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Fig. 8. Westem blots of CYP1AL, CYPIB1, and AbR of rat liver following DMBA. ingestion after prenatal exposure to PCB126. The protein concentration was
defermined with a bicinchonic acid protein assay reagent kit (Pierce) with bovine serum alburnin as a standard. Ten pg of microsome samples were applied for
Westem blotting malysis, and immunoreactive proteins were detecied using the ECL Plus Western Blotting Detection system {(Amersham Biosciences,
Buckinghamshire, UK). The upper panels show the representative Western blots bands of CYP!, AR and {-actin, and the lower panels show the density ratio
of CYP1, or AhR/B-actin; results are obtained by sereening sample from five rats of each group. Values represent mean % SD {A) the 7.5 ug group; (B) the 250

ng group; (C) the 2.5 ng group; (D) the vehicle group.

and liver is the primavy site of E2 metabolism (Beloh et al,
1993; Waalkes et al., 2004; Wang and Lishr, 1994). Thisisin
particular, the case of 4-hydroxylated E2, which is generated
mainly by CYP1B1, displays a strong genotoxicity {Cavalien
et ab,, 2002; Safe and Krishnan, 1995). On the other hand,
CYPIA1 generates primarily 2-hydroxylated E2, which is

less toxic and has been considered as pro'mctive (Cavalieri st
al., 2002; Liehretal., 1095; Mohieym al., 1999: Schumacher
et al., 1999 Yager and Lichr, 1996). Moremer it has been
suggested that the m.ducnon of mouse hepatic CYPIA!L is
primarily protective for toxicity of DMBA (Line et al., 2004),
Therefore, it is possible that the prolengation of hepatic
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CYPIB! induction has been observed in the 250-ng group
contributes to mammaty carcinogenesis by bioactivation of
both exogenous pro-carcinogens, DMBA, and endogenous
E2.

A recent study showed elevated expression of AhR in the
endometrium and myometrium (Khorram et al, 2002). In
this study, the 250-ng group revealed elevated AhR
expression compared to the other groups. Notably high
evels of AhR in the liver of the 250-ng group suggest that
elevated AhR expression mediated, at least in part, the
increased expression of CYP1B1. As previously suggested,
high levels of CYP1BI expression, like hyperexpression of
AhR, may represent a molecular marker for carcinogenesis
(Spink ot al., 1998). Moreover, AhR-deficient cells exhibit a
decreased rate of cell proliferation because of a prolongation
of cells in G1 (Ma and Whitlock, 1996; Weiss et al., 1996).
The AhR also controls a number of genes whose products
may be involved in a number of cellular proliferation and
differentiation processes (Okey et al., 1994). In this study,
because the 250-ng group showing enhancement of DMBA-
induced mammary carcinogenesis revealed significantly
higher AhR expression, AhR might mediate DMBA-
induced mammary carcinogenesis through dysregulation
of the cell cycle. However, it was unclear why a
significantly lower induction of AhR was observed in the
7.5-ug group, which showed high-level PCB126 residues in
mammary carcinomas, than in the 250-ng group.
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The phospho-site adapter protein 14-3-3 binds to target proteins at amino acid sequences
matching the consensus motif Arg-X-X-Ser/The-X-Pro, where the serine or threonine
residue is phosphorylated and X is any amino acid. The dual-specificity phosphatase
CDC25B, which is involved in cell cyele regulation, contains five 14-3-3 binding motifs,
but 14-3-3 preferentially binds to the motif at Ser309 in CDC25B1 (or Ser323in CDC25B3).
In the present study, we demonstrate that amino acid residues C-terminal to the 14-3-3
binding motif strongly affect the efficiency of 14-3-3 binding. Alanine substitutions at
residues downstream. of the Ser309 motif dramatically reduced 14-3-3 binding, although
phosphorylation of Ser309 was unaffected. We also observed that binding of endogenous
14-3-3 to mutant CDC25B occurred less efficiently than to the wild type. Mutants to
which 14-3-3 cannot bind efficiently tend to be located in the nucleus, although not as
specifically as the alanine substitution mutant of Ser309. These resulis indicate that
amino acid sequences C-terminal to the consensus binding site have an important
role in the efficient binding of 14-3-3 to at least CDC25B, which may partly explain

why some consensus sequences are inactive as 14.3-3 binding sites.

Key words: 14-3-3, CDC25B, cell cycle, phosphorylation, subeellular localization.

Abbreviations: CDK, cyclin-dependent kinase; GST, glutathione-S-iransferase; MAPKAP, mitogen-activated
protein kinase-activated protein; MK2, MAPKAP kinase 2; NLS, nuclear localization signal.

The eukaryotic cell eycle progresses through sucecessive
cycles of activation and inactivation of cyclin-dependent
kinases (CDKs) that are complexed with cyclins. The
activities of these complexes are regulated via several
mechanisms, including inhibition of CDK by small proteins
(e.g., pl16, p21, and p27), inhibitory phosphorylation by
Weel/Mytl kinases at the ATP binding site of CDK, and
activation of dephosphorylation by CDC25 dual-specificity
phosphatases.

Three CDC25 phosphatases have been identified in
mammalian cells, CDC25A, CDC25B, and CDC25C (I).
The first CDC25 phosphatase gene to be identified was
that encoding CDC25C, which dephosphorylates phos-
pho-Tyr15 of CDK1 (previously phosphorylated by Weel
kinase) to promote the G2 to M phase transition (2, 3).
Studies using cultured mammalian cells have suggested
that CDC25A plays a role in the G1 to S phase transition
by activating CDK2/cyclin E (4, 5), and that CDC25B and
CDC25C function in M phase entry by activating and main-
taining CDK1:cyclin B activity during the M phase (6-9).
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Recent reports provided evidence that CDC25A. also
plays an important role in the G2 to M phase transition,
thus indicating that CDC25A regulates all cell eycle stages
(10, 11). However, mice depleted of CDC25C by gene
targeting develop normally and become fertile adults
(12), and CDC25B knockout mice are born essentially
healthy, although the females are sterile because of a
defect in oogenesis (13). A recent rveport confamed that
mice lacking both the CDC25B and CDC25C genes are
born healthy and that cells derived from these miece not
only undergo normal entry to the M phase but also exhibit
no checkpoint defects (14). Therefore, CDC25B and
CDC25C are not essential for mouse development and
for DNA damage checkpoints.

CDC25 proteins are CDK activators and, as a result,
may comprise important cell cycle checkpoints (15-17).
When the cell eycle checkpoint kinase CHK1 or CHK2 is
activated by genotoxic stress, it phosphorylates several
serine or threonine residues in CDC25A, which leads to
the ubiquitin-proteasome pathway-mediated degradation
of CDC25A that accompanies cell cycle arrest at the G1,
G2, or intra-S phase (10, 17). CDC25B and CDC25C, as
well as CDC25A, are good substrates for CHK1 and CHK?2
in vitro (18-20). CDC25B overexpression overrides the G2
checkpoint after ionizing radiation and other genotoxic
stresses, and overproduction of a non-phosphorylated

761 © 2006 The Japanese Biochemical Society.
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mutant form of CDC25C partially overrides the G2
checkpoint (21-24).

One of the phospho-site adapter proteins, 14-3-3,
appears to be centrally invelved in the CDC25 function,
especially in terms of checkpoint function (15, 22-25).
CHK1 and CHK2 [and very recently mitogen-activated
protein kinase-activated protein (MAPKAP) kinase 2
{(MK2)] have been shown to phosphorylate CDC25B and
CDC25C at phosphorylation sites containing the 14-3-3
consensus binding sequence (23, 24, 26). The binding of
14-3-3 to CDC25B or CDC25C may recruit these phospha-
tases to the ¢ytoplasm from the nucleus and help to retain
them there, thus preventing CDK1 activation in the
nucleus (27-30). However, CDC25 phosphorylation by
CHK1 or CHE2 down-regulates its phosphatase activity,
in both 14-3-3 binding-dependent and -independent
manners (31-33). At this point, the precise role of
CDC25 binding to 14-3-8 in the normal cell cycle and its
checkpoints remains to be defined.

We previously reported that 14-3-38 and 14-3-3¢ can
bind to Ser309 phosphorylation site in CDC25B1, and
that the single phosphorylation at Ser309 is sufficent to
sustain the binding of the § and & 14-3-3 isoforms (30). In
the present study, we further examined the importance of
14-3-3 binding in the regulation of CDC25B. We studied
binding to CDC25B of other 14-3-3 isoforms, such as 14-3-
3v, 1, 6, which is also called 1, and { and found that they
bind primarily to the Ser309 site. Furthermore, our results
reveal major roles not only for the amino acids in the
Ser309 consensus site but also for the aminc acids sur-
rounding the consensus site in efficient 14-3-3 binding.

EXPERIMENTAL PROCEDURES

Cell Culture and Transformation—HEK293, Cos-7, and
Hela cells (American Type Culture Collection sirains
CRL-1573, CRL-1651, and CCIL-2, respectively) were
grown in Dulbecce’s Modified Eagle’s Medium supplemen-
ted with 10% fetal bovine serum, 100 pg/ml penicillin,
100 U/ml streptomycin, and 50 pg/ml M-Plasmocin

8. Uchida et al.

under a humidified atmosphere of 5% CO,. Fetal bovine
serum, penicillin, and streptomycin were from Sigma
(St. Louis, MO, USA), and M-Plasmocin from Invivogen
(San Diego, CA, USA). For the transformation of
HEK-293 and Cos-7 cells, appropriate amounts of DNA
were transfected with FuGENES (Roche Diagnostics,
Indianapolis, IN, USA). Hela cells were transfected
with LipofectAMINE2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s recommendation.

Plasmid Construction—Plasmids encoding N-terminal
double FLAG-tagged CDC25B1, and N-terminal double
myec-tagged 14-3-3B, ¢, and o were constructed as described
previously (30). For the isolation of the other 14-3-3 sub-
types, the coding regions were amplified by PCR using
specific primers for 14-3-3v, 1, 6, and . Each amplified
fragment was subecloned into a modified pEF6-mycHisB
vector (Invitrogen) such that a double Myc-tag was
enceded at each N-terminus. The sequences of these pri-
mers are shown in Table 1. Human CHK1 and CHK2 were
provided by Steve Elledge of Harvard Medical School.
Human MK2 ¢cDNA was purchased from Open Biosystems
(Huntsville, AL, USA). All were amplified with specific
primers (Table 1) and subcloned inte modified pEF6-
mycHisB such that a double HA tag was encoded at the
N- or C-terminus and a 6xHis tag was encoded at the
C-terminus. The GST-CDC25B peptide expression plasmid
was constructed by PCR amplification of the CDC25B gene,
digestion of the PCR product with Neol and Xhol, and
ligation into the pGEX-KG vector (34). The primers used
to amplify CDC25B are shown in Table 1.

Site-Directed Mutagenesis—PCR-based site-directed
mutagenesis with complementary oligonucleotide pairs
was used to insert alanine point mutations in CDC25B,
and to place a BamHI restriction site between Leu319
and Lys320 of CDC25B. The sequence of one strand of
each primer pair is shown in Table 2.

Antibodies—Antisera against a phospho-Ser309 peptide
(23) and the FLAG tag (35) were raised as deseribed and
affinity purified. Anti-myc and anti-IHA antibodies were
from Cell Signaling (Beverly, MA, USA), anti-GST

Table 1. PCR primers used for amplification and construction of tagged proteins.

Gene Primer DNA sequence (§'—3)
14-3-3y Forward AGCCCCGGATCCATGGTGGACCGCGAGCAACTGGATG
Reverse TCCCCTGAATTCTTAATTGTTGCCTTCGCCGCCATC
14-3-3n Forward CCGAGCCGGATCCCATATGGGGGACCGGGAGCAGCTGCTG
Reverse CCTGAAGAATTCTCAGTTGCCTTCTCCTGCTTCTTC
14-3-30 Forward CCCGCGGGATCCATGGAGAAGACTGAGCTGATCCAG
Reverse ACACCCGAATTCGATTTAGTTTTCAGCCCCTTCTGC
14-3-8¢ Forward GAACATGGATCCATGGATAAAAAATGAGCTGGTTCAG
Reverse AAGTTGGAATTCCGGITAATTITCCCCTCCTITCTTC
CHK Forward CTCGGTCTAGACATGGCAGTGCCCTTTGTG
Reverse GCCGATGOTGATATCATGTGGCAGGAAGCC
CHK2 Forward GCTCACGGTACCGCCATGTCTCGGGAGTCG
Reverse TTCAAACCACGGGATATCCAACACAGCAGC
MK2 Forward TCCCCGGGTACCATGCTGTCCAACTCCCAGGGCCAG
Reverse CGCGGTGATATCGTGGGCCAGAGCCGCAGCCTCCAGGG
MKK6 Forward AAGGGGCATATGTCTCAGTCGAAAGGCAAGAAGCGAAACCCTGGC
Reverse GTCCACGATATCTTAGTCTCCAAGAATCAGTTITACAAAAGATGC
GST-CDC25B PForward GTTCCCCCAGCCATGGAGAGTCTCATTAGT
Reverse TGATTTTGACTCGAGCTAGCGGGCTTITAGG

J. Biochem.
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Table 2. Bequences of primer pairs used for PCH.based
site-direeted mutagenesis of CRDC25B.

Mutation Forward primer sequence {5/ —3"
feu304Ala AAGTGCCAGCGCGECCTTCCGOTCTCCG
Arg306Ala CAGCGGOTCTTCGCCTCTCCGTCCATG
Ber3094la CTCTTCCGCTCTCCAGCCATGOCOTRRAGC
Met310Ala CGUTCTCCRTCCGCCOCUTGCAGCATG
Pro3iiAla TCTCCGTCCATGGCCTGCAGCOTGATC
Cys8124la CCOTCCATGCCCGCCAGCGTGATCCGG
Ser313Ala TCCATGCCCTGCGCCGTGATCCGGLCC
Val314Ala ATGCCCTGCAGCGCCATCCGGCCCATC
Ile815Ala CCCTGCAGCGTGGCCCGGLCCATCCTC
Arg316Ala TGCAGCGTGATCGCTCCCATCOTCAAG
Pro3174la AGCGTGATCCGGGCCATCCTCAAGAGG
Te318Ala GTGATCCGGCCCGCCCTCAAGAGGCTG
1Leul19Ala ATCCGGCCCATCGCCAAGAGGUTGGAG
319/BamHI/820 COGCCCATCCTCGGATCCAAGAGGUTGRAG

serum from Amersham Biosciences (Piscataway, NJ,
USA), and anti-FLAG M2-beads from Sigma.

Preparation of Cell Extracts, Immunoprecipitation, and
Immunoblotting—Crude cell extracts were prepared as
described previously (30). Cells were collected by seraping,
washed in iee-cold phosphate-buffered saline (PBS), and
lysed with immunoprecipitation (IP) buffer (50 mM
Tris-HClL, pH 7.5, 1580 mM NaCl, 0.5% NP-40, 5 mM
EGTA, and 1 mM EDTA) supplemented with protease
and phosphatase inhibitor mixes as described previously
{30). Cell extracts were centrifuged at 15,000 xg for 10 min
at 4°C, the supernatant fractions were collected, and the
protein concenirations were determined by the Bradford
method (Bio-Rad, Richmond, CA, USA) (36). For immuno-
precipitation, typieally 500 pg of protein was mixed with
anti-FLAG MZ2-agarose beads or 2 pg of anti-mye mono-
clonal antibodies followed by proiein G-Sepharose beads
(Amersham Biosciences). Crude cell extracts or immuno-
precipitates were subjected to immunoblotting using rabbit
polyelonal anti-FLAG antibedies (for CDC25B), mouse
monoclonal anti-mye antibodies (for 14-3-3), or mouse
monoclonal anti-HA antibodies (for kinases).

Protein Purification—Protein kinases were prepared
from cDNA-transfected Cos-7 eells. Typically, 8 x 10°
Cos-7 cells in a 8-cm dish received 4 ug of plasmid DNA
with FuGENES. Afier 24 h, the cellzs were collected,
washed with PBS, and lysed with EDTA-free IP bulfer
supplemented with a 1:100 dilution of FOCUS Protease
Arrest (EMD Biosciences, San Diego, CA, USA), 20 mM
p-nitrophenyl phosphate, 20 mM NaF, and 20 mM B
glycerophosphate. To purify the kinases, Ni%-charged
immaobilized metal-chelating Sepharose beads (Amersham
Biosciences) were added to the cell extracts containing
1.5 mg protein, and the protein-bound beads were used
directly in kinase assays. GST-tagged proteins were
expressed in Escherichia coli BL21(DE3) cells transformed
with the appropriate c¢DMA plasmid construets.
Expression was induced with 0.4 mM isopropyl-B-p-
thiegalactopyranocside, and proteins were purified with
glutathione-Sepharose beads (Amersham Biosciences).

Indirect  Immunofluorescence  Microscopy—Indirect
immunseflucrescence analysis was performed as described
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Fig. 1. Binding of 14-3-3 subtypes to CDC2ER, HEK293 colls
(1.4 % 10° eells per 35-mm plate) were transfected with 8 pg of
FLAG-tagged CDC25B DNA and 0.6 pg of myc-tagged 14-3-3
DNA. The cells were collected 24 h after transfection, and cell
extracts were prepared. The cell extracts were cither subjected
to Western blotting to visualize protein expression or further pro-
cessed for immunoprecipitation with anti-FLAG or anti-mye anii-
bodies to analyze hinding. Upper panel: IP with anti-mye (14-2-3),
followed by IB with anti-FLAG (CDC25B); second panel: IP with
anti-FLAG (CDC258), followed by 1B with anti-myc (14-3-3).

previously (30, 87). Transfected HEK293 cells were fixed
with 3.7% formaldehyde and then permeabilized with 0.5%
Triton X-100. Expressed CDC25B proleins were detected
with rabbit polyclonal anti-FLAG antibodies, followed by
AlexaFluor 594~ or 488-conjugated goat anti-rabbit IgG
(Molecular Probes, Eugene, OR, USA), and expressed 14-
3-3 was detected with mouse monoclonal anti-Myc antibe-
dies and AlexaFluor 488-conjugated goat anti-mouse Ig(.
Nuclei were stained with 4',8-diaminc-2-phenylindole
(Sigma).

RESULTS

All Seven Isoforms of 14-3-3 Bind to CDC25B—We
previously showed that 14-3-3 isoforms 8, ¢, and ¢ bind
efficiently to CDC25B, with the B and & isoforms binding
preferentially to the 14-3-3 binding motif at Ser309
(309 site), and the o isoform binding preferentially to
the motif at Ser216 (216 site) (30). In the present study,
we analyzed the binding properiies of four additional
isoforms of 14-3-3. The genes for the v, v, 8, and ¢ isoforms
were amplified by PCR and expressed in HEK293 cells,
Each 14-3-3 isoform was co-expressed with CDC25B,
isolated, and analyzed as te its interaction with
CDC2BB. As shown in Fig. 1, all the14-8-3 isoforms were
able to interact with CDCZ5B. CDC25B was detected in
immunoprecipitates of all the 14-3-3 isoforms (Fig. 1, upper
panel), and all the 14-3-3 izoforms were recovered in the
CDC2BB co-immunoprecipitates (Fig, 1, second panel).
Taking the protein expression levels into account, the
14-3-3g, o, and { isoforms appeared to bind more weakly
to CDC25B than did the other 14-3-3 iseforms (Fig. 1,
second and fourth panels).

As we rveported previously (30), CDC25B has five
14-3-3 consensus binding motifs (Fig. 24A). Here, we exam-
ined the CDC258 binding site preference of each 14-3-3
isoform using co-transfection with plasmids encoding
varions CDC258 mutants. Five of these mutants contained
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Fig. 2. CDCZBH binding site preferences of 14-3-3 subiypes.
FLAG-tagged CDC25B mutants with Ser—Ala substitutions at
possible 14-3-8 binding sites (30) were co-transfected with each
14-3-3 subtype, as described in Fig. 1. Cell extracts were prepared
24 b after transfection and then immunoprecipitated with anti-
FLAG-agarose beads to recover the CDC25B mutant proteins.
Recovered CDC25B and co-immunoprecipitated 14-3-3 were
detected by Western blotting. A: Possible 14-3-3 consensus binding
sites and their amino acid sequences. B: Isoforms of 14-3-3 vecovered
with anti-FLAG-agarose beads. The bottom panel indicates a
typical result of expression of co-transfected CDC25B mutants.

single-site Ser—-Ala substitutions in one 14-3-8 binding
motif {e.g., mutant Ser5094la). In addition, the 3098er
mubsnt contained Ser—Ala substitutions at all possible
binding sites except site 308, and the 58erAla mutant
contained Ser—Ala substitutions at a1l five putative bind-
ing sites.

CDC25B immunoprecipitates were recovered from cells
co-transfected with the 74-3-3 and mwutant CDC25 genes,
and 14-3-3 was detected on Western blots. All 14-3-3 iso-
forms except 14-3-8¢ were found to bind preferentially to
gite 309 (Fig. 2B), as shown previously (30). Although sub-
stantial binding of 14-3-36 to the Ser808Ala mutant did
cecur, comparison with the other single-site mulations
revealed that 14-3-38 bound preferentially to site 309.
These results are summarized in Fig. 2C.

We examined the effect of co-transfection with 14-3-3
isoforms on the subcellular localization of CDC25B.
Previously, we found that the binding of 14-3-3 at sile
309 caused CDC2BB to move from the nucleus teo the
cytoplasm (30). In the present study, we found that
14-8-3 isoforms that preferentially bound ai site 309
caused CDC25B to be exported from the nucleus to the
cytoplasm, and that iscforms that bound weakly or non-
preferentially to site 309 did not have such an effect

non

$4-3-38  14-3-3v 14-3-3= 14-3-3n 14-3-3L 14-3-38 14-3-30

C. Bummary of the resulis shown in B. ++, strong signal; +, moderate
signal; %, discernible after long exposure; —, no signal. D. Subcelludar
localization of wild-type CDC25B upon co-expression with
14-3-8 subtypes. Cover slips in 38-mm plates were seeded with
2 x 10° HEKS93 cells. After 2 days, the cells were transfected
with myc-tagged 14-3-8 subtypes in combination with FLAG-tagged
wild-type CDC25B. The cells were fixed 24 h after transfection, and
the subcellular localization of CDC258 was determined by staining
with anti-FLAG antibodies. More than 200 cells were examined.
The data shown are the averages of three independent experiments.
Bars = standard deviation.

(Fig. 2D). The 14-8-38 iscform, which binds preferentially
to site 309, exhibited a mobilizing effect on the 3095er
mutant (data not shown), consistent with the results of
the binding analysis above.

Mutations Near Ser309 of CDO25B Inferfere with 14-3-3
binding—The effects of co-transfection with 14-3-3 on the
cytoplasmie distribution of CDC25B indicated that 14-3-3
binding at site 309 may have masked the nuclear localiza-
tion signal (NLS) sequence of CDC25E, which begins about
ten residues downstream of the binding site (Fig. 34).
We therefore conducted experiments to determine the
effect of an increased distance between Ser309 and the
NLS sequence. Lys320 is the first vesidue of the bipartite
NLS sequence in CDO25B. To enable the in-frame
insertion of additional amine acids, we initially used muta-
genesis to introduce a BamHI site between residues
319 and 320. The BomHI recognition sequence resulted
in the insertion of Gly-Ser (GB) dipeptide immediately
before Lys320 (Fig. 34). We found, however, that this
GS insertion sholished 14-3-8 hinding to CDC25B, despite
the fact that phosphorylation at site 309 was detected with
phospho-Ser302 antibodies (Fig. 3B).

These results were intriguing because there have been
no previous reports that amine acid sequeneces C-terminal

. Bivchem.
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Fig. 3. Binding of 14.3-3F to
CDCZ2EE  mutants with  sub.
stitutions near Ser$09. CDC25B

mutants conlaining point
substitutions near Ser309 were
co-transfected  with  14-3-8B, and

CDC258 mutant proteins were iso-
lated with anti-FLAG-agamse beads
as described in Fig. 2.
CDC258-bound 14-3-3p was identi-
fied with an anti-mye antibody. A.
Amino acid sequence from Leu304
to Arg321. Ser309 is denoted by an
outlined letter 8. A BamHI
site (GGATCC), which encodes Gly—
Ser, was inserted between LeuB319
and Lys320. Lys320 is the N-terminal
end of the NLS sequence in CDC258,
which is indicated by an arrow. Bold
italic letters indicate amino acids
changed to Ala to analyze 14-3-8
binding, the results of which are
depicted in {C) and (D), Asterisks
indicate the hydrophobic amine acid
streteh (see text). The GS insertion
mutant (+ GS in B) and a series of
point mutants (€) of CDC2EB were
analyzed as to their binding to 14-3-

38 and the phosphorylation of

CDGIER 1P [
(o-FLAG) {

Ser309, which was determined with
anti-phospho-Ser309 antibodies. The
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to the 14-3-3 binding site affect the interaction between

14-3-8 and its target proteins. We further examined this
phenomenon by introducing single alanine point mutations
at residues 304 to 318 of CDC2EB, and then co-transfecting
the resulting mutants and 14-3-38 (indicated by bold italic
letters in Fig. 3A). Surprisingly, all of the tested point
mutations except Cys3124Ala and Leu318Ala caused a
diminished interaction with 14-3-3 (Fig. 3C). The results
clearly demonstrate that the hydrophebic amine acid
region from Val3l5 to He318 seems to be important for
14-3-3 binding (Fig. 3D and depicted by asterisks in
Fig. 34). Prodll of CDC25B, which is part of the 14-3-3
binding consensus sequence, also appeared to be important
for 14-3-3 binding. Thus, alterations in the amine acids

Vol. 139, No. 4, 2008

in (I). The data shown are the
averages of three independent
experiments. Bars = standard
deviation.

[318A
L319A

near the core consensus sequence of site 509 of CDCISB
negatively affected its ability to bind to 14-3-3

Ser809  Phosphorviation &y  Several Candidate
Kinases—To study the in vive phosphorylation of Ser309
in these mutants, we transfected some of the mutant
CDC25B genes, and the mutant proteins were recovered
and assayed for phosphorylation at Ser309. As shown in
Fig. 4A, phosphorylation of Ser309 occurred in all of the
mutants expressed in HEK293 cells, except for the
Pro317Ala mutant expressed in Cos-7 cells.

Several kinases that phosphorylate S5er309 of CDOZ5RE1
{or Ber328 of CDC25B3) have been reported. We attempied
to determine which kinases could phosphorylate the
CDC2EB  mutants. We expressed candidate kinases
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Fig. 4. Phosphorylation of 8sr208 in vive and in vitre by
representative kinases. HEK293 cells (1.4 x 10° cells per
35-mm plate) or Cos-7 cells (2 x 10° cells per 35-mm plate) were
transfected with plasmids carrying FLAG-tagged CDC25B
mutants, and the expressed proteins were immunoprecipitated
with monoclonal anti-FLAG beads. The precipitated profeins
were immunocblotted with anti-FLAG or anti-phospho-Ser308
antibodies (A). His- and HA-tagged kinases were expressed in
Cos-7 cells and recovered as deseribed. The recovered kinases
were incubated with GST-fused CDC25B peptides (wild-type
or mutant), and phosphorylation at Ser309 was determined by
immunocblotting (B).

CHK1 (18), CHKZ (I19) and MEZ (26) in Cos-7 cells and
then recovered the kinases by immunoprecipitation. For
the preparation of MKZ, an upstream kinase, mitogen-
activated protein kinase kinase kinase 6 (MEKXS) and
ME2 were co-transfected, and the expressed MK2 was
immunoprecipitated. An in witro phosphorylation assay
indicated that the three kinases could phosphorylate
GS8T-tagged CDC25B mutant peptides (Fig. 48), the
resulis being similar to those obtained in vive (Fig. 44).
The kinases phosphorylated all of the mutant peptides
with stuilar efficiency, with the exceplion of the Pro317Ala
mutant, consistent with the results shown in Fig. 4A.
These results demonstrate that Ser309 of CDC28B can
be phosphorylated by several kinases.

Binding of Endogenous 14-3-3 to CDC25B Mutunis and
Their Subcellular Localization—We examined the binding
of endogenous 14-3-3 to mutant CDC25B proteins. After
transfection to HEK293 cells, CDC25B proteins were

8. Uchida ef al.
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Fig. 5. Binding of sndogenous 14-3-8 to CDC26B mutanis
and subeellular loealization, HEK293 cells were ftransfected
with plasmids carrying wild type CDC258 or Ala309 or Ala815
mutants, and the expressed proteing were recovered with anti-
FLAG beads. The precipitates were imrouncblotted with an anti-
pan 14-3-3 antibedy (upper panel), anti-FLAG aotibody {second
panel), or anti-phospho-SerB09 antibody (third panel}. The expres-
sion of endogenous 14-3-3 and transfected CDC25B 15 indicated in
the two bottom panels (4). HEK293 cells were transfected with
CDC258 plasmids as in (4), and the subeellular localization of
the expressed CDC25B proteins was determined ag in Fig. 2D.
The numbers represent the percentages of cells expressing the
CDC25B protein found exclusively in the nucleus. Three indepen-
dent experiments were performed for each value , and more than
200 CDC25B-expressing cells were counted in each experiment (B).

recovered, and the bound 14-3-3 protein was quantitated
uging a pan-14-3-3 antibody. Figure BA shows that the
efficiency of endogenous 14-3-3 binding fo wmutant
CDC25B was similar to that in the co-expression experi-
ments. Endogencus 14-3-3 bound to wild-type CDC25B
most efficiently and to the 308Ala mutant least sefficiently.
A lesser amount of endogenous 14-3-8 was detected with
the 3154la mutant, which exactly matched the resuilts in
Fig. 3C and D. The phosphorylation of 8308 in the 3154
mutant could also be reproduced (compare Figs. BA and
4A). We examined the subcellular localization of these
mutant CDC258 proteins expressed in cells (Fig. 5B).
The number of cells with CDC25B specifically localized
in the nucleus was higher for mutant CDC258 than for
the wild-type protein. About 72% of the cells exhibited
specific nuclear localization of CDC2EB 315Ala mutants,
which was higher than the frequency of nuclear loealiza-~
tion of wild-type CDC25B (~80%). Collectively, amino acid
sequences surrounding the 14-3-3 binding core consensus
gite have a strong influence on 14-3-3 binding but subcel-
Iular localization of CDC25B ean not be simply explained
by 14-8-3 binding.

Finally, the results of this study are summarized in
Table 3.

DISCUSSICON

Seven isoforms of 14-3-3 have been identified in mamma-
lian cells. We previcusly reported that three isoforms, 14-3-
3B, &, and o, are able to bind to CDC28B, and that the

J. Biochent.
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Table 3. Summary of 14-3-3f binding and Ser309 phosphorylation of each CDC25B mutant.

Name Sequence 14-3-38 Ser309 phosphorylation
Binding (%) in vivo in vitro

wT 04 FRSPSMPCSVIRPILKR??! 100 + +
Gs LFRSPSMPCSVIRPILGSKR 17 N NT
L304A Accmemmeeeee s KR 70 N .
R306A B KR 23 NT NT
S309A  eeee- Aceomeamnns KR 18 - _
M310A  eeeee- Breemeann KR 60 NT NT
P311A  eeeeee- Acceeenne KR 25 NT NT
C3124  eeeeeees Aceonnnn KR 103 NT NT
S313A  eeemeeens Acenn- KR 63 NT NT
V314A e A-----KR 21 + +
LT A--- KR 17 + +
R316A  ceeeeeenns A---KR 97 + N
P317A  eeeeeeeaes A- KR 27 + +
8184 e A-KR 25 4 N
L3198 i AKR 79 + N

binding site for 14-3-38 and ¢ is different from that for 14-3-
3. Moreover, after binding to 14-3-38 or & but not o,
CDC25B is exported to the cytoplasm. The recently pub-
lished X-ray structure results revealed the following spe-
cific functional and structural features of the 14-3-3c
isoform. First, it usually forms a homodimer. Second, 14-
3-30 possesses a ligand-diseriminating, special amino acid
patch on the second ligand-binding surface (38). These
findings may explain the difference in the binding proper-
ties of 14-3-3f and < as to CDC25B.

Here, we evaluated whether four other 14-3-3 subtypes
(v, n, &/7, and {) also bind to CDC25B and exhibit behavior
similar to that of 14-8-3p. The 14-3-30/t isoform exhibited
slightly different properties from those of the other
three isoforms in that it bound to other 14-3-3 motifs in
CDC25B in addition to site 309. The 14-3-3f isoform
bound to CDC25B more weakly at Ser309 than did the
other isoforms, except 14-3-3c. These subtle differences
appeared to affect the ability of these isoforms to cause
the transfer of CDC25B from the nucleus to the cytoplasm.
Our results show that six of the seven 14-3-3 subtypes in
mammalian cells behave similarly in terms of CDC23B
binding. The specific function of the 14-3-3¢ isoform is
unknown.

The typical consensus 14-3-3 binding sequence consists
of Arg-X-X-Ser/Thr-X-P (mode-I) or Arg-X-X-X-Ser/Thr-X-
P (mode-11}, where the serine or threonine must be phos-
phorylated (39, 40). In addition to these binding motifs,
14-3-3 also binds to the recently identified mode-11I
motif, which consists of (p)S/T-X, ,-COOH at the
C-terminus of several proteins (41). Although the results
of oriented peptide analysis suggest that the Arg-X-X-
{p)Ser/Thr-X-P mode-I motif is sufficient for 14-3-3 bind-
ing, a more complicated situation appears to exist in vivo.
For example, we previously found that CDC25B contains
five 14-3-3 binding motifs, but only three of these are
functional. The principal 14-3-3 binding site is at
Ser309, and the Ser216 site in combination with the
Serl37 or Ser309 site may also be important, especially
for binding to 14-3-3¢.

One possible reason for the apparent non-funetionality of
certain 14-3-3 binding motifs in vive may be the lack of
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phosphorylation of target Ser/Thr. The results described in
this report suggest another somewhat unexpected expla-
nation. We found that alterations in amino acids
C-terminal to the binding motif at site 309 severely
impaired 14-3-3 binding, indicating that 14-3-3 binding
depends not only on the consensus sequence but also on
its context. Thus, the binding of 14-3-3 may require not
only the presence of the binding motil in its appropriately
phosphorylated form but also the presence of a suitable
sequence C-terminal to the binding site. Substitution
mutations of amino acid residues often disrupt the local
structure of proteins. Therefore, some mutants examined
in this study may harbor a structural change that abolishes
14-3-3 binding. However, Ser309 in each CDC25B mutant,
except Pro317Ala, was efficiently phosphorylated at the
same level as that of the wild-type protein in transfected
cells. These results imply (but do not prove unequivocally)
that a gross structural change should not be introduced by
the mutations. Studies using an oriented peptide library
with a random amino acid sequence placed C-terminal to
the consensus site will he important for confirmation of our
hypothesis.

The specific kinases that phosphorylate Ser309 of
CDC25B have yet to be identified. We examined kinases
that have been reported to phosphorylate this residue, but
they exhibited essentially the same specificity toward
mutated substrates in vifro. All of the tested kinases
required a proline at residue 317 and an arginine at resi-
due 3086, although Pro317 was not essential for Ser309
phosphorylation in vivo. The kinase responsible for regu-
lating CDC25B localization must exhibit an appropriate
subcellular localization. In the normal cell cycle,
CDC25B is located in the nucleus, and Ser309 is phos-
phorylated to some degree even in the absence of cellular
injury (23). In view of this, kinases that phosphorylate
Ser309 would also be expected to be located in the nucleus.
Of these kinases, we propose that CHK1 and MK2 may be
suitable for the phosphorylation of Ser309 of CDC25B1,
even in the absence of specific cellular damage, since
they are activated at low levels during DNA replication
and environmental stress, respectively (Ref. 26 and our
unpublished data). It is a matter for further investigation
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as to whether these kinases phosphorylate this site more
heavily when cells are injured.
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Inhibition of peroxisome proliferator-activated
receptor gamma activity in esophageal carcinoma
cells results in a drastic decrease of invasive
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Esophageal cancer is difficult to treat because of its rapid pro-
gression, and more effective therapeutic approaches are needed.
The PPARY is a nuclear receptor superfamily member that is
expressed in many cancers. PPARY expression is a feature of
esophageal cancer cell lines, and in the present investigation,
the PPARY antagonists T0070907 and GW9662 could induce loss
of invasion but could not induce growth reduction or apoptosis
at low concentrations (<10 mM). A high concentration of anta-
gonists (50 pM) inhibited cell growth and induced apoptosis, but
these effects did not explain our result at the low concentration.
Morphological change, decreased expression of the cell signaling
pathway and inhibition of cancer cell invasion were ohserved in
the low concentration. This suggested that PPARY antagonists
inhibited esophageal cancer cell invasion as well as cell adherence,
most likely due to alteration in the FAK-MAPK pathway, and this
was independent of apoptosis. These results suggested that
PPARY plays an important role in cancer cell invasion and that it
might be a novel target for therapy of esophageal cancer.
{Cancer Sci 2006; 97: 854-860)

E sophageal cancer is associated with a high mortality rate
due to its typically late presentation and rapid progression.
For tumors that are not amenable to surgical curative resection,
chemotherapy and radiotherapy are commonly applied. But
most patients continue to have a poor prognosis, along with an
increased morbidity due to treatment-related side-effects.
Clearly, new therapies for esophageal cancer are needed.
The nuclear transcription factor PPARY has recently become
a putative therapeutic cancer target for a variety of cancers.®
As PPARY is mainly expressed in adipose tissue and activation
plays a central role in adipocyte differentiation and insulin
sensitivity,® activating synthethic ligands, TZDs, are commonly
used as oral antihyperglycemic agents in control of diabetes
mellitus type 2. However, PPARY is also overexpressed in
many tumors, including examples in the esophagus, stomach,
breast, lung and colon, suggesting that modulation of PPARY
function might impact on tumor survival.®-4%" Initial efforts
have focused on activation with the TZD ligands, as these have

Cancer Sci | September2006 | vol.97 | no.9 | 854-860

been shown to induce G1 cell cycle arrest in a variety of tumor
cell lines.*” However, the results of clinical trials with TZDs
have shown modest, if any, benefit.!*1" With esophageal cancers,
PPARY activation by TZDs in cell lines has been reported to
inhibit in vitro cell growth and/or induce apoptosis.'?'%

Several observations suggest that inhibition of PPARY
function might be beneficial in treating neoplasms,('®
PPARY is overexpressed in many cancer cell types, but loss-
of-function mutations are rare,"'” suggesting that the receptor
is a mmor cell survival factor. The hypothesis that PPARY
function might contribute to carcinogenesis or cancer cell
survival is also supported by the observation that in one
murine model of colon cancer, PPARY activation led to an
increase in tumor formation.t#1¥

Little is known about inhibition of PPARY function in
esophageal cancer cells. In this study, we investigated the effect
of PPARY inhibition on esophageal cancer cell lines using
PPARY-specific antagonists T0070907 and GW9662 in high
(50 uM), low (<10 M) and very low (<10 uM) concentrations.
The PPARY antagonist could prevent cell attachment to the
ECM in high concentrations in our previous studies, however,
the effect of PPARY antagonists in low concentrations was
not clear.®*" A better understanding of the PPARY function
might lead to it being further utilized for cancer treatment.

Materials and methods

Reagents

The PPARY-specific antagonists T0070907 and GW9662
were purchased from Cayman Chemical (Ann Arbor, MI, USA)
and Sigma Chemical (St Louis, MO, USA), respectively.

*To whom correspondence should be addressed.

E-mail: nakajima-tky@umin.ac.jp

Abbreviations: DMEM, Dulbecco's minimum essential medium; ECM, extracel-
lular matrix; Erk, extracellular signal-regulated kinase; FAK, focal adhesion
kinase; FITC, fluorescein-isothiocyanate; MAPK, mitogen-activated protein
kinase; MTT, 3-(4,5-dimethylthiazol-2-y})-2,5-diphenyltetrazolium bromide; p-Erk,
phosphorylated extracellular signal-regulated kinase; p-FAK, phosphorylated
focal adhesion kinase; PPARY, peroxisome proliferator-activated receptor
gamma; TZDs, thiazolizinediones.
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Cell culture

Human esophageal cancer cells (KYSE30, KYSET70,
KYSE140) used in this study were obtained from the Human
Science Foundation (Osaka, Japan). The histology of KYSE30
was well differentiated, KYSE70 poorly, and KYSE140
moderately. KYSE30 and K'YSE70 were maintained in
DMEM and KYSE140 in Ham’s F12 supplemented with 2%
fetal bovine serum. Cultures were maintained at 37°C, with
an atmosphere of 5% CO, and saturated humidity.

Western blot analysis

Adherent cells were washed in phosphate-buffered saline,
and cell extracts were prepared in Laemmli lysis buffer.
Protein concentrations were measured using Bio-Rad Protein
Assay Reagent (Bio-Rad, Richmond, CA, USA) following the
manufacturer’s suggested procedure. After electrophoresis
of 20 pg aliquots using 10% sodium dodecylsulfate—
polyacrylamide gel electrophoresis, proteins were transferred
to nitrocellulose membranes (Millipore, Bedford, MA, USA),
blocked for 1 h in tris-buffered saline with bovine serum
albumin at room temperature, and incubated with primary
monoclonal antibody for 1 h. The anti-PPARY antibody (E-8)
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA), anti-pFAK(pY397) from BD Biosciences (San Jose,
CA, USA) and anti-p-Erk from Cellsignaling Technology
(Beverly, MA, USA). After three washings, the membranes
were incubated for 1 h at room temperature with secondary
antibody, and immune complexes were visualized using the
enhanced chemiluminescence detection kit (Amersham,
London, UK) following the manufacturer’s procedure.

immunofluorescence and cell morphology

Cells (5% 10° per well) were grown on collagen-1 coated
glass cover slips in six-well flat bottom plates for 24 h.
T0070907 and GW9662 were added and the cells were pre-
incubated for 24 h. The cells were fixed with 4% formaldehyde
followed by 100% ethanol at —20°C. Permeabilization was
carried out with 0.1% Triton-X, and non-specific binding was
blocked with 2% normal swine serum. Cells were incubated
with antipaxillin monoclonal antibody (BD Biosciences)
followed by FITC-labeled secondary antibody. Alexa fluoro
594-conjugated phalloidin (Molecular Probes, Eugene, OR,
USA) was used to visualize F-actin. The samples were then
mounted with Vectashield (Vector Laboratories, Burlingame,
CA, USA) and examined by confocal laser scanning microscopy
(Carl Zeiss, Oberkochen, Germany). All experiments were
done in triplicate.

Assessment of cell growth

Cell proliferation was measured by MTT assay.*® KYSE70
cells were plated in 96-well plates at a concentration of
5x 10? cells in 100 uL of DMEM. After 24 h incubation, the
medium was changed with various concentrations of T0070907
and GW9662 added (1-50uM), and the cells further
incubated for 24-72 h. MTT solution (0.5%) was then added
to each well, After the plates were incubated for 4 h, 20%
sodium dodecylsulfate solution was incubated and absorbance
at 595 nm was determined using a microplate reader (Model
550; Bio-Rad). Control wells were treated with dimethylsul-
foxide alone. Three independent experiments were carried out.

Takahashi et al.

Apoptosis assay

To evaluate the apoptotic cell death, annexin V staining was
carried out using an annexin V-FITC apoptosis detection kit
I (Becton Dickinson, San Jose, CA, USA) according to the
manufacturer’s recommendations. Cells were subsequently
analyzed by FACScan flow cytometry (Becton Dickinson).

Transwell invasion assays

In vitro cell invasion was assayed in BD BioCoat Matrigel
invasion chambers (24 wells, 8 jum pore size; BD Biosciences).
The top chamber was seeded with 5 x 10° KYSE70 cells in
DMEM. The bottom chamber was filled with DMEM supple-
mented with 2% fetal bovine serum as a chemoattractant. Cells
were preincubated with T0070907 and GW9662 (1-10 uM)
in the top chamber, followed by incubation for 24 h in a
humidified tissue culture incubator at 37°C under a 5% CO,
atmosphere. Noninvasive cells were removed from the upper
surface of the membrane with a cotton swab, and cells on the
lower surface of the membrane were fixed and stained with
toluidine blue and mounted on glass slides. Five random
fields/well were counted for quantitation of cell invasion.
Triplicate wells were counted for each assay.

Statistical analysis

All results are expressed as means * standard errors of the
mean. Statistical comparisons were made using either
Student’s t-test or Scheffe’s method after Anova. Differences
were considered significant at P < 0.05.

Results

Esophageal cancer expresses PPARY protein

Human esophageal cancer tissues were stained using anti-
PPARY-specific antibody, and the expression was high in
area of cancer invasion (Fig. 1a). To test whether inhibiting
PPARY activity affects esophageal cell growth or survival,
three esophageal cell lines, KYSE30, KYSE70 and KYSE140,
were examined. Western blot analysis revealed differential
PPARY protein expression in each. The expression level of
PPARY was very low in normal mucosa, low in KYSE30
cells (well differentiated), moderate in KYSE140 cells
(moderately differentiated) and high in KYSET70 cells (poorly
differentiated). As the degree of cell differentiation decreased
from well differentiated to poorly differentiated, PPARY
protein expression increased. The expression of PPARY was
increased in esophageal cancer tissues compare with normal
esophageal epithelial cells (Fig. 1b). The cell line with the
highest expression of PPARY, KYSE70, was used in
subsequent investigations into the inhibitory effect of PPARY
activity.

Treatment with PPARY antagonists decreases cell
adhesion to the ECM

Cells treated with 10 or 50 uM of T0070907 and GW9662
underwent morphological changes by 24 h, but those treated
with 1M did not undergo any morphological change
(Fig. 2). At this time point, most cells were still adherents to
the plate. However, rather than becoming the normal
elongated shape, they were rounded. This morphological
change was not the result of apoptosis in cells treated with

CancerSci | September2006 | vol.97 | no.9 | 855
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Fig. 1. PPARy expression in esophageal
cancer. (a} Surgical resection of human
esophageal cancer tissue stained using HE
and antibody specific for PPARY. The
exprassion was high in area of cancer
invasion. (b) The expression level of PPARY
was very low in normal mucosa, low in
KYSE30 cells (well differentiated), moderate
in KYSE140 cells (moderately differentiated)
and high in KYSE7G cells {poorly differ-
entiated). As the degree of cell differentiation
decreased from well differentiated to poorly
differentiated, PPARY protein expression
increased.

Fig. 2. Morphological changss in esophages]
cancer cell lines induced by PPARY antagonists.
KYSEZY cells were incubated with dimethy-
isulfoxide (control), and 1-50 uM TOO70907
and GWS662. Cells treated with 10 and
56 uii of PPARy antagonists underwent
morphological changes by 24 h. By 48h,
10 M induced morphological changes but
did not inhibit cell adherencs; 50 1M induced
morphological changes and inhibited cell
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10 uM TOO70907 and GW966Z, as cells af this time point
were not positive for annexin V (Fig. 3). By 48 h, almost half
of the cells freated with 30 pM T0070907 and GW9662 were
nonadherent. In other words, 1 pM of antagonists induced no
change, 10 pM induced morphological changes but did not
inhibit cell adherence, and 50 uM induced morphological
changes and inhibited cell adherence.

856

adherence.

PPARY aniagonists induce change of actin ovganization

Actin fibers play an important role in maintaining the
cytoskeletal structure, and paxillin is functionally important
in transducing intracellular messages that are associated with
growth factor signaling and cell-ECM interactions.™ To
determine whether the observed cell rounding was associated
with alterations in cytoskeletal function, these proteins were

doi: 10.1111/.1349-7006.2006.00250.%
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Fig. 3. PPARy antagonists induced apoptosis in KYSE70 esophageal cancer cells at 48 h. Cells were incubated with 10 and 50 pi T0070807
and GWa662, followed by flow cytometry analysis using annexin V and propidium jodide double staining. Apoptotic cells were observed in
50 uMt antagonists at the 48 h time point, but not in 10 pM.
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Fig. 4. Before PPARY antagonist treatment of KYSE70 esophages! cancer cells, actin fibers and paxillin were visible. After 12 h of treatment
with 10 and 50 uiv TO070807 and GW9662, the cells began to lose their actin fibers, and by 24 v almost all of the cells had changed to &
round shape with complete loss of actin fibers.
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Fig. 5. The PPARY antagonists TO070907 and GW3662 prevented cell growth in KYSE7Q esophageal cancer cells. MTT assay showed the cell
growth ratio was significantly reduced in cells treated with 50 uM PPARy antagonists, and this effect was time-dependent, PPARy
antagonists at concentrations below 10 uM did not reduce the cell growth ratio.

examined by confocal microscopy. Before antagonist treatment,
actin fibers and paxillin were visible (Fig. 4). After 12h of
treatrnent in 10 and S0 pM PPARY antagonists, the cells
began to lose their actin fibers, and by 24 h almost all the
KYSE70 cells had changed to a round shape with loss of
actin fibers, Similar results were obtained with KYSE30 and
KYSE140 cells {data not shown),

Effect of PPARY antagonists on cell growth

In order to compare the effects of PPARY antagonism on
esophageal cancer cell growth, KYSET0 cells were incubated
with TO070907 and GW9662. At 24, 48 and 72 b, the number
of cells was measured using MTT assay (Fig. 5). The results
were similar in all cell lines, therefore we used KYSETO cells
because they had the highest expression of PPARY. The
compounds did not reduce the growth rafio at concentrations
below 10 uM, but did at 50 uM.

Effect of PPARY antagonists on apoptotic cell death

The resulis of propidium iodide~annexin V-FITC staining
showed that the PPARY-specific antagonists both induced
apoptosis in KYSET0 cells by 48 h at a concentration of 50 uM
(Fig. 3), but did not induce apoptosis at 10 uM.

PPARy antagonism affects the ability of esophageal cancer
cell invasion

The PPARY antagonists had the potential to decrease cell
invasiveness. In franswell invasion assays, the number of
invasive KYSET0 cells significantly decreased with antagonist
treatment below 10 uM, and this effect dose-dependent

858

(Fig. 6). At this concentration (10 pM), the PPARY antagonists
did not induce apoptosis, suggesting that the effect of invasion
reduction was independent of apoptosis.

PPARY antagonism inhibits the phosphorylation of FAK
and Frk
To determine possible mechanisms of the cell growth
inhibition by PPARY antagonism, important adhesion and
survival cell signaling pathways were investigated, PPARY
antagonists altered FAX (Tyr397) and Erk phosphorylation.
KYSETO0 cells were incubated with 10 pM of each antagonist.
The results of Western blot analysis revealed decreased
expression of p-FAK and p-Erk by the ireatment with the
antagonists (Fig. 7). p-FAK decreased after 9 h and p-Erk
decreased after 12 h.

Discussion

Currently, there is very little information about the inhibition
of PPARY in cancer cells, including esophageal cancer cells,
Our previous studies using hepatocellular carcinorna and tongue
cancer cells have demonstrated that PPARY antagonisis
(high concentration, 50 uM) could prevent cell attachment to
ECM, leading to loss of adhesion-induced apoptosis, 92!
Tongue and esophageal cancer are similar in that they are
both squamous cell carcinomas, but the treatment approaches
are different. However, esophageal cancer is clinically very
important because its mortality rate is very high,

In this study, we demonstrated using esophageal cancer
cells that a very low concentration (<10 uM) of PPARY

doi: 10,1111/}, 1349-7006.2006.00250.%
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antagonists could induce the inhibition of invasive properties,
but not induce growth reduction or apoptosis. MTT assay
(Fig. 5) showed that a low and very low concentration of
PPARY antagonists did not inhibit the growth ratio, even after
72 h. Similarly, a low concentration (10 uM) of PPARY
antagonists did not induce apoptosis (Fig. 3). However, a low
concentration of PPARY antagonists could inhibit the cancer
cell invasion inn the franswell migration assays (Fig. 6). These
resulis suggested that the mechanism by which the PPARY
antagonists inhibited the cancer cell invasion at low concen-
trations was different from the mechanism by which the high
concenfration induced apoptosis and cell growth reduction.
Therefore, our results suggested that PPARY might play an
irsportant role in cancer cell invasion,

Several reports have clearly demonstrated that PPARY
agonist ligands, the TZDs, could inhibit cell growth and
apoptosis of adenocarcinomas, as well as esophageal cancer
tissues. 12420 The PPARY antagonists TOD70907 and GW9662
could induce a very similar inhibition of cell growth at a high

conicentration (50 uM) (Fig. 4). Although it appears para-
doxical that both over-activation and inhibition of PPARY
activity could lead to reduced cell growth, this might be a result
of different mechanisms. In the TZD setting, a well-recognized
GO-G1 cell cycle amest oceurs. In contrast, with PPARY
anfagonists, apoptosis appeared to follow loss of adhesion,
which was not observed using TZDs. 1t is suggested that both
PPARY antagonists and TZDs should be considered important
candidates for further development as anticancer agents.
PPARY antagonists were found to first affect cell morphology,
with almost all cells changing their cytoskeletal structure,
involving both actin fibers and paxillin, within the first 12 h.
Afier adopting a rounded shape, the cells then began detaching
from the BCM by 24 h. At this time point, the cells were
clearly not apoptotic, as determined by flow cyiomeiric
analysis in low concentration {10 uM). This suggested there
were different mechanisms dependent on PPARY activity.
FAK, a 125 kDa non-receptor tyrosine kinase, is an important
regulator of cell survival, invasion, migration, and cell cycle
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progression.?-?» This overexpression of FAK has been
observed in a number of human malignant cells, and this
might play an important role in determining cellular invasion
and metastasis, " FAK is functionally important in trans-
ducing intracellular messages associated with growth factor
signaling, cell-ECM interactions, modifying the cytoskeleton
and activating MAPK cascades, including Erk. In the present
study, the inhibition of phosphorylation of FAK in KYSE70
cells treated with antagonists (10 pM) was observed at 9 h,
followed by a reduction in Erk phosphorylation at 12 h.
Inhibition of Erk phosphorylation occurred after the inhibition
of FAK phosphorylation by PPARY antagonists, suggesting
that PPARY might play an important role in the MAPK pathway.

High concentration (50 pM) PPARY antagonists induced
apoptosis and cell detachment, and reduced cell growth, but
a low concentration (10 pM) could reduce cell invasion and
alter the MAPK signaling pathway. These results suggest that the
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effects of a low concentration of antagonists were independent
of the effects of apoptosis, detachment and cell growth inhibition.
One study has reported that the difference in effect depends
on PPARY concentration,® but further investigation is necessary,

In summary, PPARY antagonists inhibited esophageal
cancer cell invasion as well as cell adherence to ECM, most
likely due to alteration in the FAK-MAPK pathway, and this
was independent of apoptosis. Our results suggest that PPARY
plays important roles in cancer cell invasion, therefore it might
be a novel target for esophageal cancer therapy.
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We have recently developed a mouse model for colitis-
related colon carcinogenesis by a combined treatment
with azoxymethane (AOM) and dextran sodium sulfate
(DSS) in male ICR mice. However, strain differences in
the sensitivity to AQM/DSS-induced colon carcinogenesis
in mice have yet to be elucidated. The aim of this study was
to determine the presence of any genetically determined
differences in sensitivity to our model of colon carcinogen-
esis in four inbred strains of mice. Male Balb/c, C3H/HeN,
C57BL/6N and DBA/2N mice were given a single intraperi-
toneal injection of AOM (10 mg/kg body wt), followed by
1% DSS (w/v) in drinking water for 4 days, and thereafter
they received no further treatment for up to 16 weeks. At
the end of the study (Week 18), all mice were killed and a
histopathological anmalysis of their colon was performed.
The incidence of colonic adenocarcinoma was 100% with
a multiplicity (no. of tumors/mouse) of 7.7 = 4.3 in the
Balb/c mice and 50% with a multiplicity of 1.0 = 1.2 in
the C57BL/6N mice. On the other hand, only a few colonic
adenomas. but no adenocarcinomas, developed in the C3H/
HeN mice (29% incidence with a multiplicity of 0.7 + 1.5}
and the DBA/2N mice (20% incidence with a multiplicity of
0.2 1 0.4). The inflammation and immunohistochemical
nitrotyrosine-positivily scores of the mice treated with
AOM and DSS in the decreasing order were as fol-
lows: C3H/HeN > Balb/c > DBA/2N > CS57BL/6N and
Balb/c > C57BL/6N > C3H/HeN > DBA/2N, respect-
ively, Our results thus indicated the presence of strain
differences in the susceptibility to AOM/DSS-induced
colonic tumorigenesis. These differences may have been
directly influenced by the response fo nitrosation sfress
due to the inflammation caused by DSS.

Introduction

Colorectal cancer (CRC]) 1s one of the most common malignant
neoplasms in both sexes (1).. In Western countries, this malig-
nancy is one of the most leading causes of cancer deaths (1). In
patients with inflammatory bowel disease (IBD), including

Abbreviations: AOM. azoxymethane; CRC, colorectal cancer; CYP,
Cytochrome P450; DSS, dextran sodivm sulfate; IBD, inflammatory bowel
disease; TKK. TxB kinase; LPS, lipopolysaccharide; UC, ulcerative colitis.

Carcinogenesis vol.27 ne.l €% Oxford University Press 2005; all rights reserved.

ulcerative colitis (UC) and Crohn’s disease, the risk of CRC
development is higher than in the general population (2-5). In
sporadic and IBD-related CRC, the expression of inducible
nitric oxide synthase and cyclooxygenase-2, both of which
are associated with inflammation, has been reported to be
elevated (6.7). As a result, inflanmation is suggested to play
an important role in IBD-related CRC (2).

In our recent series of studies on inflammation-related
colon carcinogenesis, we developed a novel model of colitis-
related colon carcinogenesis using ICR mice. In this animal
model, ICR mice received a single dose of a different colonic
carcinogen, consisting of either azoxymethane (AOM) (8),
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (9) or I,
2-dimethylhydrazine (10), followed by a 1-week exposure to
2% dextran sodium sulfate (DSS) in their drinking water,
which thus resulted in a high incidence of colonic epithelial
malignancy within 20 weeks (8-10). We have previously pro-
posed that the colonic inflammation and nitrosative stress
caused by DSS exposure contributes to the development of
cryptal dysplasia and neoplasms in the colon (8--10).

AOM is a colonic genotoxic carcinogen that is extensively
used for the investigation of large bowel carcinogenesis in
rodents (11-13). A synthetic sulfate polysaccharide, DSS, is
a non-genotoxic colonic carcinogen that is widely used to
produce colitis in rodents, which shares most features with
human UC (14-18). It is well known that different strains of
mice have different sensitivities to xenobiotic including AOM
and DSS (19-28). For example, the Balb/CJ strain is known to
be susceptible to AOM (26), whereas, the C3H (29), C57BL/6J
(26) and DBA/2 (25) strains are less sensitive to AOM.
Regarding the sensitivity to DSS in several mouse strains,
Balb/c, C3H/He], and C57BL/6J mice are relatively suscepti-
ble to DSS, while DBA/2J mice have been reported to be vir-
tually resistant (27,28). Il may therefore be possible that ithe
differences in the genetic background of the mice differently
affect the colon carcinogenesis induced by AOM and DSS.

The current study was conducted to determine the different
sensitivities to AOM/DSS-induced colon carcinogenesis in
four different inbred mouse strains, namely Balb/c, C3H/
HeN, C57BL/6N and DBA/2N, by evaluating the incidence
and multiplicity of colenic tumors. In addition, an immunohis-
tochemical analysis of nitrotyrosine, a marker of both
formation of peroxynitrite (30) and perhaps the inflamma-
tion-associated carcinogenesis (31), was done [o evaluate
whether nitrosative stress is involved in the sirain difference
sensitivity to AOM/DSS-induced colon tumorigenesis.

Materials and methods

Anima?s, chemicals and diets

For the study 3-week-old male mice of Balb/c, C3H/HeN, C57BL/6N and
DBA/2N strains were obtained from Charles River Japan, (Tokyo, Japan).
AOM was purchased from the Sigma-Aldrich (St Louis, MO). DSS with a
molecular weight of 36 000-50 000 was purchased from ICN Biochemicals,
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