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Fig.1. Phenotypiccharacterization of AR knockout female mice. (a) Diagram of the wild-type Ar genomic locus (+), floxed AR L3 allele (L3), and AR allele (L-)
obtained after Cre-mediated excision of exon 1. K, Kpnl; E, EcoRl; H, Hindlll; B, BamHl. LoxP sites are indicated by arrowheads. The targeting vector consisted
of a 7.6-kb 5" homologous region containing exon 1, a 1.3-kb 3’ homologous region, a single loxP site, and the neo cassette with two loxP sites. (b) Detection
of the Y chromosome-specific Sry gene in AR™"Y mice by PCR. (c) Absence of AR protein in AR/~ mice ovaries by Western blot analysis using a specific C-terminal
antibody. (d) Normal weight gain in AR/~ females. (e) Histology of pituitary, uterus, and bone tissues in AR** and AR/~ females at 8 weeks of age. () Female
reproductive organs were macroscopically normal in AR~ mice. (g) Serum hormone levels at the proestrus stage in AR~/~ mice were not significantly altered.
Serum 17p-estradiol, progesterone, testosterone, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) levels in AR (n = 13) and AR~ (n = 10)
females at 8-10 weeks of age are shown. (h) Lobuloalveolar development is impaired in AR~/~ mammary glands. Whole mount of inguinal mammary glands
(Left) and its higher magnification (Righ?) were prepared on day 3 of lactation. (i) Average number of pups per litter is markedly reduced in AR/~ mice at 8 weeks
of age. Data are shown as mean + SEM and analyzed by using Student's t test. {)) AR immunocytochemistry in AR*/* and AR/~ ovaries. Sections were

counterstained with eosin.

more layers of granulosa cells with no antrum), or antral follicles
(antrum within the granulosa cell layers enclosing the oocyte).
Follicles were determined to be atretic if they displayed two or
more of the following criteria within a single cross section: more
than two pyknotic nuclei, granulosa cells within the antral cavity,
granulosa cells pulling away from the basement membrane, or
uneven granulosa cell layers (15).

Immunohistochemistry. Sections were subjected to a microwave
antigen retrieval technique by boiling in 10 mM citrate buffer
(pH 6.0) in a microwave oven for 30 min (16). The cooled
sections were incubated in 1% H;O, for 30 min to quench
endogenous peroxidase and then incubated with 1% Triton
X-100 in PBS for 10 min. To block nonspecific antibody binding,
sections were incubated in normal goat serum for 1 h at 4°C.
Sections were then incubated with anti-AR (1:100) or anti-
cleaved caspase-3 (1:100) in 3% BSA overnight at 4°C. Negative
controls were incubated in 3% BSA without primary antibody.
The ABC method was used to visualize signals according to the
manufacturer’s instructions. Sections were incubated in biotin-
ylated goat anti-rabbit IgG (1:200 dilution) for 2 h at room
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temperature, washed with PBS, and incubated in avidin-biotin—
horseradish peroxidase for 1 h. After thorough washing in PBS,
sections were developed with 3,3’-diaminobendizine tetra-
hydrochloride substrate, slightly counterstained with eosin, de-
hydrated through an ethanol series and xylene, and mounted.

Estrus Cycles and Fertility Test. To determine the stage of the estrus
cycle (proestrus, estrus, and diestrus), vaginal smears were taken
every morning and stained with Giemsa solution. For evaluation
of female fertility for 15 weeks, an 8- or 24-week-old wild-type
or AR™/~ female was mated with a wild-type fertile male,
replaced every 2 weeks with the other fertile male. Cages were
monitored daily and for an additional 23 days, and the presence
of seminal plugs and number of litters were recorded.

RNA Extraction and Quantitative Competitive RT-PCR. Total ovarian
RNA was extracted by using TRIzol (Invitrogen) (16). Oligo-
dT-primed cDNA was synthesized from 1 ug of ovarian RNA by
using SuperScript reverse transcriptase (Gibco BRL, Gaithers-
burg, MD) in a 20-ul reaction volume, 1 ul of which was then
diluted serially (2- to 128-fold) and used to PCR-amplify an
internal control gene, cycd, to allow concentration estimation.
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Student's t test.

Primers were designed from cDNA sequences of Kitl (M57647;
nucleotides 1099-1751), Gdf9 (NM008110; nucleotides 720-
1532), Bmpl5 (NMO009757; nucleotides 146-973), Ers2
(NMO010157; nucleotides 1139-1921), Pgr (NMO008829; nucleo-
tides 1587-2425), Cypl1al (NM019779; nucleotides 761-1697),
Cypl7al (M64863; nucleotides 522-932), Cyp19 (D00659; nucle-
otides 699-1049), Fshr (AF095642; nucleotides 625-1427), Lhr
(M81310; nucleotides 592-1331), Ptgs2 (AF338730; nucleotides
3-605), and Ccnd2 (NMO009829; nucleotides 150-1065) and
chosen from different exons to avoid amplification from genomic
DNA.

GeneChip Analysis. Ovaries were isolated and stabilized in RNA-
later RNA Stabilization Reagent (Ambion, Austin, TX) before
RNA purification (17). Total RNA was purified by using an
RNeasy mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. First-strand cDNA was synthesized
from 5 pg of RNA by using 200 units of SuperScript II reverse
transcriptase (Invitrogen, Carlsbad, CA), 100 pmol T7-(dT).4
primer [5'-GGCCAGTGAATTGTAATACGACTCAC-
TATAGGGAGGCGG-(dT)24-3'], 1X first-strand buffer, and
0.5 mM dNTPs at 42°C for 1 h. Second-strand synthesis was
performed by incubating first-strand ¢cDNA with 10 units of
Escherichia coli ligase (Invitrogen), 40 units of DNA polymerase
I (Invitrogen), 2 units of RNase H (Invitrogen), 1X reaction
buffer, and 0.2 mM dNTPs at 16°C for 2 h, followed by 10 units
of T4 DNA polymerase (Invitrogen) and incubation for another
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5 min at 16°C. Double-stranded cDNA was purified by using
GeneChip Sample Cleanup Module (Affymetrix, Santa Clara,
CA) according to the manufacturer’s instructions and labeled by
in vitro transcription by using a BioArray HighYield RNA
transcript labeling kit (Enzo Diagnostics, Farmingdale, NY).
Briefly, dsDNA was mixed with 1X HY reaction buffer, 1X
biotin-labeled ribonucleotides (NTPs with Bio-UTP and Bio-
CTP), 1X DTT, 1X RNase inhibitor mix, and 1X T7 RNA
polymerase and incubated at 37°C for 4 h. Labeled cRNA was
then purified by using GeneChip Sample Cleanup Module and
fragmented in 1X fragmentation buffer at 94°C for 35 min. For
hybridization to the GeneChip Mouse Expression Array 430A or
430B or Mouse Genome 430 2.0 Array (Affymetrix), 15 ug of
fragmented cRNA probe was incubated with 50 pM control
oligonucleotide B2, 1X eukaryotic hybridization control, 0.1
mg/ml herring sperm DNA, 0.5 mg/ml acetylated BSA, and 1X
hybridization buffer in a 45°C rotisserie oven for 16 h. Washing
and staining were performed by using a GeneChip Fluidic
Station (Affymetrix) according to the manufacturer’s protocol.
Phycoerythrin-stained arrays were scanned as digital image files
and analyzed with GENECHIP OPERATING SOFTWARE (Af-
fymetrix) (17).

Luciferase Assay. The Kitl promoter region (—2866 to —1 bp) was
inserted into the pGL3-basic vector (Promega) for assay using
the Luciferase Assay System (Promega) (14, 16). Cells at 40—
50% confluence were transfected with a reference pRL-CMV
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No significant alterations in mRNA levels of several major regulators in folliculogenesis. Shown is semiquantitative RT-PCR of LH receptor (Lhr), FSH

receptor (Fshr), p450 side chain cleavage enzyme (CypT7a7), 17-a-hydroxylase (Cyp17a1), Aromatase (Cyp19), estrogen receptor-g (Esr2), cyclin D2 (Ccnd2),
insulin-like growth factor 1 (Igf7), cyclooxygenase 2 (Ptgs2), or progesterone receptor (Pgr) gene expression in AR*'* and AR™/~ ovaries. Results shown were
representative (using one ovary per genotype in each experiment) of five independent experiments.

plasmid (Promega) using Lipofectamine reagent (GIBCO/BRL,
Grand Island, NY) to normalize transfection. Results shown are
representative of five independent experiments.

Results and Discussion
Subfertility of AR/~ Female Mice at 8 Weeks of Age. The Ar gene
located on the X chromosome was disrupted in mice by using
the Cre/Lox P system (6) (Fig. 1 a—). Female AR™/~ mice
showed normal growth compared with the wild-type litter-
mates (Fig. 1d), with no detectable bone loss (Fig. 1e) or
obesity common for male AR™7 mice (8, 9). Young (8-week-
old) AR/~ females appeared indistinguishable from the wild-
type littermates, displayed normal sexual behavior (7), and
produced the first offspring of normal body size at the
expected age. Macroscopic appearance of their reproductive
organs, including uteri, oviducts, and ovaries, also appeared
normal (Fig. 1f). Histological analysis showed no significant
abnormality in the uterus or pituitary (Fig. le), whereas
mammary ductal branching and elongation were substantially
reduced, as revealed by whole-mount analysis (Fig. 1%). Serum
levels of 178-estradiol, progesterone, testosterone, luteinizing
hormone, and follicle-stimulating hormone were also within
normal range in 8-week-old mutant females at the proestrus
stage (Fig. 1g), suggesting that the two-cell two-gonadotrophin
system in female reproductive and endocrine organs (18) was
intact in AR/~ mice at 8 weeks of age. The most obvious early
sign of abnormal reproductive function in the AR/~ females
was that their average numbers of pups per litter were only
about half of those of the wild-type littermates, (4R*/*, 8.3 =
0.4 pups per litter; AR™/~, 4.5 = 0.5 pups per litter) (Fig. 1i).

AR~'~ Female Mice Developed POF Phenotypes. Histological analysis
of 8-week-old AR/~ ovaries clearly showed that numbers of
atretic follicles were significantly increased, with decreased
numbers of corpora lutea (Fig. 2 b and f). This finding suggests
that the reduced pup numbers were due to impaired folliculo-
genesis in AR-deficient ovaries. Indeed, AR protein expression
was readily detectable in the wild-type 8-week-old ovaries (Fig.
17), with AR expressed at the highest levels in growing follicle
granulosa cells at all developmental stages and at relatively low
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levels in corpora lutea. Thus, AR appears to play a regulatory
role in granulosa cells during their maturation to the luteal
phase.

To investigate this possibility, we examined the ovarian phe-
notype of female AR™/~ mice at different ages. At 3 weeks,
ovaries contain various stages of follicles, including primary,
secondary, and antral follicles in wild-type animals (Fig. 2a) (19).
In AR/~ ovaries at 3 weeks of age, the folliculogenesis appeared
to be unaltered, with normal numbers and localization of
primary and secondary follicles (Fig. 2 a and e). However,
degenerated folliculogenesis became evident with further aging.
Although follicles and corpora lutea at all developmental stages
were still present, corpora lutea numbers were clearly reduced in
8-week-old AR~/ mutants (Fig. 2 b and f), similar to that
observed in another mouse line (20). Expected apoptosis was
seen in atretic follicles by activated caspase-3 immunohistochem-
istry assays (Fig. 2i). But, by 32 weeks of age, defects in
folliculogenesis in AR™/~ ovaries became profound, with fewer
follicles observed and increased atretic follicles (Fig. 2 ¢ and g),
and >40% (5 of 12 mice) of the AR™/~ females were already
infertile. By 40 weeks, all AR/~ females became infertile, with
no follicles remaining (Fig. 2 d and £); at the same age, AR+
females were fertile and had normal follicle numbers. Conmstent
with progressive deficiency in folliculogenesis, the pup number
per litter steadily decreased in aging AR/~ females (Fig. 2i).
These data indicate that AR plays an important physiological
role at the preluteal phase of folliculogenesis.

Alteration in Gene Expressions of Several Major Regulators Involved
in the Oocyte—Granulosa Cell Regulatory Loop. To explore the
molecular basis underlying the impaired folliculogenesis in
AR™/~ ovaries, we analyzed expression of several major known
regulators and markers of folliculogenesis (21-23). Surprisingly,
no significant alterations in mRNA levels of L receptor (Lhr),
FSH receptor (Fshr), p450 side chain cleavage enzyme
(Cypllal), 17-a-hydroxylase (Cypl7al), aromatase (Cypl9), es-
trogen receptor-g8 (Esr2), cyclin D2 (Ccnd2), or insulin-like
growth factor 1 (Igfl) of 8-week-old AR™/~ ovaries at the
proestrus stage, and further cyclooxygenase 2 (Ptgs2) or proges-
terone receptor (Pgr) at the estrus stage, were detected by
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Fig. 4.

Genome-wide microarray analysis and semiquantitative RT-PCR revealed that expression of the oocyte-granulosa cell regulator loop was down-

regulated in AR~ ovaries. (a) Microarray analysis of AR™/~ compared with AR*'* ovaries at 3 and 8 weeks of age. Data obtained from microarray analysis as
described in Materials and Methods were used to generate a cluster analysis. Each vertical line represents a single gene. The ratios of gene expression levelsin
AR/~ ovaries compared with wild type are presented. (b and ¢) Semiquantitative RT-PCR analysis of AR-regulated genes identified from the microarray study.
Results shown are representative (using one ovary per genotype in each experiment) of five independent experiments. Data are shown as mean * SEM and were
analyzed by using Student's ¢ test. (d) Comparison of Kit/ gene expression by Northern blot analysis among placebo-, DHT-, and flutamide (FL)-treated AR*/*
mouse ovaries. () Induction of KITLG gene expression by DHT treatment in KGN cells. (f and g) Androgen responsiveness in the mouse and human kit ligand
promoters by a luciferase assay performed by using KGN cells. Data are shown as mean = SEM and were analyzed by using Student’s ¢ test.

semiquantitative RT-PCR analysis (Fig. 3). Genome-wide mi-
croarray analysis (17) of RNA from 8-week-old AR/~ ovaries at
the proestrus stage has been undertaken to identify AR-
regulated genes. In comparison with AR*/* ovaries, expressions
of 772 genes were down-regulated, whereas 351 genes were
up-regulated in AR~/~ ovaries (Fig. 4a; see also Tables 1 and 2,
which are published as supporting information on the PNAS web
site). Several genes known to be involved in the oocyte—
granulosa cell regulatory loop (24) were identified as candidate
AR target genes, including KIT ligand (Kitl) (25), morphoge-
netic protein 15 (Bmpl5) (26), growth differentiation factor-9
(Gdf9) (27), and hepatocyte growth factor (Hgf) (28). Impaired
folliculogenesis had been reported in mice deficient in each of
these three regulators (26, 27, 29). To validate the microarray
data, we performed semiquantitative RT-PCR analysis of
8-week-old AR/~ ovary RNA and confirmed that expression of
these factors was down-regulated (Fig. 4b). To identify a regu-
lator downstream of the AR signaling at an earlier stage of
folliculogenesis, 3-week-old AR™/~ ovaries that, as pointed out
earlier, display no apparent phenotypic abnormality were exam-
ined. Fewer genes had altered expression levels (519 genes
up-regulated; 326 genes down-regulated) (Fig. 4a; see also
Tables 3 and 4, which are published as supporting information
on the PNAS web site), and, of the four regulators tested by
RT-PCR, only Kitl was found to be down-regulated at this age
(Fig. 4c). Because Kitl is a granulosa cell-derived factor and
stimulates oocyte growth and maturation (29-31), down-
regulation of the Kitl expression in 3-week-old or even younger
AR/~ ovaries may trigger impairment in folliculogenesis at a
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later age. To test for possible Kitl gene regulation by AR,
3-week-old wild-type females were treated with 5a-dihydrotes-
tosterone (DHT). At 4 h after hormone injection, a clear
induction of Kitl expression was observed in the ovaries, whereas
a known antiandrogen flutamide attenuated the induction by
DHT (Fig. 4d). The induction of endogenous human kit ligand
(KITLG) gene by DHT was also observed in human granulosa-
like tumor cells (KGN) in culture (Fig. 4e). Furthermore,
androgen-induced transactivation of mouse and human kit ligand
promoters (32) was observed by a luciferase reporter assay (33)
in KGN (Fig. 4 fand g), 293T, and HeLa (data not shown) cells.
However, no response to DHT was detected in the similar assay
using promoters of the Bmpl5, Gdf9, and Hgf genes (data not
shown). Thus, we have shown that, in a regulatory cascade
controlling folliculogenesis, Kitl represents a direct downstream
target of androgen signaling.

As an upstream regulator, AR may also be indirectly involved
in control of expression of other genes critical for folliculogen-
esis, because an age-dependent down-regulation of Bmpl5,
Gdf9, and Hgf gene expression was also observed in AR/~
ovaries. Bmpl5 and Gdf9 are oocyte-derived factors that pro-
mote the development of surrounding granulosa cells in growing
follicles (34, 35), whereas Hgf is secreted by theca cells and acts
as a granulosa cell growth factor (36). Down-regulation of these
factors, presumably due to decreased Kit! expression, may lead
to impaired bidirectional communication between oocyte and
granulosa cells (24) and, eventually, to early termination of
folliculogenesis, as in POF syndrome.

Thus, we have identified AR as a novel regulator of follicu-
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logenesis that apparently acts in the regulatory cascade upstream
of the major factors controlling ovarian function, confirming the
previous findings of the AR expression in granulose cells of
growing follicles (3). Although not immediately relevant to the
ovarian physiology, abnormal development of the mammary
glands observed in our AR-deficient mice adds further strong
evidence of an essential role of the AR not only in male, but also
in female, reproductive function.

With increasing age of the first childbirth by women in the
modern society, POF syndrome has become an important social
and medical problem. Our findings suggest that POF syndrome
may be caused by an impairment in androgen signaling and that
X chromosomal mutations affecting the AR gene function may
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play a key role in hereditary POF. From clinical perspective, the
present study provides evidence that AR can be a beneficial
therapeutic target in treatment of POF syndrome patients.
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Antitumor Activity of ZSTK474, a New Phosphatidylinositol

3-Kinase Inhibitor

Shin-ichi Yaguchi, Yasuhisa Fukui, Ichiro Koshimizu, Hisashi Yoshimi,
Toshiyuki Matsuno, Hiroaki Gouda, Shuichi Hirono, Kanami Yamazaki,

Takao Yamori

Background: We previously synthesized a novel s-triazine
derivative, ZSTK474 [2-(2-difluoromethylbenzimidazol-1-y])-
4,6-dimorpheline-1,3,5-triazine], that strongly inhibited the
growth of tumor cells. We identified its molecular target,
investigated its effects on cellular signaling pathways, and
examined its antitumor efficacy and toxicity in vivo. Methods:
We used COMPARE analysis of chemosensitivity measure-
ments from 39 human cancer cell lines and identified phos-
phatidylinesitol 3-kinase (PI3K) as a molecular target for
ZSTK474. PIBK was immunoprecipitated from A549 cell
lysates, and its activity was measured by assessing the incor-
poration of 32P into phesphatidylinositol. We used the crystal
structure of the PI3K-LY294002 complex to model the bind-
ing of ZSTK474 to PI3K (where 1Y294002 is a known PI3K
inhibitor). PI3K downstream activity was analyzed by im-
munoblotting. Antitumor activity of ZSTK474 was examined
against A549, PC-3, and WiDr xenografts in nude mice. Phos-
phorylation of Akt, a serine/threonine protein kinase and a
major signaling component downstream of PI3K, was as-
sessed in vivo by immunohistochemistry. Results: PI3K was
identified as a molecular target for ZSTK474 by COMPARE
analysis. We confirmed that ZSTK474 directly inhibited PI3K
activity more efficiently than the PI3K inhibitor LY294002.
At concentrations of 1 pM, ZSTK474 and LY2194002 re-
duced PI3K activity to 4.7% (95% confidence interval [CI] =
32% to 6.1%) and 44.6% (35% CI = 38.9% to 50.3%),
respectively, of the untreated control level. Molecular model-
ing of the PI3K-ZSTK474 complex indicated that ZSTK474
could bind to the ATP-binding pocket of PI3K. ZSTK474
inhibited phosphorylation of signaling components down-
stream from PI3K, such as Akt and glycogen synthase kinase
3B, and mediated a decrease in cyclin D1 levels. ZSTK474
administered orally to mice had strong antitumor activity
against human cancer xenografts without toxic effects in crit-
ical organs. Akt phosphorylation was reduced in xenograft
tumors after oral administration of ZSTK474. Conclusion:
ZSTK474 is a new PI3K inhibitor with strong antitumor
activity against human cancer xenografts without toxic effects
in critical organs. ZSTK474 merits further investigation as
an anticancer drug. [J Natl Cancer Inst 2006;98:545-56]

Phosphatidylinositol 3-kinase (PI3K), which is active in
signal transduction, generates phosphatidylinositol-3,4,5-tris-
phosphate (PIP3) by phosphorylating phosphatidylinositol-4,5-
bisphosphate (7,2). PI3K is involved in various cellular processes,
including cell survival, vesicle transport, and cytoskeletal rear-
rangement (3,4). The importance of PI3K in tumorigenesis is
sapported by the following evidence. The chicken retrovirus
ASV16 carries an oncogenic PI3K gene ¢5), and mutation and/or
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amplification of PI3K genes (6-10) has been reported in human
and other mammalian cancer cells. Constitutive activation of
PI3K may contribute to the malignant phenotype of signet ring
carcinomas (71), and PTEN, a PIP; phosphatase, has been identi-
fied as a tumor suppressor gene (12).

Many clinical studies also indicate that deregulation of PI3K
pathway plays a role in various cancers (3,7) and that PI3K may
thus be a good target for anticancer drug development (3). Vali-
dation of PI3K as a good target for drug development began with
the use of dominant-negative mutants and RNA interference
studies (13,14). Indeed, a number of compounds have been iden-
tified that inhibit PI3K, including wortmannin (15,16), which
was originally isolated from soil bacteria and is toxic to fungi;
the closely related viridin analogues (17,18); and LY294002, a
morpholino derivative of the broad-spectrum kinase inhibitor
quercetin (19). Because of inherent difficulties with the stability,
solubility, and toxicity of these compounds, efforts are under way
to develop new inhibitors of the PI3K pathway (20,21).

In previous work, we synthesized a chemical library of
s-triazine derivatives and screened these compounds for their abil-
ity to inhibit tumor cell growth (22,23). Among more than 1500
s-triazine derivatives, we found a new compound, ZSTK474
[2-(2-difluoromethylbenzimidazol-1-y1)-4,6-dimorpholino-1,3,5-
triazine], that showed strong antiproliferative activity. However,
its molecular target or its potential for a novel anticancer drug
was unknown. -

We previously established a panel of 39 human cancer cell
lines (termed JFCR39) coupled to a drug activity database (24—
26) that is comparable to the panel developed by the National
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Cancer Institute (27,28). We compared cell growth inhibition
profiles against the JFCR39 (herein termed fingerprints) of more
than 60 standard drugs including doxorubicin, fluorouracil, cyta-
rabine, methotrexate, vincristine, cisplatin, paclitaxel, and irino-
tecan, by using COMPARE analysis (26), and we showed that
COMPARE analysis is an information-intensive approach to
identifying the molecular target of a new compound, as described
by Paull et al. (28). This system can be used to predict the mo-
lecular target or the mode of action of test compounds by assess-
ing the correlation coefficient between the fingerprints mediated
by such test compounds and by various reference compounds
with known modes of action, including PI3K inhibitors.

The purpose of this study was to identify the molecular target
of ZSTK474 with the aid of COMPARE analysis, to investigate
the effects of ZSTK474 on cellular signaling pathways, and to
examine the antitumor efficacy and toxicity of ZSTK474 in vivo.

MATERIALS AND METHODS

Chemicals

ZSTK116, ZSTK474, ZSTK781, and ZSTK1178 were syn-
thesized in the Research Laboratory, Zenyaku Kogyo Co., Ltd.
(Tokyo, Japan). For in vitro studies, these compounds were dis-
solved in dimethyl sulfoxide. ZSTK474 was suspended in 5%
hydroxypropylcellulose in water as a solid dispersion form for
animal experiments. Other anticancer drugs and chemicals were
purchased as follows: doxorubicin and S5-fluorouracil from
Kyowa Hakko Kogyo (Tokyo, Japan), cisplatin from Nippon
Kayaku (Tokyo, Japan); irinotecan from Yakult Honsha (Tokyo,
Japan), and wortmannin, LY294002, tetramethylrhodamine
isothiocyanate-conjugated phalloidin, Igepal CA-630, and platelet-
derived growth factor from Sigma (St. Louis, MO).

Cell Lines

A panel of 39 human cancer cell lines (termed JFCR39) (25,26)
and B16F10 melanoma cells (29) were previously described. All
cell lines were cultured in RPMI 1640 medium supplemented
with 5% fetal bovine serum, penicillin (100 U/mL), and strepto-
mycin (100 pg/mL) at 37 °C in humidified air containing 5%
CO;. Cell lines OVCAR3, A549, PC-3, and WiDr, which were
used for in vitro detailed analysis or for in vivo study, originated
from an ovarian cancer, non-small-cell lung cancer, prostate cancer,
and colon cancer, respectively. For in vivo study, A549, PC-3,
and WiDr were grown as subcutaneous tumors in nude mice.

Analysis of Cell Proliferation Inhibition

The inhibition of cell proliferation was assessed by measuring
changes in total cellular protein in a culture of each cell line in
the JFCR panel of cell lines after 48 hours of drug treatment by
use of a sulforhodaniine B assay (30). The 50% growth inhibition
(Glsp) value of the drug was calculated as described previously
(26,27). The graphic representation of a drug’s mean differential
growth inhibition for the cell line panel was based on a calcula-
tion that used a set of Gls¢ values, as described previously (28,31).
To analyze the correlation between the mean graphs of drug A
and drug B, the COMPARE computer algorithm was developed
as previously described by Paull et al. (28). The Pearson correla-
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tion coefficient between the mean graphs of drug A and drug B
was calculated (n = 39).

PI3K Assay in Tumor Cell Extracts

The PI3K assay has been previously described by Fukui et al.
(32). In brief, A549 cells were lysed in a buffer containing 20
mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM EDTA, and 1%
Igepal CA-630 (Sigma), the lysates were centrifuged at 20000g
and 4 °C for 10 minutes, and the supernatants were used as cell
lysate (protein = 2-4 mg/mL). To immunoprecipitate PI3K,
we incubated 200 pL of cell lysate with anti-p85 polyclonal anti-
body (1:200 dilution; Upstate, Charlottesville, VA) and protein
G-agarose (5 pL; Upstate). The anti-p85 polyclonal antibody
recognizes the p85 regulatory subunit of PI3K. Class Ia catalytic
subunits of PI3K (p110a, p110B, and p1108) constitutively asso-
ciate with the p85 subunit. Therefore, PI3Ko, PI3Kp, and PI3K$
can be immunoprecipitated by the anti-p85 polyclonal antibody.
Agarose beads containing immunoprecipitates were washed
twice with buffer A (20 mM Tris-HCl at pH 7.5, 150 mM NaCl,
5 mM EDTA, and 1% Igepal CA-630), once with buffer B (500
mM LiCl and 100 mM Tris-HCI at pH 7.5), once with distilled
water, and once with buffer C (100 mM NaCl and 20 mM Tris—
HC1 at pH 7.5). Immunoprecipitates were suspended in 20 pL of
buffer C containing phosphatidylinositol at 200 pg/mL. The
mixture was preincubated with or without ZSTK474, 1.Y294002,
or wortmannin, as indicated, at 25 °C for 5 minutes. [y-32P]ATP
(2 uCi per assay mixture; final concentration, 20 pM) and MgCl,
(final concentration, 20 mM) were added to start the reaction.
The reaction mixture was incubated at 25 °C for 20 minutes.
During this incubation, formation of phosphatidylinositol-3-
phosphate was linear (data not shown). Phosphorylated products
of phosphatidylinositol were separated by thin-layer chromatog-
raphy and visualized by autoradiography. The phosphatidylinositol-
3-phosphate region was scraped from the plate, and radioactivity
was also measured with liquid scintillation spectroscopy (LS6500
Scintillation System; Beckman Instruments, Fullerton, CA). The
level of inhibition for each compound was determined as the
percentage of 32P counts per minute obtained without the test
compound. To asses the reversibility of PI3K inhibition, the PI3K
immunoprecipitates were treated with 1 pM ZSTK474, 10 uM
1.Y294002, or 0.1 puM wortmannin for 5 minutes, and the reaction
mixture was divided into two aliquots. One aliquot was washed
four times with a buffer containing 100 mM NaCl and 20 mM
Tris-HCI (pH 7.5) to remove free ZSTK474, 1Y294002, or
wortmannin from the PI3K, and the PI3K activity of the washed
precipitate was measured. The PI3K activity of the other aliquot
was measured without washing.

PI3K Assay for Recombinant Catalytic Subunits of PI3K

PI3K assay for recombinant p110, the catalytic subunit of
PI3K, was described previously by Gray et al. (33). In a reaction
volume of 20 pL, human pl10 isoforms B, -y, or -8 (Upstate)
were incubated with 10 pM phosphatidylinositol-4,5-bisphos-
phate and 10 uM ATP in assay buffer for 30 minutes at room
temperature. Stop buffer (5 ul.) containing EDTA and biotinylated
PIP; was added, followed by 5 pL of detection buffer containing
europium-labeled anti~glutathione S-transferase (GST) mono-
clonal antibody, GST-tagged general receptor for phosphoinositi-
des (GRP1) PH domain, and streptavidin allophycocyanin. Plus
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and minus kinase control wells were also included. The plate was
read in the time-resolved fluorescence mode, and the homoge-
nous time-resolved fluorescence (HIRF) signal was determined
according to the following formula: HTRF = 10000 x (emission
at 665 nm/emission at 620 nm).

Molecular Modeling of the PI3K-ZSTK474 Complex

Conformational analysis of ZSTK474 was performed first with
the FlexX docking program (34), which was used to construct a
model of the PI3K-ZSTK474 complex structure. This program
treats ring systems, such as the morpholino groups in ZSTK474,
as rigid structures. The conformational analysis was done with the
CAMDAS, version 2.1, program (conformational analyzer with
molecular dynamics and sampling) (35). Conditions used for
CAMDAS calculation were similar to those described previously
(36). Twelve dihedral angles with respect to two morpholino rings
were used to cluster similar conformations. As a result of the
CAMDAS calculation, 64 different conformers were obtained.

The crystal structure of the PI3K~LY294002 complex (Pro-
tein Data Bank Identification Code 1E7V) was used to obtain the
PI3K template structure for docking. The docking calculation of
each ZSTK474 conformation with PI3K was performed with
the FlexX program. A total of 10482 different docking models
were generated. Each docking model was then evaluated with the
following five different score functions: the F-score (34), the
D-score (37), the G-score (38), the ChemScore (39), and the PMF-
score (40). These functions were implemented in the SYBYL
C-Score module. Finally, a new index, termed the average of
auto-scaled score, was calculated to rank all docking models.
This index has been recently defined in our laboratory to more
adequately rank docking models (41). In the top 20 docking mod-
els that were ranked according to the average of auto-scaled
scores, all ZSTK474 molecules were found to similarly interact
with PI3K. The only difference among the 20 models was with
respect to the conformation of the two morpholino rings of
ZSTK474. Therefore, we present one of these 20 models, in
which two morpholino rings of ZSTK474 take a chair conforma-
tion, because this model has the lowest internal energy.

Assay for Chromatin Condensation

OVCAR3 cells were cultured in RPMI 1640 medium supple-
mented with 5% fetal bovine serum for 24 hours and then cultured
for 48 hours with or without 10 uM ZSTK474. Cells were collected,
fixed in 1% glutaraldehyde in phosphate-buffered saline (PBS) at
4 °C for 24 hours, stained with 167 pM Hoechst 33342 (Sigma), and
examined by flnorescence microscopy to identify apoptotic cells.

Flow Cytometry Analysis

Cells were harvested, washed with ice-cold PBS, and fixed in
70% ethanol. Cells were then washed twice with ice-cold PBS
again, treated with RNase A (500 pg/mL; Sigma) at 37 °C for
1 hour, and stained with propidium jodide (25 pg/ml; Sigma). The
DNA content of the cells was analyzed with a flow cytometer
(EACScalibur, Becton Dickinson, Franklin Lakes, NJ).

Membrane Ruffling

Murine embryonic fibroblasts were treated with or without
1 uM ZSTK474 for 15 minutes and then stimulated with platelet-
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derived growth factor (10 ng/mL) for 5 minutes. Cells were fixed
with 3% formaldehyde at room temperature for 30 minutes and
permeabilized with 0.1% Triton X-100 in PBS for 5 minutes.
Filamentous actin in cells was stained with tetramethylrhoda-
mine isothiocyanate-conjugated phalloidin at 0.1 pg/mlL, and
cells were examined by fluorescence microscopy.

Analysis of PIP3; Production

PIP; production in intact cells was measured as described pre-
viously by Kimura et al. (42). In brief, to label murine embryonic
fibroblasts, medium was replaced with prewarmed phosphate-
free Dulbecco’s modified Eagle medium with 25 mM HEPES
(pH 7.4) containing [32PJorthophosphate (0.1 mCi/mL), and cul-
tures were incubated at 37 °C for 4 hours. Lipids were extracted
with chloroform and separated by thin-layer chromatography.
PIP; spots were visualized by autoradiography and identified by
standards synthesized by PI3K in vitro (data not shown). Radio-
activity in the spots was quantitated with a Phosphorlmager SI
system (Molecular Dynamics, Sunnyvale, CA).

Western Blot Analysis

A549 cells were lysed in a buffer containing 10 mM Tris-HCI
at pH 7.4, 50 mM NaCl, 50 mM NaF, 30 mM sodium pyrophos-
phate, 50 mM NazVOy, 5 mM EDTA, aprotinin at 100 Kal U/mL,
1 mM phenylmethylsulfonyl fluoride, 0.5% Nonidet P40, and
0.1% sodium dodecyl sulfate. Proteins in cell lysates were sepa-
rated by sodium dodecyl sulfate—polyacrylamide gel electropho-
resis followed by electroblotting onto a polyvinylidene difluoride
membrane (Amersham Biosciences, Piscataway, NJ). Rabbit
polyclonal antibodies for Akt, phosphorylated Akt (phosphory-
lated residue Ser-473), phosphorylated glycogen synthase kinase
3B (GSK-3pB; phosphorylated residue Ser-9), phosphorylated
FKHR (phosphorylated residue Thr-24)/phosphorylated FKHRL1
(phosphorylated residue Thr-32), phosphorylated TSC-2 (phos-
phorylated residue Ser-1462), phosphorylated mTOR (phos-
phorylated residue Ser-2448), phosphorylated p70S6K
(phosphorylated residue Thr-389), phosphorylated MEK1/2
(phosphorylated residues Ser-217/221), and phosphorylated
ERK1/2 (phosphorylated residues Thr-202/Tyr-204) were pur-
chased from Cell Signaling Technology (Beverly, MA) and were
diluted 1:1000. Rabbit anti—cyclin D1 polyclonal antibody (1:200
dilution) was purchased from BioSource International (Camarillo,
CA). Horseradish peroxidase—conjugated goat anti-rabbit immu-
noglobulin G (Cell Signaling Technology) was used as a secondary
antibody. Immunoreactive bands were identified with the ECL-plus
Western Blotting Detection System (Amersham Biosciences).

Animal Experiments

Animal care and treatment was performed in accordance with
the guidelines of the animal use and care committee of the
Research Laboratory, Zenyaku Kogyo, and conformed to the
NIH Guide for the Care and Use of Laboratory Animals. All
procedures were approved by the above committee. Male BDF;
mice and female nude mice with BALB/c genetic backgrounds
were purchased from Charles River Japan, Inc. (Yokohama,
Japan). Mice were maintained under specific pathogen—free con-
ditions and provided with sterile food and water ad libitum. We
used 56 BDF; mice. Each BDF; mouse was subcutaneously
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injected with 5 x 105 B16F10 melanoma cells. Seven days after
inoculation, animals were divided randomly into test groups
(each with seven mice), and the administration of the drugs, as
indicated, began (day 0). ZSTK474 at 100, 200, or 400 mg/kg of
body weight was orally administered daily from days 0 to 13.
Reference drugs were irinotecan, cisplatin, doxorubicin, and
S-fluorouracil. Each reference drug was administered intravenously
from day 0 at the maximum tolerable dose by use of the follow-
ing optimal schedules: irinotecan at 100 mg/kg administered on
days 0, 3, and 7, cisplatin at 10 mg/kg on day 0; doxorubicin at
12 mg/kg on day 0; and 5-fluorouracil at 50 mg/kg on days 0, 3,
and 7. Human tumor xenografts were generated with A549 lung
cancer cells, PC-3 prostate cancer cells, and WiDr colon cancer
cells and were grown as subcutaneous tumors in nude mice.
Forty-five nude mice were used in these experiments. Each nude
mouse was subcutaneously inoculated with a tumor fragment of
3 mm x 3 mm x 3 mm. When tumors reached a volume of 100-
300 mm?, animals were divided randomly into test groups (each
with five mice) (day 0). ZSTK474 (400 mg/kg) was administered
orally from day 0 until day 13 except for days 3 and 10. For lon-
ger administration periods, ZSTK474 at 400 mg/kg was orally
administered daily from days 0 to 26, except for days 6, 13, and
20. Then, the mice were photographed on day 28. In another ex-
periment, ZSTK474 at a higher dosage of 800 mg/kg was orally
administered in the same schedule, and the body weight changes
of the mice were monitored to observe toxicity.

Measurement of Tumor Volume

The length (1) and width () of the subcutaneous tumor mass
were measured by calipers in live mice, and the tumor volume
(TV) was calculated as: TV = (I, x W2)/2. The tumor volume at
day » was expressed as relative tumor volume (RTV), according
to the formula RTV = TV,/TV,, where TV, is the tumor volume
at day n, and TV, is the tumor volume at day 0. Tumor regression
(TIC%) on day 14 was determined by use of the RTV values as
follows: T/C% = 100 x (mean RTV of treated group)/(mean RTV
of control group). To assess toxicity, we measured the body
weight of the tumor-bearing mice. After the chronic administra-
tion of ZSTK474, mice were subjected to necropsy examination,
including the histopathologic evaluation of bone marrow.

Bone Marrow in Mice Femur

Right-side femurs were fixed with 10% neutral formalin and
decalcified with Plank-Rychlo fluid (43). After embedding in
paraffin, 3-pm sections of bone marrow were stained with hema-
toxylin and eosin.

Immunohistochemistry

When the volume of tumors reached 100-300 mm?3, ZSTK474
at 400 mg/kg was orally administered once. Mice were killed
4 hours after ZSTK474 administration, and the tumors were
excised. Tumor tissue was fixed in 10% neutral formalin and
embedded in paraffin. The 6-pum sections were deparaffinized in
xylene and then in a 100% to 50% ethanol series. Immunchisto-
chemistry-specific phosphorylated Akt (phosphorylated on Ser-
473) antibody and phosphorylated Akt (phosphorylated on
Ser-473) blocking peptide were purchased from Cell Signaling
Technology. The tissue sections were analyzed by immunohisto-
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chemistry for the expression of phosphorylated Akt (Ser-473).
For control experiment, phosphorylated Akt (Ser-473) blocking
peptide was incubated with phosphorylated Akt (Ser-473)
antibody at 4 °C for 2 hours before incubating with the tissue
section. The ABC method (Vectastain ABC system kit;, Vector
Laboratories, Burlingame, CA) was used for immunohistochem-
ical staining, with the sections also being counterstained with
hematoxylin.

Statistical Analysis

Pearson correlation coefficients were calculated for the
COMPARE analysis and statistical correlation. The two-sided
Mann-Whitney U test was used to test the statistical significance
of the antitumor efficacy of ZSTK474 in relative tumor growth ratio
ondays4, 7,11, and 14. The number of samples is indicated in the
description of each experiment. All statistical tests were two-sided.

RESULTS

Measurement of the Growth-Inhibitory Activity of
ZSTK474 and Identification of its Molecular Target

We synthesized and screened a chemical library of s-triazine
derivatives based on their ability to mediate growth inhibition of
tumor cells. We found that ZSTK474 showed potent antiprolif-
erative activity. The chemical structure of ZSTK474 is shown
in Fig. 1.

To identify potential molecular targets for ZSTK474, we used
COMPARE analysis, an approach that is based on chemosensi-
tivity measurements from the JFCR39 panel of cell lines. We
treated cells in the JFCR39 panel with ZSTK474 and examined
its effect on cell proliferation. In this way, we obtained the finger-
print for ZSTK474 (Fig. 2). The COMPARE analysis revealed
that the fingerprint of ZSTK474 correlated with the fingerprints
of noanticancer drug currently in use. However, the fingerprint of
ZSTK474 did correlate statistically significantly with that of
LY294002, a PI3K inhibitor (» = .766 and P<.001), as shown in
Fig. 2, and with that of wortmannin, another well-characterized
PI3K inhibitor (# = .519 and P = .001). Thus ZSTK474 appears
to act as a PI3K inhibitor, although its structure is different from
that of LY294002 or of wortmannin (Fig. 1).

We also compared the potency of ZSTK474 in cell growth
inhibition with those of LY294002 and wortmannin. The mean
logarithm of G5, for ZSTK474 was ~6.49 (at0.32 pM ZSTK474),
which was substantially lower than that observed with LY294002
(-5.13 at 7.4 pM) or wortmannin (—5.00 at 10 pM), indicating
that ZSTK474 had stronger cell growth inhibitory activity than
either of these two known PI3K inhibitors.

CH,00Q
CHLOCH, §

FzCH)\—/(:l o’
0N

(‘NNN’\ O

ZSTK474 LY294002

wortmannin

Fig. 1. Chemical structures of the phosphatidylinositol 3-kinase inhibitors
ZSTKA474, 1Y294002, and wortmannin. ZSTK474 has one 1-benzimidazolyl and
two morpholino groups as substituents on the 1,3,5-triazine ring.
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CELLLINE Log Gi50 Log GISO
Br
HBC-4 -6.62 5.06
BSY- -7.03 5.30
HBC-5 -7.55 5.40
MCF-7 -7.34 5.51
MDA-MB-231 6.25 5.27
CNs *
U251 -5.96 -4.81
SF-268 .19 5.18
SF-295 -8.73 -5.49
SF-539 -6.46 5.51
8NB-75 -7.34 5.59
SNB-78 -7.26 -5.59
Co *
HCC2898 -6.61 4.98
KM-12 -5.78 4.81
HT-29 -6.35 4.82
HCT-15 -6.20 5.01
HCT-116 -5.82 4.82
Lu *
NCI-H23 847 4.78
NCI-H226 -8.92 -5.36
NCI-H522 -6.82 -5.49
NCI-H460 -6.33 4.77
A549 -6.30 5.22
DMS273 -6.65 5.22
DMS114 -6.53 5.53
Me *
LOX-IMVI -8.34 5.21
OV *
OVCAR-3 -7.04 5.24
OVCAR-4 -8.74 5.37
OVCAR-5 -6.08 5,08
OVCAR-8 -5.08 5.00
SK-OV-3 -6.48 4,85
Re *
RXF-631L .14 5.26
ACHN -6.39 5.00
st *
St4 -8.77 4.68
MKN1 -6.65 4.98
MKN7 5.88 4.62
MKN28 5.87 ~4.61
MKN45 -5.54 5,16
MKN74 -6.21 -4.74
xPg *
DU-145 -6.04 5.00
PC3 -7.42 -5.75
*
MG-MID 649 | 2 2 543 |2 - 1 2
Delta 1.06 0.62
Range 1.78 1.16

ZSTK474

Fig. 2. Growth inhibition activity of ZSTK474 and LY294002 against a panel of
39 human cancer cell lines in the JFCR39 panel. Mean graph was produced by
computer processing of the 50% growth inhibition (Glso) values. Logarithm of
the Glso value for each cell line is indicated. In the plot, columns to the right of
zero indicate that the sensitivity of the cell line to the compound, and columns to
the left indicate resistance to the compound. The x-axis represents logarithm of
difference between the mean of Glso values for 39 cell lines and the Glsg value for
each cell line in the JFCR39 panel. One scale represents one logarithm difference.

Inhibition of PI3K Activity by ZSTK474

We next examined the ability of ZSTK474 to inhibit PI3K ac-
tivity. We selected A549 cells as the source of PI3K because these
cells had an average level of sensitivity to ZSTK474 among cells
in the JFCR39 panel. For these experiments, we used PI3K that
had been immunoprecipitated from A549 cell lysates with an
anti-p85 polyclonal antibody. ZSTK474 inhibited PI3K activity
in a dose-dependent manner (Fig. 3, A). At concentrations of
1 pM, ZSTK474 and LY2194002 reduced the PI3K activity to
4.7% (95% confidence interval [CI] = 3.2% to 6.1%) and 44.6%
(95% CI=38.9% to 50.3%), respectively, of the untreated control
activity. The respective concentrations of ZSTK474, 1Y294002,
and wortmannin that inhibited 50% of the PI3K activity (ICsq)
were 37,790, and 11 nM. Therefore, as a PI3K inhibitor, ZSTK 474
had a 20-fold greater activity than that of LY294002, but its
activity was similar to that of wortmannin. However, ZSTK474
reversibly inhibited PI3K activity, as does LY294002, whereas
wortmannin irreversibly inhibited PI3K activity (Fig. 3, B).
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LY294002

MG-MID = mean of logarithm of Glsg values for 39 cell lines in the JFCR39
panel; Delta = logarithm of difference between the MG-MID and the logarithm
of the Gl5q value for the most sensitive cell line; Range = logarithm of difference
between the logarithm of the Glsy value for the most registant cell line and the
logarithm of the Glsp value for the most sensitive cell line. Br = breast; CNS =
central nervous system; Co = colon ; Lu = lung; Me = melanoma; Ov = ovarian;
Re = renal; St = stomach; xPg = prostate. Each hatch mark corresponds to the
cell line indicated to the left.

ZSTK474 did not substantially inhibit the activity of 139 other
protein kinases (Supplementary Table I, available at http://
Jjncicancerspectrum.oxfordjournals.org/jnci/content/vol98/issues),
indicating that ZSTK474 is highly specific to PI3K.

There are four subtypes of pll0, the catalytic subunit of
PI3K—aq, B, v, and 8. The specificity of ZSTK474 to these
subtypes was of interest because a high frequency of mutations in
the PIK3CA gene, encoding pl110c, in human cancers has been
recently reported (7,8). With the PI3K assay described above, it
was not possible to determine subtype specificity because the
precipitates obtained with the anti-p83 polyclonal antibody could
contain a mixture of p110a, -B, and -8. To determine the subtype
specificity of ZSTK474, we examined ZSTK474 for its activity
against recombinant p110B, -y, and -8. We found that ZSTK474
inhibited the activities of p110B, -y, and -8, with respective ICsp
values of 17, 53, and 6 nM (Supplementary Fig. 1 available at
http://jncicancerspectrum. oxfordjournals.org/jnci/content/vol98/
issue8), indicating that ZSTK474 was apparently not subtype
specific.
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Tig. 3. Effect of ZSTK474 on phosphatidylinositol 3-kinase (PI3K) activity.
- A) Inhibition of PI3K activity. PI3K was immunoprecipitated from A549 cell
lysates with anti-p85 polyclonal antibody, and immunoprecipitates were thoroughly
washed sequentially with buffer A, buffer B, distilled water, and buffer C. After
treatment of the PI3K immunoprecipitates with ZSTK474, LY294002, or
wortmannin, as indicated, for 5 minutes, activity was measured by incubating PI3K
immunoprecipitates with phosphatidylinositol and [y-*PJATP. Phosphorylated
derivatives of phosphatidylinositol were separated by thin-layer chromatography.
The radioactivity in all derivatives was measured, and the results are expressed as the
percentage of control untreated PI3K activity. Data are the mean of the results of two
experiments performed in triplicate. Error bars = upper 95% confidence intervals.
B) Reversibility of PI3K inhibition. The PI3K immunoprecipitates were treated
with 1 pM ZSTK474, 10 pM LY294002, or 0.1 pM wortmannin for 5 minutes and

Correlation of PISK Inhibition with Growth-Inhibitory
Activity of s-Triazine Derivatives

ZSTK474 is an s-triazine derivative, as are ZSTKI1178,
ZSTK781, and ZSTK 116, and all have different PI3K inhibitory
activities. We investigated whether the PI3K inhibitory activities
(ICsp) of these four s-triazine derivatives were related to their
growth inhibitory activities (assessed as the mean logarithm of
Glsp). A statistically significantly high correlation (» = .98 and
P = 023) was observed between these two inhibitory activities
(Fig. 3, C), suggesting that ZSTK474 inhibited cell proliferation
by inhibiting PI3K activity.

Molecular Modeling of the PI3K-ZSTK474 Complex

Because all previously described PI3K inhibitors apparently
bind to the ATP-binding site of p110, the catalytic subunit of
PI3K (44), we investigated whether ZSTK474 also binds fo this
site by using a model structure, the crystal structure of the PI3Ky-
LY294002 complex, to generate a PI3K template structure for
docking analysis (44). Analysis of this model structure indicated
that there are three hydrogen-bonding interactions between PI3K
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dividedinto two aliquots. One aliquot was washed four times with abuffer containing
100 mM NaCl and 20 mM Tris-HCI (pH 7.5) to remove free ZSTK474, LY 294002,
or wortmannin from the PI3K, and PI3K activity of the washed precipitate was
measured. The PI3K activity of the other aliquot was measured without washing.
The PI3K activity of the immunoprecipitates with (solid columns) or without (open
columns) washing is shown as the percentage of control untreated PI3K activity.
Data are the mean of the results of two or three experiments. C) Activity of the
s-triazine derivatives ZSTK 116, ZSTK474, ZSTK781, and ZSTK1178. Scattered
plot of concentrations of the various derivatives that inhibited 50% of PI3K activity
(ACsp) versus the mean of logarithm of 50% growth inhibition (Glso) (MG-MID)
values of s-triazine derivatives. A high and statistically significant comrelation (r =
.98, Pearson correlation coefficient, and P = .023) was observed between the two
activities (n = 4). All statistical tests were two-sided.

and ZSTK474 (i.e., K802 NZ, one of the morpholino oxygens;
8806 OG, the other morpholino oxygen; and V882 NH, the benz-
imidazole nitrogen [Fig. 4, A]). )

We next coriipared the binding modes of ZSTK474 with those
of ATP in the active site of PI3K. Two of the three hydrogen
bonds between ZSTK474 and PI3K, V882 NH and S806 OG,
mimicked those in the ATP-PI3K complex; therefore, the over-
all arrangements of ZSTK474 and ATP in the PI3K active site
are very close (Fig. 4, B). The benzimidazole nitrogen of
ZSTK474 forms a hydrogen bond with V882 NH. This hydrogen
bond mimics the hydrogen bond between ATPN1 and V882 NH.
As discussed previously (43), all kinase inhibitors appear to have
a hydrogen bond acceptor in a position equivalent to ATP N1.
These features of the ZSTK474-PI3K complex support the
hypothesis that ZSTK 474 binds to the ATP-binding site of PI3K.
In contrast, ZSTK474 and L'Y294002 appear to bind to different
sites in the ATP-binding pocket (Fig. 4, C), with LY294002
forming two hydrogen bonds between PI3K at V882 NH and
K833 NZ.

As shown in Fig. 4, D and E, the amino acid residues Met-804
(M804), Trp-812 (W812), and Met-953 (M953) of PI3K create a
unique space in the ATP-binding pocket that is larger than the
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Fig. 4. Molecular modeling of the PI3K-ZSTK474 complex. A) Stereo view of
the model structure of the PI3K-ZSTK474 complex. Putative hydrogen bonds =
yellow dashed lines. Carbon atoms of PI3K = white; nitrogens = blue; oxygens =
red. B and C) Binding modes in the PI3K active site. B) Comparison of ZSTK474
and ATP. ZSTK474 = green; ATP = white. C) Comparison of ZSTK474 and
LY294002. ZSTK474 = green; LY294002 = red. D and E) Stereoview of the
interactions between PI3K amino acid residues (M804, W812, and M953) and
LY204002 or ZSTK474. D) L'Y294002 and PI3K. Amino acid residues = yellow;
LY294002 = green. E) ZSTK474 and PI3K. Amino acid residues = yellow;
ZSTK474 = green.

corresponding portion of the ATP-binding pocket of other protein
kinases (44). In our models, this space was occupied by the bulky
8-phenyl group of LY294002 (Fig. 4, D), as previously indicated
by Walker et al. (44), or by the triazine and morpholino groups of
ZSTK474 (Fig. 4,E).

Inhibition of Membrane Ruffling by ZSTK474

It is widely accepted that membrane ruffling is regulated by
PI3K by means of a pathway that is independent of Akt, a serine/
threonine protein kinase. We examined ZSTK474 for its effect on
membrane ruffling induced by platelet-derived growth factor in
murine embryonic fibroblast cells. We found that membrane
ruffling was induced 5 minutes after platelet-derived growth
factor was added to the cultures (Fig. 5, A). When cells were in-
cubated for 15 minutes with 1 pM ZSTK474 before the addition
of platelet-derived growth factor, both membrane ruffling and the
formation of PIP3;, a measure of PI3K activity, were blocked
(Fig. 5, B). Thus, ZSTK474 appears to inhibit PI3K activity and
also to block membrane ruffling.
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Fig. 5. Effect of ZSTK474 on membrane ruffling and the formation of
phosphatidylinositol-3,4,5-trisphosphate (PIP3). A) Inhibition of membrane
ruffling in murine embryonic fibroblasts (MEFs) by ZSTK474. MEFs were treated
with or without 1 pM ZSTK474 for 15 minutes and then stimulated with platelet-
derived growth factor (10 ng/mL) for 5 minutes. Cells were then fixed and stained
for filamentous actin with tetramethylthodamine isothiocyanate-conjugated
phalloidin (red). Arrows indicate cells with membrane ruffling. B) Inhibition
of PIP; formation by ZSTK474. MEFs were labeled with [3?PJorthophosphate
(0.1 mCi/mL) for 4 hours, treated with or without 1 pM ZSTK474 for 15 minutes,
and then stimulated with platelet-derived growth factor (10 ng/mL) as indicated.
Radioactivity in the total phospholipids and in PIP; was determined with a
bioimaging analyzer. Data are the percentage of radioactive PIP3 as a function of
radioactivity in total lipids.

Effects of ZSTK474 on Apoptosis and Cell Cycle

Because PI3K and its downstream components appear to me-
diate antiapoptotic signals, we examined the effect of ZSTK474
on the induction of apoptosis. At 10 pM, a higher concentration
than its Glso, ZSTK474 induced apoptosis in OVCAR3 cells
(Fig. 6, A and B). However, 10 pM ZSTK474 did not induce
apoptosis in A549 cells but instead mediated complete G;-phase
arrest (Fig. 6, C). Therefore, it appears that induction of apopto-
sis by ZSTK474 is a weak and cell type-dependent event. Here
the induction of G;-phase arrest by ZSTK474 might lead to the
inhibition of tumor growth in vivo, which was indeed observed
in the animal experiments with A549 below.

Inhibition of Akt Phosphorylation and Downstream
Signaling by ZSTK474

The time course of ZSTK474-mediated inhibition of the phos-
phorylation of Akt, one of the major targets of PI3K, and inhibi-
tion of other downstream signaling components was examined in
A549 cells by immunoblotting. Treatment with 0.5 uM ZSTK474
decreased the level of phosphorylated Akt (Ser-473) within 5
minutes without altering overall Akt protein levels and then de-
creased the level of phosphorylated GSK-3p (Ser-9) and of cy-
clin D1 protein expression within 30 minutes (Fig. 7, A). We next
investigated the effect of various concentrations of ZSTK474
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from 0 to 2.0 pM on the levels of downstream signaling compo-
nents in the Akt pathway. ZSTK474 inhibited the phosphorylation
of forkhead in rhabdomyosarcoma-like 1 (FKHRL1) on Thr-32,
forkhead in rhabdomyosarcoma (FKHR) on Thr-24, tuberous
sclerosis complex 2 (TSC-2) on Ser-1462, mammalian target of
rapamycin (mTOR) on Ser-2448, and p70 ribosomal protein S6
kinase (p70S6K) on Thr-389 and decreased the expression of
cyclin D1 protein in a dose-dependent manner (Fig. 7, B). In
contrast, phosphorylation of extracellular signal-regulated kinases
(ERK1/2) and mitogen-activated protein kinase/extracellular
signal-regulated kinase kinases (MEK 1/2) were not inhibited by
ZSTK474, suggesting that ZSTK474 did not inhibit the RAS-
ERK pathway (Fig. 7, A and B). Thus ZSTK474 also appears to
act through the Akt pathway.

Antitumor Efficacy of ZSTK474 In Vivo

We evaluated the antitumor activity and toxicity of ZSTK474
by use of a mouse cancer model and three human cancer xeno-
graft models. When administered orally for 2 weeks, ZSTK474
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inhibited the growth of subcutaneously implanted mouse B16F10
melanoma tumors in a dose-dependent manner. Almost complete
tumor growth inhibition (i.e., tumor regression) was observed at
higher dosages. Administration of ZSTK474 at 100, 200, or 400
mg/kg produced tumor regression of 28.5% (95% CI =21.4% to
35.7%), 7.1% (95% CI = 2.7% to 11.5%), or 4.9% (95% CI =
3.2% to 6.5%) on day 14, respectively. This growth inhibition
was superior to that of the four major anticancer drugs examined—
irinotecan, cisplatin, doxorubicin, and 5-fluorouracil (each admin-
istered at their respective maximum tolerable doses). Tumor
regression in mice of treated with irinotecan, cisplatin, doxorubi-
cin, or 5-fluorouracil was 96.0% (95% CI = 63.5% to 128.4%),
35.7% (95% CI = 28.6% to 42.9%), 24.0% (95% CI = 16.4% to
31.5%), or 68.3% (95% CI =21.4%to 115.3%) on day 14, respec-
tively (Fig. 8, A). Moreover, the myelosuppression induced by
ZSTKA474 at 400 mg/kg was marginal (Fig. 8, B).

We then examined the antitumor activity of ZSTK474 against
A549, PC-3, and WiDr human xenografts, which originated from
anon-small-cell lung cancer, a prostate cancer, and a colon cancer,
respectively. Chronic oral administration of ZSTK474 completely
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Tig. 7. Immunoblot analysis of Akt and downstream components in the Akt path-
way inZSTK474-treated cells. A) Time course. A549 cells were treated with 0.5 pM
ZSTK474 as indicated. B) Inhibition as a function of ZSTK474 concentration.
A549 cells were treated with the concentration of ZSTK474 indicated for 3 hours.
After treatment with ZSTK474, cells were harvested for immunoblot analysis
with antibodies specific for nonphosphorylated or phosphorylated proteins
indicated of Akt phosphorylation, the level of ¢yclin D1, and the phosphorylation

inhibited growth of A549, PC-3, and WiDr xenografts at a dose of
400 mg/kg (Fig. 8, C [upper panels] and D), and it induced the
regression of A549 xenograft tumors. To assess toxicity, we mea-
sured the body weight of the tumor-bearing mice. Their weight
was slightly reduced by administration of ZSTK474, but the re-
duction was tolerable (no reduction, 17% reduction, and 3% re-
duction of the day 0 weight on day 14 in A549-bearing mice, in
PC-3-bearing mice, in WiDr-bearing mice, respectively) (Fig. 8,C
[lower panels]). Dermal toxicity has been reported when LY294002
administered to nude mice (46). However, we observed no dermal
toxicity with ZSTK474 even after more than 28 days, as shown in
Fig.'8, D. Furthermore, chronic oral administration of ZSTK474
at a higher dose (800 mg/kg) over 4 weeks again reduced body
weight within a tolerable range (14% reduction of the day 0 weight
on day 28), without toxic effects in critical organs. Thus ZSTK474
appeared to have good therapeutic efficacy in vivo.

Inhibition of the Phosphorylation of Akt by
ZSTK474 In Vivo

To confirm that ZSTK474 inhibits the PI3K pathway in vivo,
the phosphorylation status of Akt in the subcutaneous A549 tumor
tissue was immunohistochemically determined by an anti-Akt
antibody specific for phosphorylation at Akt amino acid residue
Ser-473. We found that administration of ZSTK474 reduced the
level of Akt phosphorylation in tumor tissue (Fig. 8, E).

DiscussioN

In this study, we demonstrated that a new compound,
ZSTK474, is a potent inhibitor of PI3K that differs structurally
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of downstream components, including glycogen synthase kinase 38 (GSK-3p),
extracellular signal-regulated kinases (ERK1/2), mitogen-activated protein
kinase/extracellular signal-regulated kinase’ kinases (MEK1/2), forkhead in
rthabdomyosarcoma-like 1 (FKHRL1), forkhead in rhabdomyosarcoma (FKHR),
tuberous sclerosis complex 2 (TSC-2), mammalian target of rapamycin (nTOR),
and p70 ribosomal protein S6 kinase (p70S6K).

from the well-known PI3K inhibitors LY294002 and wortman-
nin. We also demonstrated that orally administered ZSTK474 has
therapeutic efficacy against human cancer xenografts in mice.
To the best of our knowledge, this is the first report of an orally
administered PI3K inhibitor that has strong antitumor activity
without severe toxicity in vivo. The PI3K pathway is activated in
various cancer types, and therefore PI3K is a promising thera-
peutic target of cancer (3,4,21). Thus ZSTK474 appears to be a
new anticancer drug candidate targeting PI3K.

From a methodology viewpoint, another novelty of this study
is our use of an information-intensive approach, COMPARE
analysis, to identify the target of ZSTK474. The COMPARE
analysis predicted that the target of ZSTK474 was PI3K, which
was later confirmed by direct inhibition of PI3K activity with
ZSTK474. We have previously identified the targets of new com-
pounds MS-247 (26) and FI5002 (47) as topoisomerase I/II and
telomerase, respectively, by using COMPARE analysis. This
study further confirms that the COMPARE analysis is a powerful
tool that can predict the molecular targets of new compounds.

Molecular modeling of the PI3K-ZSTK474 complex indi-
cated that ZSTK474 could bind to the ATP-binding pocket of
PI3K through three hydrogen bonds, which is a finding consis-
tent with the ZSTK474-mediated inhibition of PI3K being re-
versible. Because ZSTK474 formed three hydrogen bonds with
PI3K, instead of the two hydrogen bonds formed between
LY294002 and PI3K, ZSTK474 appears to be a stronger com-
petitor for the ATP-binding pocket of PI3K than LY294002. In-
deed, the PI3K inhibitory activity of ZSTK474 was approximately
20-fold stronger than that of 1Y294002. Another important fea-
ture of ZSTK474 is its high specificity for PI3K. When tested
at 30 pM, ZSTK474 did not inhibit the activity of 139 other
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Fig. 8. Antitumor activity of ZSTK474. A) Antitumor activity of ZSTK474
against mouse BI16F10 melanomas. Fifty-six BDF; mice were each
subcutaneously injected with 5 x 10° B16F10 melanoma tumor cells. Seven
days after inoculation, the administration of the drugs, as indicated, began
(day 0). ZSTK474 was orally administered daily from days 0 to 13. Reference
drugs were irinotecan (CPT-11), cisplatin (CDDP), doxorubicin (ADM), and
5-fluorouracil (5-FU). Each reference drug was administered intravenously
from day O at the maximum tolerable dose by use of the following optimal
schedules: CPT-11 at 100 mg/kg administered three times on days 0, 3, and 7;
CDDP at 10 mg/kg once on day 0; ADM at 12 mg/kg once on day 0; and 5-FU
at 50 mg/kg three times on days 0, 3, and 7. Each data point is the average of
data from seven mice. B) Hematoxylin—-eosin staining of femur bone marrow
sections from BDF} mice bearing B16F10 melanomas 14 days after inoculation
of tumor cells. ZSTK474 at 400 mg/kg was orally administered daily from
days 0 tol13. Scale bar = 100 pm. C) ZSTK474 and tumor growth and body
weight in nude mice bearing human cancer xenografts. Forty-five nude mice
were subcutaneously inoculated with a tumor fragment of 3 mm x 3 mm x 3 mm

protein kinases examined. The three-dimensional space in the
ATP-binding pocket of PI3K is larger than the corresponding
spaces found in the ATP-binding pockets of other protein kinases
(44). The triazine and morpholino groups of ZSTK474 fit well
into this space. Therefore, these moieties may be important in the
specificity of ZSTK474 for PI3K. To further confirm the binding
of ZSTK474 to the ATP-binding pocket of PI3K, a biochemical
experiment that examines whether ZSTK474 competitively in-
hibits the binding of ATP to its binding site is required.

PI3K plays an important role in the proliferation of tumor cells.
We compared ZSTK474 with other PI3K inhibitors, LY294002
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from the subcutaneous tumor developed in nude mice. When tumors reached
a volume of 100-300 mm?, animals were divided randomly into test groups,
each with five mice (day 0). ZSTK474 (400 mg/kg) was orally administered
daily from day 0 to 13 except for days 3 and 10. Data are the means of data
from five mice. Error bar = the upper 95% confidence interval. *P = .009,
two-sided Mann-Whitney U test, compared with respective control. D) WiDr
xenograft growth inhibition after administration of ZSTK474. ZSTK474 at 400
mg/kg was orally administered daily from days 0 to 26, except for days 6, 13,
and 20. The mice were photographed on day 28. Other experimental conditions
were the same as described above. E) ZSTK474 and Akt phosphorylation in
nude mice bearing A549 human non—small-cell lung cancer xenografts. When
the volume of tumors reached 100-300 mm?3, ZSTK474 at 400 mg/kg was orally
administered once. Mice were killed 4 hours after ZSTK474 administration, and
excised tumors were analyzed by immunohistochemistry for the expression of
phosphorylated Akt (Ser-473). Phosphorylated Akt (Ser-473) blocking peptide
was incubated with phosphorylated Akt (Ser-473) antibody at 4 °C for 2 hours
before incubating with the tissue section. Scale bar = 25 pm.

and wortmannin, for its ability to inhibit cell proliferation. At
concentrations of less than 1 pM, ZSTK474 potently inhibited the
growth of various cancer cell lines. The growth inhibitory activity
of ZSTK474 was more than 10-fold stronger than that of wort-
mannin, which may be due to wortmannin’s being somewhat
unstable in cell culture medium (48), or of LY294002, which
may be due to the PI3K inhibitory activity of LY294002 being
more than 10-fold weaker than that of ZSTK474. Furthermore,
the PI3K inhibitory activities of other s-triazine derivatives sta-
tistically significantly correlated with their cell growth inhibitory
activities. These results suggested that ZSTK474 inhibited cell
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growth by inhibiting PI3K, with subsequent inhibitory effects on
downstream signaling molecules.

PI3K participates in the induction of the membrane ruffling.
Z8TK474 inhibited platelet-derived growth factor-induced
membrane ruffling in murine embryonic fibroblast cells, which is
an Akt-independent process, and inhibited the generation of PIP;.
These results demonstrate that ZSTK474 inhibited PI3K activity
in intact cells.

Because the PI3K pathway is considered to mediate antiapo-
ptotic signals in tumor cells, ZSTK474 was expected to induce
apoptosis efficiently by inhibiting PI3K. However, we observed
weak or no induction of apoptosis after ZSTK474 treatment in
OVCAR3 cells or A549 cells, respectively. Therefore, induction
of apoptosis by ZSTK474 appears to be a cell type-dependent
event, probably because of the differential status of the PI3K sig-
naling pathway in various cancer cell lines.

One of the major downstream effectors of PI3K is Akt, a serine/
threonine protein kinase. Therefore, we investigated the effect of
PI3K on the activation of Akt and its key downstream compo-
nents. ZSTK474 reduced, in a time-dependent manner, phosphor-
ylation of the protein kinases Akt and GSK-3p and the expression
of cyclin D1 protein. Akt inhibits cyclin D1 degradation by regu-
lating the activity of GSK-3p (49). After its phosphorylation by
GSK-3B, cyclin D1 is targeted for degradation by the proteasome.
Akt phosphorylates GSK-3p directly and blocks its kinase activity,
thereby allowing cyclin D1 to accumulate in cells (49). ZSTK474
inhibited the phosphorylation of other downstream signaling
components that are involved in regulating cell proliferation
(i.e., FKHRLI1, FKHR, TSC-2, mTOR, and p70S6K) in a dose-
dependent manner. These results indicated that the inhibition of
PI3K by ZSTK474 was followed by a decrease in relevant down-
stream signaling, which may in turn facilitate cell growth inhibi-
tion. In fact, we observed complete G;-phase arrest in A549 cells
after ZSTK474 treatment. In contrast, ZSTK474 did not inhibit
phosphorylation of either ERK1/2 or MEK1/2, suggesting that
ZSTK 474 does not inhibit components in the RAS-ERK pathway.

Orally administered ZSTK474 displayed potent antitumor ac-
tivity against human cancer xenografts in mice, without evidence
of critical toxicity. Known PI3K inhibitors—such as LY254002
(46,50-52), wortmannin (53,54), and viridin analogues (54)—
have previously been examined for their antitumor activities. In
most reports, LY294002, which was administered intraperitone-
ally because it is insoluble in water, had antitumor activity when
administered at an early stage (i.e., within 7 days after inocula-
tion of tumor cells) (50), but it also induced severe dermal toxic-
ity (46). Wortmannin also had antitumor activity, but again it
achieved sufficient efficacy only when administered at an early
stage (33), and it caused liver toxicity (54). An analogue of wort-
mannin, PX-866, has recently been developed (54) that has better
efficacy and lower toxicity than wortmannin. However, this agent
still produces liver toxicity (54). In this study, we found that
ZSTK474 had strong antitumor efficacy against advanced-stage
tumors (i.e., >15 days after inoculation of tumor cells) and that
ZSTK474 did not produce noticeable toxicity in critical organs
after daily administration for more than 14 days. We also con-
firmed reduction of Akt phosphorylation after ZSTK474 admin-
istration. Thus, the reduction of Akt phosphorylation may be a
useful biomarker marker to monitor the efficacy of ZSTK474 in
future investigations of ZSTK474. v

Although ZSTK474 indicated favorable features for a novel
anticancer drug candidate as described above, various preclinical
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studies remain before ZSTK474 can be evaluated in a clinical
trial, which include more precise investigation of the molecular
pharmacology, analyses of the pharmacokinetics and the pharma-
codynamics, and careful investigation of the toxicity. Investiga-
tion of the toxicity derived from PI3K inhibition is especially
important because PI3K is expressed in various normal tissues.
These studies are currently under way.

In conclusion, we demonstrated that the compound ZSTK474
is a new PI3K inhibitor and that it has strong antitumor activity
against human cancer xenografts without critical toxicity. It ap-
pears that ZSTK474 can be orally administered over long peri-
ods, which may be important for the treatment of cancer. Thus,
ZSTKA474 merits further investigation as an anticancer drug.
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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 as a 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 thisfact.

" To whom correspondence should be addressed. Tel.: 81-3-5841-4723; Fax: 81-3-3818-
3173; E-mail: 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,
raverse transcription; BBB, blood-brain barrier; NPP, nucleotide pyrophosphatases/
phosphodiesterases; CNS, central nervous system; siRNA, small interfering RNA;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

17492 JOURNAL OF BIOLOGICAL CHEMISTRY

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 tumor 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 AT X 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 biological 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 requires an 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,
lysophosphatidic 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), AT X 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 tumors (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 seminal
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 (glioblastomas) 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 glutamine, 1X penicillin/streptomycin,
and 5% (v/v) heat-inactivated fetal bovine serum as described previously
{83). The cell lines used in this study were NCI-H23 (lung), NCI-H226
(lung), NCI-H522 (lung), NCI-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), CaRI (rec-
tum), WiDr (colon), CaCo2 (colon), Colo320 (colon), Colo201 (colon),
HCT-116 (colon), KM12 (colon), HT1080 (colon), RXF-631L (renal),
ACHN (renal), OVCAR3 (ovary), OVCAR4 (ovary), OVCARS (ovary),
OVCARS (ovary), SKOV-3 (ovary), U251 (CNS), SF295 (CNS), SE539
(CNS), SF268 (CNS), SNB75 (CNS), SNB78 (CNS), MKN45 (stom-
ach), MKN28 (stomach), St4 (stomach), MKN1 (stomach), MKN7
(Stomach), MKN74 (stomach), KatolIll (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 mMm 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-
GGGATACCATGATGAGTCTT-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-
ACAGTCTT.

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-HCI (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 pPCAGGS
(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-TATX-Myc). To establish stable transfectants, 203G glioma
cells were transfected with pCAGGS-rATX-Myc 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 pl/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 Ki16425 treatment, cells were preincubated with 1
M Ki16425 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
cellshad 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
receptorsintumor celllines. Aquantitative RT-PCR
analysis of ATX (left) and LPA receptors (LPA;, LPA,,
LPA3, and LPA,, right) in 50 tumor cell lines from var-
jous 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.
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after serum depletion. Medium was then replaced with serum-free
medium containing different concentrations of 1-oleoyl-LPA, 1-oleoyl-
LPC, Ki16425 (1 pm) 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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