of
glioblastoma cells appears to depend on ATX and LPA,. LPA-in-
duced cell motility of glioblastomas was also shown in the previous
report by Manning et al. (16).

Enhanced ATX expression has been repeatedly demonstrated in var-
ious tumors, including non-small cell lung caricer, breast cancer, renal
cell cancer, hepatocellular carcinoma, and thyroid cancer (6-12). In
breast cancer, ATX expression level strongly correlates with the inva-
siveness of cancer cells (8). Thus, it is reasonable to assume that ATX
expressed by tumor cells is responsible for the motility, and thus, the
invasiveness of the cells. However, the spontaneous motility of non-
small cell lung cancer cells in vitro did not correlate with the levels of
ATX mRNA (6), indicating that other factors may influence ATX-in-
duced cell motility. In this study, we used glioblastoma cell lines that
endogenously express ATX and cell transformants overexpressing ATX
and evaluated ATX, LPA,, and LPC, a substrate for ATX of lysoPLD
activity. Our results show that LPC is a critical factor that regulates
ATX-mediated cell motility. We previously showed that LPC is synthe-
sized and released from various tumor cells and that it is a potential
substrate for ATX when ATX is added to the cells in the absence of
exogenous LPC (14). However, the concentration of cell-derived LPC
(~50 nM) is too low to induce full cell motility of SNB-78 cells (Fig. 6).
Although a high dose of exogenously added ATX induced cell motility
(by converting cell-derived LPC to LPA), the amounts of endogenously
expressed ATX in glioblastoma cells and even in ATX-overexpressing
glioma cells were insufficient to have an effect on cell motility. We found
that the addition of exogenous LPC to the AT X-expressing cells but not
AT X-negative cells strongly induced cell motility, although LPA equally
promoted the motility of both cell types (Figs. 4—6). Thus, LPC is a
chemotactic factor for tumor cells expressing ATX and LPA . LPC has
previously been shown to act as a chemotactic factor for other cell types,
including macrophages (40), monocytes (41), and T-lymphocytes (42).
In some cell types, such as macrophages, cell motility appears to be
induced by another system (LPC-specific G-protein-coupled receptor,
G2A) (43), whereas in other cell types, cell motility appears to be
induced by the ATX-LPA, system.

In general, the BBB is disrupted in GBM tissue, which leads to expo-
sure of tumor cells to components of plasma that might affect the cell
motility of glioblastornas (31, 32). As indicated by Manning et al. (16),
one such plasma component may be LPA. However, LPA concentration
in plasma is quite low (below 50 nm), although in serum, it may be above
1 uM (44, 45). In contrast, LPC concentration in plasma is extremely
high (100300 uM in human and ~500 uM in rats) (35, 44). The con-
centration of LPC in brain tissue, such as in cerebrospinal fluids, is quite
low (several uMm level) (46). Thus, when the BBB is disrupted in GBM, it
is likely that these tumors are exposed to LPC derived from plasma. LPC
is converted to LPA by ATX expressed by glioblastomas, and conse-
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FIGURE 9. A schematic model showing the effects of ATX, LPA,, LPA, and LPCon the
motility of GBM cells upon the disruption of BBB. On disruption of BBB, GBM in CNS
parenchyma islikely to be exposed to LPC derived from plasma. Then LPCis converted to
LPA by ATX expressed by GBM and subsequently activation of LPA,, leading to the
enhanced motility and high invasiveness of GBM. EC, endothelial cells; BM, basement
membrane.

quently, LPA, isactivated, leading to the enhanced cell motility and high
invasiveness of GBM (Fig. 9). This idea is supported by the finding that
GBM cells travel along blood vessels (47).

The expression patterns of LPA receptors in the 50 cancer cell lines
(Fig. 1) agree with the previous reports on LPA receptor expression. For
example, LPA; expression is relatively high in cells from ovarian cancer
(48) and, markedly, LPA, is predominantly expressed in cells derived
from colon (37) and thyroid cancer (49). Recently, we also observed
similar LPA receptor distribution patterns in human breast cancers (36)
in which LPA, expression is dramatically enhanced. The present study
revealed that LPA, is predominantly expressed in GBM cells and tissues.
The same is true for ATX. Thus, the expression patterns in cancer cell
lines are definitely informative to understand the roles of ATX and LPA
receptors in cancer cell biology.

ATX may contribute to cancer cell survival and motility in several
ways. In addition to its cell motility-stimulating activity, ATX has a cell
proliferation-stimulating activity (14) and an angiogenic factor-like
activity that induces new vessel formation by an unknown mechanism
(50). GBM is known to induce vascular proliferation, and so ATX might
have a role here as well. In summary, our results show that ATX, a
potent oncogenic protein, is overexpressed in GBM and stimulates the
motility of glioblastomas. Thus, ATX is a potential diagnostic marker
for GBM. In addition, ATX, LPA, and unidentified LPC-producing
enzymes are potential targets for GBM therapy.
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