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GPE (GSTP enhancer), located approx. 2.5 kb upstream from the
cap site, and the silencer [30,31]. GPE1, a strong enhancer element
in GPE, is responsible for GSTP gene expression during hepato-
carcinogenesis in vivo [32,33]. Recently, we showed that a hetero-
dimer comprising Nrf2 (nuclear factor-erythroid 2 p45 subunit-
related factor 2) and MafK binds to GPEI and enhances GSTP
promoter activity [34]. Nrf2, a member of bZIP (basic region
leucine zipper) family of transcription factors, induces Phase II
detoxifying and antioxidative genes [35]. Nrf2 plays a crucial role
in early defence against chemical stress and carcinogenesis [36].

To characterize the roles of HATs during hepatocarcinogenesis,
we examined their expression profiles and showed that expression
of MOZ was induced under these conditions. Further, we found
that MOZ acted as a co-activator of the Nrf2-MafK heterodimer
and induced expression of GSTP. These results suggest that MOZ
induces GSTP expression through the Nrf2-mediated pathway
during early hepatocarcinogenesis.

EXPERIMENTAL
Chemical hepatocarcinogenesis of rais

Carcinogenic experiments were performed according to the Solt—
Farber protocol [37]. Experiments were initiated by intra-
peritoneal injection of DEN (diethylnitrosoamine; 200 mg/kg)
into 5-week-old Wister rats. After the animals had been fed basal
diets for 2 weeks, diets were changed to basal diets containing
0.02 % AAF (2-acetylaminofiuorene). Three weeks after the DEN
injection, a PH (partial hepatectomy) was performed; livers were
extirpated 7 weeks after the DEN injection. Control rats were in-
jected with saline and fed basal diets. All animal care and
handling procedures were approved by the Animal Care and Use
Committee of Osaka University.

Preparation of nuclear extracts, cytosol fractions and RNA
from rat liver

Procedures for preparation of nuclear extracts and cytosol frac-
tions from rat liver were described previously [38]. Livers were
homogenized in a sucrose-containing buffer, and nuclei were puri-
fied by centrifugation. Nuclear proteins were extracted with
0.55M KClI and centrifuged at 40000 g for 60 min at 4°C. The
supernatants were used for the HAT assay and Western blot ana-
lysis. Total RNA was isolated using TRIzol® reagent (Invitrogen,
Carlsbad, CA, U.S.A)) in accordance with the manufacturer’s
recommendations.

Western blotting and antibodies

Proteins were resolved using SDS/PAGE, transferred to nitro-
cellulose or PVDF membrane and detected using the ECL® (en-
hanced chemiluminescence) Western blotting analysis detection
system (Amersham Biosciences, Piscataway, NJ, U.S.A.). For the
generation of antibodies against the N- and C-terminal regions
of MOZ, nucleotides corresponding to amino acid residues 1-331
and 1717-1998 respectively were cloned into pET-28a (Novagen,
Darmstadt, Germany). The resulting His,-tagged fusion poly-
peptides were expressed in bacteria and purified over nickel-
nitrilotriacetic acid-agarose (Qiagen, Hilden, Germany). These
proteins were injected into rabbits, and antibodies were affinity-
purified using Protein A-Sepharose (Amersham Biosciences).
The anti-P/CAF antibody was a gift from Dr Y. Nakatani (Harvard
Medical School, Boston, MA, U.S.A.). The following antibodies
were commercially available: anti-p300 (N-15, Santa Cruz Bio-
technology, Santa Cruz, CA, U.S.A.), anti-CBP (A-22, Santa
Cruz Biotechnology), anti-GCNS5 (N-18, Santa Cruz Biotechno-
logy), anti-TIP60 (Upstate Biotechnology, Lake Placid, NY,
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U.S.A.), anti-MORF (MOZ-related factor; C-15, Santa Cruz Bio-
technology), anti-MYST (Upstate Biotechnology), anti-GSTP
(Biotrin, Dublin, Ireland), anti-HA (haemagglutinin) (6B12,
Babco, Berkeley, CA, U.S.A.), and anti-GAPDH (glyceral-
dehyde-3-phosphate  dehydrogenase) (MAB374, Chemicon,
Temecula, CA, U.S.A.).

Plasmid construction

The rat MOZ expression plasmid pCI-MOZ has been described
previously [39]. Mutants within the PHD (plant homeodomain)
finger and the MYST regions of the Moz gene (pCI-MOZ-
PHDmut and pCI-MOZ-MYSTmut) were generated using the
QuikChange® site-directed mutagenesis kit (Stratagene, La Jolla,
CA, U.S.A.) following the manufacturer’s recommended proto-
cols. All mutations were verified by sequencing over the region of
change. For construction of Myc-tagged MOZ-expressing plas-
mids, the MOZ ORF (open reading frame) was subcloned into the
EcoRI-Notl site of pCMV-Myc (Clontech, Franklin Lakes, NJ,
U.S.A.). For construction of — 2.5GST-luciferase, the fragment
from — 2.5 kb to — 91 kb of the GSTP gene [30] was inserted into
the Sacl site of —91GST-luciferase [38]. To generate — 2.15GST-
luciferase (the GPE deletion reporter plasmid), —2.5GST-luci-
ferase was digested with Smal and Accl, blunted with Klenow
fragment (Toyobo, Osaka, Japan), and then self-ligated. The
Nrf2 expression plasmid (pAg2-Nrf2), including the human B-
actin promoter and enhancer, and GPEI reporter plasmid (GPE1-
luciferase) were described previously in [40]. The HA-tagged
rat MafK expression plasmid (pCMV-HA-MafK) was generated
by PCR amplification of the MafK ORF [40] using primers that
incorporate Sall and Notl at the 5" and 3’ ends respectively. The
PCR product was cloned into the Sall-Notl site of pCMV-HA
(Clontech). The non-tagged MafK expression plasmid pRSV-
MafK contained MafK ¢cDNA controlled by the Rous sarcoma
virus long terminal repeat. For construction of MafK/GEX-KG,
MafK cDNA was cloned into pGEX-2T (Amersham Biosciences).

Cell culture

Rat hepatoma H4IIE cells and mouse embryonic carcinoma F9
cells were maintained in DMEM (Dulbecco’s modified Eagle’s
medium) supplemented with 10% (v/v) FBS (fetal bovine
serum). HeLa cells were cultured in minimal essential medium
supplemented with 10 % FBS.

Transfection and reporter gene assays

Transfection of H4IIE and F9 cells was performed using
FuGENE™ 6 (Roche, Indianapolis, IN, U.S.A)) in accordance
with the manufacturer’s instructions. For H4lIE cells, all trans-
fections included 100 ng of the reporter plasmid, with or without
1 g of the MOZ expression plasmid (pCI-MOZ). The amount
of plasmid in the transfection was kept constant by using
empty pCl vector. Transfectants were harvested 48 h after
transfection. The luciferase assay was performed as described
previously [38] and protein concentrations were determined by
the method of Bradford. Luciferase activities were normalized
to the protein amount. In some experiments, the transfection effi-
ciency was checked by co-transfection with pRSV-GAL, a
eukaryotic expression plasmid that contained the Escherichia coli
B-galactosidase structural gene controlled by the Rous sarcoma
virus long terminal repeat. S-Galactosidase activity was assayed
as described in [38]. We confirmed that the variation of trans-
fection efficiency was <15%. Relative luciferase activity was
estimated by the luciferase activity from — 2.5GST-luciferase in
the absence of MOZ.
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For F9 cells, all transfections contained 100 ng of reporter
plasmid (GPE1-luciferase) and 5 ng of Renilla luciferase plasmid
phRL-tk (Promega, Madison, WI, U.S.A.) as an internal control to
normalize for transfection efficiency, with or without 1 g of the
MOZ expression plasmid (pCI-MOZ) in the presence or absence
of 5 ng of the Nrf2 expression plasmid (pAS2-Nrf2). The amount
of plasmid in the transfection was kept constant by using empty
pClI vector. At 48 h after transfection, cells were harvested and
assayed for luciferase activity using the Dual-luciferase Reporter
Assay System (Promega) in accordance with the manufacturer’s
recommendations. Reported values are relative to the activity
of GPEl-luciferase without transfection of Nrf2 and MOZ. All
experiments were repeated at least three times with two or three
different preparations of DNA.

GST pull-down assay

The recombinant plasmid was transformed into BL21(DE3)pLysS
cells. Transformants were grown overnight at 30°C in Luria—
Bertani medium containing 100 pg/ml ampicillin. The culture
then was diluted 25-fold and grown to an attenuance (D) of 0.4;
at that time, isopropyl-8-D-thiogalactopyranoside was added to a
final concentration of 0.1 mM. The cells were allowed to grow for
an additional 4.5 h and then were harvested by centrifugation;
resuspended in a buffer containing 0.15M KCI, 50mM Tris
(pH 8.0), 10 % (v/v) glycerol, 0.1 % Tween 20, 1 mM DTT (di-
thiothreitol) and 1 mM PMSF, and disrupted by sonication. After
centrifugation at 7000 g for 10 min, the supernatant was cross-
linked to glutathione-Sepharose 4B with dimethylpimelimidate.
¥S-labelled MOZ proteins were produced using pCI-MOZ,
pCI-MOZ-PHDmut and pCI-MOZ-MYSTmut as templates by
in vitro transcription—translation with the TNT T7-coupled reti-
culocyte lysate system (Promega). A 5 ul aliquot of the reticulo-
cyte lysate reaction containing **S-labelled MOZ proteins was
incubated for 3 hat4°C in a buffer containing 0.15 M KCI, 50 mM
Tris (pH 7.6), 10% (v/v) glycerol, I mM DTT and 1 mM PMSF
with GST fusion proteins. After extensive washes, bound proteins
were separated by SDS/PAGE and detected by autoradiography.

Immunoprecipitation assay

Myc-tagged MOZ expression plasmid (pCMV-Myc-MOZ) was
co-transfected into HeLa cells with HA-tagged MafK (pCMV-
HA-MafK) or non-tagged MafK (pRSV-MafK) by the calcium
phosphate co-precipitation method [41]. The cells were harvested
48 h after transfection, and nuclear extracts from the transfected
HelLa cells were prepared as described in [38]. Nuclear extracts
were diluted by adding nuclear lysis buffer containing 20 mM
Hepes (pH 7.9), 1 mM EDTA, 0.5 mM spermidine, | mM DTT,
10% glycerol, | mM PMSF, 1 pg/ml pepstatin A and 1 pg/ml
leupeptin (final KCI concentration, 0.15 M). To immunopreci-
pitate HA-tagged protein, we incubated extracts with anti-HA
antibody immobilized on Sepharose beads overnight at 4°C. For
control experiments, control mouse IgG coupled with Sepharose
was used. After extensive washes, bound proteins were separated
by SDS/PAGE and detected by Western blotting.

Induction of endogenous GSTP expression by MOZ in rat hepatoma
HAIIE cells

Rat hepatoma H4IIE cells were transfected with various amounts
of the MOZ expression plasmid pCI-MOZ by using the
FuGENE™ 6 reagent in 35 mm plates. The total amount of plas-
mid DNA was adjusted by supplementing with empty pCI vector
to 1 pg. After 36 h, cell lysates were prepared with a buffer
comprising 25 mM Tris phosphate (pH 7.8), 2 mM cyclohexane-

1,2-diaminetetra-acetic acid, 10 % glycerol, 2mM DTT and 1 %
Triton X-100. Cell lysates were separated by SDS/PAGE (15 %
gel), and expression of endogenous GSTP and GAPDH was
detected by Western blotting.

RESULTS

Activity and expression profiles of HATs during
hepatocarcinogenesis

To evaluate the activity and expression profiles of HATs during
hepatocarcinogenesis, we performed chemical carcinogenesis in
the rat liver in accordance with the Solt-Farber protocol [37].
This model of liver chemical carcinogenesis is a widely used
system for the study of molecular and cellular processes leading
to cancer. In this protocol, rats were fed a combination of DEN
and AAF and then underwent PH. At the end of 7 weeks, the livers
had large numerous hyperplastic nodules, and the rats were killed
(Figure 1A). We prepared four types of control experiments: rats
underwent saline injection; were injected with DEN; underwent
AAF feeding; underwent PH but were not treated with DEN
and AAF. We checked the reproducibility of the carcinogenic
experiments. Western blotting analysis of the cytosol fractions
with an anti-GSTP antibody revealed that GSTP was induced at
7 weeks after combined treatment with DEN, AAF and PH, but
no GSTP was detected in any of the control rats (Figure 1B).

We first investigated the HAT activity of nuclear extracts during
hepatocarcinogenesis. The assay using core histones or nucleo-
some histones as substrates revealed that HAT activity in livers
with hyperplastic nodules was indistinguishable from that in
control rat livers (results not shown). For determination of the
expression profiles of HATs during hepatocarcinogenesis, we per-
formed Western blot analysis using nuclear extracts and specific
antibodies to each of the HATs (Figure 1B). The HATs best
characterized as transcriptional co-activators are p300, CBP,
P/CAF and GCNS. The expression levels of P/CAF and GCN35
showed no change during hepatocarcinogenesis, but expression of
both p300 and CBP decreased. Next, we observed the expression
levels of the MYST-type acetyltransferases, which are involved
in a wide range of regulatory functions [1]. Expression of TIP60
was unchanged during hepatocarcinogenesis, whereas MOZ
expression increased. MORF was not detected (results not
shown). Among those we assayed, MOZ was the sole HAT whose
expression was positively correlated with GSTP expression during
hepatocarcinogenesis.

Induction of the intact form of MOZ during hepatocarcinogenesis

MOZ belongs to the MYST family of HATs and frequently is
rearranged in leukaemia [10]. MOZ fusion partners include CBP,
p300 and TIF2 (transcriptional intermediary factor 2); all of
these proteins are also known to be transcriptional co-activators
[10,24-26]. MOZ is a transcriptional regulator in haemopoiesis,
and MOZ fusion proteins antagonize MOZ function and lead to
leukaemogenesis [26,28]. Using Western blotting and RT (re-
verse transcriptase)-PCR analyses, we assessed whether MOZ
was translocated and thus fused with these transcriptional co-
activators during hepatocarcinogenesis (Figure 2 and results not
shown). We generated specific antibodies against the N- and C-
terminal regions of rat MOZ, and we also used the anti-MYST
antibody, which recognizes a motif (amino acids 671-685) in
the MYST region of MOZ. These three antibodies recognize
different parts of MOZ. Western blot analysis revealed that MOZ
induced in livers with hyperplastic nodules and recognized by the
three different antibodies were all the same size (Figure 2A), as
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Figure 1 Expression profiles of HAT during hepatocarcinogenesis

(R) The Salt-Farber protocol for chemically induced hepatocarcinogenesis in rats [37]. BD,
basal diet; S, times at which rats were killed. (B) Expression profiles of HATs were investigated in
control livers and those with hyperplastic nodules. Nuciear extracts were prepared from livers of
various rats, and immunoblot analysis was performed with specific antibodies, as described in
the Experimental section. GSTP in the cytosol fraction was also detected (bottom). The fractions
shown in lanes 1 and 2 were from control rals; lanes 3-6, rats having livers with hyperplastic
nodules; lane 7, rat treated with DEN only; lane 8, rat treated with AAF only; lane 9, rat underwent
PH only.

was the less-abundant MOZ in the control rat liver. We charac-
terized additional fusion partners, including p300, CBP and TIF2.
The sizes of these proteins in livers with hyperplastic nodules
were the same as those in control livers (Figures 1B and 2B).
These results suggested that the intact form of MOZ was induced
and that translocation of MOZ did not occur during chemical
hepatocarcinogenesis in rats. To confirm these results, we per-
formed RT-PCR with three sets of primers spanning the MOZ
regions in which rearrangement occurred frequently [10,24-26].
Sequencing of PCR products revealed that MOZ rearrangement
did not occur during hepatocarcinogenesis (results not shown).
We further examined the MOZ-CBP chimaeric transcript by
hemi-nested PCR, but the amplification product was not detected
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Figure 2 Induction of the intact form of MOZ during hepatocarcinogenesis

(A) Nuclear extracts were prepared from control (lanes 1, 4 and 7) and livers with hyperplastic
nodules (lanes 2, 3, 5, 6, 8 and 9), separated by SDS/PAGE (7.5% gel), and immunoblotted
using polyclonal antibodies against the N- (lanes 1-3) or C- (lanes 7-9) terminal region of
MOZ or the anti-MYST antibody (lanes 4-6). (B) The putative MOZ fusion partner, TIF-2, was
detected with the anti-TIF-2 antibody. The fraction shown in Iane 1 is from control; those in
lanes 2 and 3 were from livers with hyperplastic

(results not shown). These results indicate that the intact form
of MOZ was induced and that MOZ translocation did not occur
during the early stages of hepatocarcinogenesis.

Activation of GSTP promoter activity by MOZ through the GPE

MOZ functions as a transcriptional co-activator and participates
as a mediator in haemopoiesis [28,42]. To characterize the effect
of MOZ on hepatocarcinogenesis-specific gene expression, we
asked whether exogenous MOZ would enhance GSTP promoter
activity. GSTP is strongly and specifically expressed during
chemical hepatocarcinogenesis and is considered to be an excell-
ent tumour marker [29]. The transcriptional regulatory region
of the rat GSTP gene includes enhancer and silencer elements
[30,31]). To examine the effect of MOZ on GSTP promoter activity,
—2.5GST-luciferase (which has the entire GSTP regulatory
region and promoter) was co-transfected with MOZ expression
plasmid or control empty vector into rat hepatoma H4IIE cells
(Figure 3A). MOZ enhanced GSTP promoter activity (Figure 3B).
Luciferase activity in the presence of various concentrations
of MOZ was assayed, and MOZ demonstrated dose-dependent
enhancement of GSTP promoter activity (Figure 3C). To more
closely define the MOZ response element, we used two reporter
plasmids: —2.15GST-luciferase, which lacked the GPE, and
—91GST-luciferase, which lacked both the GPE and silencer
regions (Figures 3A and 3B). These reporter plasmids were not
transactivated, thereby suggesting that MOZ activates GSTP pro-
moter activity through the GPE.

MOZ interacts with MafK both in vitro and in vivo

The GPE1 element in GPE is a key control element responsible
for GSTP expression in preneoplastic tissue. GPEl is similar
in sequence to ARE (antioxidant-response-like element), MARE
(Maf recognition element) and TRE [PMA (‘TPA’)-responsive
element] [30,33,34]. A recent study showed that the Nrf2-
MafK heterodimer binds to GPE1 and regulates GSTP promoter
activity [34]. To determine the mechanism of the MOZ-associated
enhancement of GSTP promoter activity, we tested whether MOZ
could bind Nrf2 and MafK. We previously showed that MOZ inter-
acted with c-Jun through the bZIP domain in vitro [39]; Nrf2
and MafK also have bZIP domains. To determine MOZ binding
partners, we performed an in vitro pull-down assay using **S-
labelled full-length MOZ. We fused the Nrf2 DNA-binding
domain to maltose-binding protein, incubated it with ¥*S-labelled
MOZ, and precipitated it with amylose resin, but interaction
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Figure 3 MOZ activates the GSTP promoter activity through the GPE

(A) Diagram of the 5'-flanking region of the rat GSTP gene and the reporter constructs for
observing the effect of MOZ on the promoter activity of the GSTP gene. (B) We co-transfected
100 ng of the reporter plasmid with (grey columns) or without (white columns) 1 g of MOZ
expression plasmid (pCI-MOZ) into H4IIE rat hepatoma cells. All transfection assays were
repeated at least three times. The relative luciferase activity was calculated from mean values
relative to the activity of —2.5GST-luciferase in the absence of MOZ. Each error bar indicates
+5.0. (C) Dose-dependent transactivation of — 2 5GST-luciferase by MOZ_ Relative luciferase
activities are shown as in (B)

between MOZ and the Nrf2 DNA-binding domain was not de-
tected (results not shown). Next, we evaluated the interaction
between MOZ and MafK using a GST pull-down assay and found
that **S-labelled MOZ interacted with GST-MafK but not with
GST alone (Figure 4A, lanes 1-3). Unique structural domains are
identified in MOZ [28]. To identify the region required for the
interaction between MOZ and MafK, two MOZ derivatives with
double and single point mutations in the PHD zinc-finger (C209G
and C212G) and the MYST (G655E) regions respectively, were
generated. The PHD zinc-finger and the MYST regions are
important for binding to specific nuclear protein partners and
HAT activity, respectively [43,44]. The mutant in the PHD zinc-
finger region was not able to interact with GST-MafK, whereas
the mutation in the putative acetyl-CoA-binding site in the MYST
region did not affect the binding to MafK (Figure 4A, lanes 4-9).
These results suggest that MOZ interacts with MafK in the ab-
sence of the heterodimer partner, Nrf2, mediated by the PHD zinc-
finger region of MOZ.

To evaluate the interaction between MOZ and MafK under
physiological conditions, we attempted to detect immunopreci-
pitated MOZ, but endogenous MOZ in nuclear extracts from
HA4IIE and HeLa cells could not be detected. Therefore we next
introduced the MOZ expression plasmid with HA-tagged or non-
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Figure 4 MOZ interacts with MafK in vitro and in vive

(A) Structural domains of MOZ were indicated as follows: H15, histones H1- and H5-like module;
MYST, MYST acetyltransferase domain; ED, glutamic acid/aspartic acid-rich acidic regions; S,
serine-rich domain; P/Q, proline/glutamine-stretch; and M, methionine-rich damain. Also shown
are the mutation positions in the PHD finger and MYST regions. Indicated wild-type and mutated
in vitro-translated [*S]MOZ proteins were incubated with GST (lanes 2, 5 and B) or GST-MafK
(lanes 3,6and 9). MOZ protein retained on the GST-conjugated beads after extensive washing was
analysed by SDS/PAGE and autoradiography. The amount of input (lanes 1, 4and 7) is equivalent
to 10% of the reaction volume in the assay. [*S]MOZ proteins are indicated by asterisks (*)
(B) MOZ expression plasmid was co-transfected with HA-tagged MafK (lanes 1 and 3) or nan-
tagged MalK (lanes 2 and 4) into Hela cells, and nuclear extracts were prepared. Immuno-
precipitation (IP) experiments were performed with anti-HA antibody. Immunoprecipitates
(lanes 3 and 4) and 5% of input (lanes 1 and 2) were resolved by SDS/PAGE (7.5 % gel) and
detected by Western blotting using anti-N-terminal MOZ antibody. MOZ proteins are indicated by
asterisks (%)

tagged MafK into HeLa cells, and nuclear extracts were prepared.
MOZ was immunoprecipitated only in nuclear extracts expressing
HA-tagged MafK (Figure 4B). Some degraded MOZ. proteins
were detected in nuclear extracts and these proteins were also
immunoprecipitated. GST pull-down and immunoprecipitation
experiments suggest that MOZ may interact with the MafK moiety
of the Nrf2-MafK heterodimer in vivo.

MOZ functions as a co-activator of the Nrf2-MafK heterodimer

MOZ preferentially interacted with MafK and up-regulated GSTP
promoter activity through GPE, which contains the binding site
for the Nrf2-MafK in the reporter assay (Figures 3 and 4). These
data suggest that MOZ is a potential co-activator of Nrf2-MafK
heterodimer. To test this hypothesis, we investigated whether
MOZ could stimulate Nrf2-MafK-mediated transactivation (Fig-
ure 5). We have previously reported that Nrf2 simulates GPE1-
mediated transactivation in F9 cells, which are considered to lack
AP1 (activator protein 1) activity and to express excess amounts
of small Maf proteins, including MafK [34]. MOZ or Nrf2
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Figure 5 MOZ is a co-activator of Nrf2

Nrf2-mediated transactivation by MOZ was examined in mouse embryonic carcinoma F9 celis.
We co-transfected 100 ng of the reporter plasmid (GPE1-luciferase, in the panel) and 5ng
of Renilla luciferase plasmid (phRL-tk) with 0, 0.3, 0.7 and 1 g MOZ expression plasmid
(pCI-MOZ) in the absence (-) or presence (+) of Nrf2 expression plasmid (pAB2-Nrf2, 5 ng).
The luciferase activity was normalized to Renilla luciferase activity. Relative luciferase activity
was calculated from the mean values relative to the activity of GPE1-luciferase without Nrf2 and
MOZ. Each error bar indicates +S.0.
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Figure 6 MOZ induces endogenous GSTP expression

HAIIE cells were transfected with 0, 0.4, 0.7 and 1.0 g of MOZ expression plasmid (pCI-MOZ,
lanes 1-4), and cell lysates were prepared. Endogenous GSTP and GAPDH ('G3PDH') were
detected by immunoblotting

expression plasmid was co-transfected with the reporter plasmid
GPE-luciferase (which includes GPE1 and the GSTP promoter)
into F9 cells. MOZ and Nrf2 slightly enhanced the activity of
the reporter construct. As expected, MOZ, when in the presence
of Nrf2, dose-dependently stimulated GPEl-mediated GSTP
promoter activity. MOZ did not stimulate the promoter activity of
reporter plasmids including the mutated Nrf2 binding site (results
not shown).

Induction of endogenous GSTP expression by MOZ in rat
hepatoma cells

As we described above, MOZ stimulated the GSTP promoter
activity mediated by Nrf2-MafK. We then assessed the effects
of MOZ overexpression on GSTP expression in H4IIE cells. Tran-
siently overexpressed MOZ induced expression of endogenous
GSTP but not GAPDH (Figure 6). The induction of GSTP protein
was dependent on the exogenous MOZ expression. These results
suggest that MOZ functions as a co-activator of the Nrf2-MafK
heterodimer and may stimulate GSTP gene expression during
hepatocarcinogenesis.

DISCUSSION

HATS contribute to tumour suppression, and loss or dysregulation
of these activities may be linked to tumorigenesis [45]. To gain
insight into the roles of HATs in liver cancer, we analysed the
expression profiles of HATs during hepatocarcinogenesis and
evaluated their roles in hepatocarcinogenic-specific gene
expression.
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We have shown that MOZ expression was up-regulated during
hepatocarcinogenesis. MOZ functions as a co-activator of AML1-
mediated transcription, and the AMLI-MOZ complex might
play a role in cell differentiation [28,42]. MOZ frequently is re-
arranged in leukaemia, and the MOZ fusion protein antagonizes
MOZ function in haemopoiesis [26,28]. Even though MOZ re-
arrangement does not occur during hepatocarcinogenesis, we
documented an anomalous increase of MOZ. Because HAT's regu-
late global gene expression [1,46], dysregulation of MOZ may in-
duce unusual gene expression, leading to hepatocarcinogenesis.

Recently, the MOZ-MORF complex including BRPF (bromo-
domain- and PHD finger-containing) 1/2/3 paralogue and INGS5
(inhibitor of growth 5; tumour suppressor) was purified [47].
MORF was not detected in nuclear extracts from livers with hyper-
plastic nodules (results not shown), so that MOZ, but not MORF,
complex may regulate GSTP expression. INGS5 is also included
in HBO1 [HAT binding to ORCI (origin recognition complex
subunit 1)] complex. Interestingly, ING4, another member of ING
family proteins, exists in HBO1 complex, but not MOZ complex.
AML]1-dependent promoter activity is stimulated by INGS5, but
not ING4 [47]. This raises a possibility that overexpressed MOZ
may affect regulation of AMLI-dependent gene expression.
INGS5 tumour suppressor is included in both HBO1 and MOZ
complexes, which are important for DNA synthesis [47]. Over-
expressed MOZ might trap INGS5 and generate partial complexes,
and further, HBO1 complex would be affected with the change
of INGS level. Thus aberrantly expressed MOZ during hepato-
carcinogenesis may disturb the tumour suppressor function of
ING5 complexes and DNA synthesis, which lead to tumori-
genesis.

We also found that the expression of p300 and CBP were de-
creased during hepatocarcinogenesis. Although AAF blocks the
proliferation of hepatocytes, GSTP-expressing cells escape from
the growth inhibition and continuously grow in the Solt—Farber
model. Trautwein et al. [48] reported that AAF blocks cell-cycle
progression after PH by inducing the cyclin-dependent kinase
inhibitor p21. Expression of p21 is regulated mainly by the
tumour-suppressor protein p53, and full transcriptional activity
of p53 requires the co-activators p300/CBP [49-51]. Down-
regulation of p300 and CBP reduces p53 activity and leads to
cell-cycle progression of GSTP-expressing cells, suggesting that
p300 and CBP may be considered tumour suppressors, and their
loss of function may be a link to hepatocarcinogenesis.

GSTP is a Phase Il detoxification enzyme involved in the
metabolism of carcinogens, and it plays a protective role during
chemical hepatocarcinogenesis [52]. The Nrf2-MafK hetero-
dimer is important for the GSTP expression during early hepato-
carcinogenesis, but it is difficult to explain the markedly increased
expression of GSTP in livers with hyperplastic nodules solely
on the basis of the increased quantity of Nrf2 [34]. We found
that the expression of MOZ was well correlated with GSTP
expression during hepatocarcinogenesis; MOZ also functioned
as a co-activator of the Nrf2-MafK heterodimer. We reported
that the binding activity of Nrf2-MafK heterodimer to GPE1 is
much stronger than that of MafK homodimer. Further Nrf2 alone
could not bind to GPE1, and the Nrf2 mRNA level is increased in
cells from hyperplasic nodules when compared with those from
normal livers [34]. Histones H3 and H4 are acetylated in both
GPE1 and in the promoter regions of the GSTP gene in the H4IIE
hepatoma cell line but not normal liver [34]. This acetylation
coincides with the activation of GSTP expression. MOZ may
contribute acetylation of histones in the regulatory region of the
GSTP gene. Elevation of both MOZ and Nrf2 expression may be
required for the dramatically increased gene expression of GSTP
observed during hepatocarcinogenesis in vivo. To understand
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the molecular mechanism of the GSTP induction mediated by
Nrf2-MafK heterodimer and MOZ, we proceeded to identify the
regions of MOZ and MafK required for the GSTP expression in
exogenously Nrf2-expressed H4IIE cells.

The activation mechanism of GSTP expression is classified
into two types: specific induction in livers with hyperplastic
nodules by chemical carcinogens, and non-specific induction by
non-carcinogenic agents such as antioxidants [29,53]. The former
induction may require both Nrf2 and MOZ, but only Nrf2 may
be necessary for the latter. Preneoplastic foci and nodules are
derived from GSTP-positive single cells [54]. The mechanism of
the generation of the GSTP-positive single cell is unclear, and
specific induction of GSTP has not been reproduced in cell lines
by using chemical carcinogens. The use of transgenic or MOZ
knockout animals would probably enable us to demonstrate the
mechanism of chemical carcinogen-associated GSTP induction
during hepatocarcinogenesis.
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Abstract

Large amounts of phytoestrogen, a group of estrogen derived from plant sources, are taken from the diet by Asians, but a sign of feminization has
not been fully recognized. In this study, we found that some flavonoids inhibited an effect on estrogen action without estrogen receptor (ER ) binding.
Considering the report that dioxin, an aryl hydrocarbon receptor (AhR) agonist, disrupts the transcriptional activity of ER without binding to the ER,
14 flavonoids were examined for the transcriptional activity of AhR by the yeast reporter assay (AhR). Among them, 2-phenylchromone (flavone,
FLA) showed the highest activity. FLA increased the expression of CYP1A1 mRNA, and inhibited the expression of progesterone receptor and pS2
mRNA in MCF-7 cells via non-ER-mediated pathway. Further studies showed that FLLA had agonist activity for AhR and enhanced the proteosome-
dependent degradation of ERa protein. Thus, FLA inhibited the estrogen action without binding to the ER by acting as a competitive agonist for AhR,

which meaning that there can be anti-estrogenic flavonoids such as FLA as well as estrogenic ones such as 1soflavones.

© 2007 Elsevier Inc. All nghts reserved.

Keywords: 2-phenylchromone; Aryl hydrocarbon receptor; Estrogen receptor; MCF-7 cell

Introduction

Flavonoids are widely present in plants, and possess diverse
physiological activities. Numerous reports have implicated
flavonoid phytochemicals as possessing hormone-disrupting
activity (Diel et al., 2004: Kuo. 2002; Hsieh et al., 1998).
Similar to estrogen’s role, several of these phytochemicals have
been shown to prevent osteoporosis and cardiovascular disease
(Lee et al., 2007: Bingham et al., 1998; Humfrey. 1988; Kutzer
and Xu, 1997).

Estrogen plays important roles in the function, growth and
differentiation of the mammary gland, uterus, and ovary. It also
affects other tissues, including the bone, liver, cardiovascular
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system, and brain. Estrogen acts prumarily through the estrogen
receptor (ER), which is a member of the nuclear hormone
receptor superfamily and a ligand-dependent transcription
factor (FEvans. 1988 Speroff. 2000). The biological activities
of many flavonoids may occur via the ER-mediated pathway. It
is well known that soybean and its products contain isoflavones,
such as genistein, coumesterol, and diadzein, and Asians inclu-
ding Japanese have taken a large amount of such phytoestrogens
from food for several hundreds of years. Nishikawa (2003)
estimated that Japanese took phytoestrogen at 15 mg/day,
corresponding to about ten times the tolerable daily intake of 3-
estradiol (E2). Nevertheless, feminine qualities in man did not
appear (Iwamoto et al.. 2006). It may be due to intake of food
containing phytoestrogen along with anti-estrogenic substances.
The effect of flavonoids on estrogen action by the ER-mediated
pathway has been investigated through the authors (Nishihara
et al.. 2000), but the elucidation of the action of flavonoids is
scant. Some chemicals may bind to other receptors, such as aryl
hydrocarbon receptor (AhR), constitutive androstane receptor
(CAR) and pregnane X receptor (PXR) (Brosens and Parker.
2003; Mikamo et al., 2003). Among them, we had an interest in
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AhR, which is a ligand-activated transcription factor that stim-
ulates gene expression when coupled with AhR nuclear trans-
locator (ARNT) (Carver and Bradfield. 1997: Denison and
Whitlock, 1995). TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin,
a ligand of AhR) induces CYP1A1, CYP1A2,and CYP1BI that
hydroxylate E2. Moreover, TCDD and other agonists for AhR
disrupt the transcriptional activity of ER by degradation of ER
(Buchanan et al., 2000, 2002), Thus, agonists of AhR may
mimic the effects of estrogen through the mechanism that is
involved in the degradation of ER by a transcriptional active
AhR-ARNT complex (Ohtake et al.. 2003).

In this study, we investigated the effect of flavonoids on AhR
and ER action (Table 1), and found that in MCF-7 cells, 2-
phenylchromone (FLA, the structurally most basic compound)

Table 1
Structures of flavonoids used in this study

Structures Classifications Test chemicals
/—\\I Flavones Flavone (FLA)
| \\T/O\ﬂ/ =
Y
o]
P Flavonols Kaempferol
/[ | Quercetin
RN ‘ e
i OH
o]
! Isoflavones  Biochanin A
, EL Daidzein
Genistein
A kTI’ \H/\
I
o] \\/
Flavanones  Hesperetin
Hesperidin
Naringenin
Chalcones  Phloretin
Coumarins  Bromofluoro coumarin

2-Bromomethyl-7-methoxycoumarin
Coumestrol
4-Methylumbeliferone

-952-

inhibited the expression of ER target genes, suggesting antagonist
activity of ERa expressed via AhR in an indirect manner.

Materials and methods
Chemicals

FLA, E2, kaempferol, hesperidin, and «- and [3-naphtho-
flavone (a-NF and (3-NF) were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan), hesperetin and
bromofluoro coumarin were from Extrasynthese (Genay
Cedex, France), 2-bromomethyl-7-methoxycoumarin was
from BD Gentest (CA, USA), 4-methylumbeliferone was
from Sigma-Aldrich Co. (MO, USA), and MG-132 was from
Calbiochem (Darmstadt, Germany). Biochanin A, coumestrol,
daidzein, genistein, naringenin, phloretin, and quercetin were
provided by Dr. H. Utsumi (Kyushu University).

Yeast assay for AhR ligand activity

The yeast transformed with the AhRR-ARNT complex and
xenobiotic-responsive element (XRE) plasmids was used as
described by Miller (Miller. 1999). The AhR ligand activity was
determined essentially according to the method of Adachi et al.
(2001). The yeast strain YCM3 was grown for 5 h at 30 °C in
SD medium lacking tryptophan. Test chemicals were added at
given concentrations to 5 pl of culture and 200 pl of SD
medium containing 2% galactosidase and incubated overnight
at 30 °C. After the cell density was determined by reading O.D.
at 595 nm, 10 ul of cell suspension was added to 140 ul of Z-
buffer and [-galactosidase activity was determined by o-
nitrophenol-j3-p-galactopyranoside for 60 min at 37 °C.
Absorbance was read at 415 nim.

Cells

MCF-7 cells were grown for routine maintenance in Eagle’s
minimal essential medium (EMEM) with phenol red (Nissui
Pharmaceuticals Co., Tokyo, Japan), supplemented with |0 mM
non-essential amino acids (Nacalai Tesque Co., Tokyo, Japan)
and 10% dextran-charcoal treated fetal bovine serum (FBS).
Cells were maintained in a humidified environment at 37 °C
with 5% CO; in air.

RNA isolation and RT-PCR

MCF-7 (4% 10° cells/ml) cells were plated in 35-mm dishes
and, after 48 h incubation, treated with chemicals for 24 h. After
treatment, the cells were washed twice with PBS and RNA was
then isolated using Trizol (Invitrogen, CA). cDNA synthesized
from 0.8 pg of total RNA using ReverTra Ace-a™ (TOYOBO,
Osaka, Japan) and PCR for progesterone receptor (PR), pS2,
CYPIA1, and glyceraldehydes-3-phosphate dehydrogenase
(G3PDH) was performed using Ampli Taq (Roche, Basel,
Switzerland). The optimum cycle number that fell within the
exponential range of response was used for PR (30 cycles), pS2
(21 cycles), CYPLAL (30 cycles), or G3PDH (17 cycles).
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methods. The test chemicals were divided into two groups; a group included flavones, flavonols, and flavanones (A), and the other group included isoflavones,

chalcones, and coumarins (B). Some flavonoids including FLLA showed positive activity

Yeast two-hybrid assay (ER)

We used a yeast two-hybrid assay system with the rat ER
(rER) a and the coactivator, TIF2 as described in earlier works

(Nishihara et al.. 2000; Jung et al., 2004).
A DMSO FLA a-NF [5 NF
R =
B DMSO FLA E2 FLAJ/E2
‘V\“i,!’\l m
(I"I‘j}il “

Fig. 2. Effect of FLA on the expression of CYP1Al mRNA in MCF-7 cells
FLA (10 pM) was incubated with MCF-7 cells for 24 h in the absence (A) and
presence (B) of E2 (10 pM). a- and - NFs (10 uM) were used as positive
controls, and DMSO as negative control. The expression of CYPLA] and
G3PDH mRNA (as an intemal control) was detected by RT-PCR as described in
Materials and Methods. FLA induced the expression as well as a-, p-NFs (A),
but it was inhibited by E2 (B).

Estrogen receptor competitive binding assay

The binding activity of chemicals to human ER (hER) o was
determined using a fluorescence polanzation assay by FP
Screen-for-Competitors Kit (ERa, high sensitivity; PanVera,
Madison, WI). Briefly, 1 pul of each chemical solution was added
to 49 ul of screening buffer in tubes and mixed well by shaking.
Then, 50 pl of ERa-fluorescence estrogen (ES1) complex
solution was added to the tube, incubated at room temperature
for 1 h, and the fluorescence was determined using BEA-
CON2000 (PanVera, Madison, WI). DMSO (0% inhibition)
instead of the chemical solution was used as a negative control
and 10 pl of ESL (50 nM) instead of ERa ES1 complex as a

DMSO FLA E2 FLA/E2

PR

G3IPDH

Fig. 3. Effect of FLA on mRNA level of E2-dependent target genes. FLA
(10 uM) was incubated with MCF-7 cells for 24 h in the absence and presence of
E2 (10 pM). The expression of PR, pS2 and G3PDH (as an internal control)
mRNA was detected by RT-PCR. FLA repressed the expression by E2
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Fig. 4. Estrogen activity of FLA. (A) ERa agonist or antagonist activity of FLA
was examined by yeast two-hybrid assay, and the relative activity (%) was
calculated as the percentage of E2 (5 nM) activity (100%). (B) Binding affinity of
FLA was examined by ERa competitive binding assay as described in Matenals
and Methods. FLA exhibited no effect on estrogen binding activity o ERa.

positive control (100% inhibition). Curve fitting was performed
using GraphPad Prism 2.01 software to obtain 1Csq.

Protein isolation and Western blots

MCF-7 (4% 10° cells/ml) cells were plated in 35-mm dishes
and, after 48 h, treated with chemicals for the indicated times.
After treatment, the cells were washed twice with PBS and then
lysed in 70 pl of lysis buffer containing 8 M urea, 1% NP-40,
and 2% 2-mercaptoethanol. After removing the cell debris, the
supernatants were used for protein concentration assay. The
protein was boiled for 2 min, resolved on a 10% SDS-
polyacrylamide gel, and transferred onto a polyvinylidene
difluoride (PVDF) membrane (Millipore immobilon transfer

A without MG-132

membrane, MA). After the membrane was blocked using 3%
skimmed milk (Yukijirushi, Tokyo, Japan) overnight at 4 °C, it
was probed with primary antibodies ERa (1:200 in 1%
skimmed milk, Santa Cruz Biotechnology Inc., CA) and
G3PDH monoclonal antibodies (1:1000 in 1% skimmed milk,
Chemicon International, MA). Following incubation with
peroxidase-conjugated secondary antibody, immunoglobulins
were visualized using the ECL detection system (Amersham
Pharmacia Biotech, UK).

Results and discussion

In the yeast reporter gene assay, the effect of flavonoids on
AhR was evaluated because it had been reported that TCDD and
other AhR agonists inhibited the expression of several E2-
induced genes without binding to ER (Buchanan et al.. 2002),
Among 14 tested flavonoids, 7 compounds (FLA, biochanin A,
hesperitin, kacmpferol, naringenin, bromofluoro coumarin and
4-methylumbeliferone) dose-dependently increased the AhR
activity (Iiz. | A and B). On the contrary, Hamada et al. (2006}
reported that some of these flavonoids suppressed TCDD-
induced CYPLA1 expression in dioxin-responsive HepG2 cells
by permeating Caco-2 cell monolayers. The difference may
involve the metabolism of flavonoids by drug-metabolizing
enzymes in the Caco-2 cells. Furthermore, we investigated FLA,
which was particularly responsible for the high activity of AhR.
Although FLA was ten times weaker than B-NF (positive
control), it was stronger than the other flavonoids and «-NF (a
second positive control). Therefore, FLA was chosen for further
study. AhR agonists induce the expression of several genes. For
example, mRNA levels of CYP1AL are induced by TCDD and
other AR ligands (Whitlock et al.. 1996). RT-PCR assay
indicated that in MCF-7 cells, FLA (fold, 2.6=1.0) induced the
expression of CYP1A1 mRNA at similar levels to a- and [A-NF
(folds, 2.2+0.5 and 2.4+0.5) (Fig. 2A). In contrast, E2 inhibits
the expression of genes induced by AhR ligands (Stacey ct al.,
1999). In this study, the induction of CYPIALl mRNA by FLA
(fold, 2.2+0.1) was inhibited in combination with E2 (fold, 1.5+
0.4) (Fig. 2B). The expression of G3PDH mRNA was measured
as control, and then it was not changed. Thus, the results suggest
that FLA acted as an AhR agonist.

When we tested the anti-estrogenic activity of many
chemicals including flavonoids by the yeast two-hybrid assay
and the competitive ER binding assay, some flavonoids and

B with MG-132

DMSO FLA E2

FLA/E2

DMSO FLA  E2 FLA/E2

ERu h--ﬂ -

R e B

G3PDH b——'

E——

Fig. 5. Effect of FLA on ERa protein level. In the absence (A) or presence (B) of MG-132 (protease inhibitor), FLA (10 uM) was incubated with/without E2 (10 pM) in
MCF-7 cells for 24 h. The cell lysates were subjected to SDS-PAGE and Western blot analysis for ERa and G3PDH (as an intemal control). FLA induced the

degradation of ERa and it was prevented by MG-132.
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their metabolites were determined to be ER antagonists as well
as agonists (Nishihara et al., 2000;: Ahn et al.. 2004a.b:
Okamoto et al., 2006). As mentioned earlier in this work,
however, these assays are insufficient to explain the anti-
estrogenic activity of some flavonoids because these assays can
measure only when chemicals directly affect the interaction
with ERa. When we screened for the active compound by the
reporter gene assay using MCF-7 cells in the presence of E2,
some chemicals inhibited the transcriptional activity of ER
(details not shown). The expressions of PR and pS2 mRNA
were induced by E2 depending on the dose, indicating that these
expressions demonstrated estrogen activity (Sco ¢l al.. 2003,
Petz etal.. 2002: Kim et al.. 2000). As an AhR agonist, FLA was
investigated for estrogen action. E2 (1 pM) induces the mRNA
expression of PR (fold, 9.6=1.2) and pS2 (fold, 6.3+0.1) in
MCEF-7 cells. The E2 induced mRNA expressions of PR (fold,
2.1+0.2) and of pS2 (fold, 1.5+0.1) was minimized by treating
with FLA, although FLA alone did not affect these expressions
(Fig. 3). The expression of G3PDH mRNA was measured as
control. To reconfirm the mode of action of FLA on ERa, the
binding activity was examined. As shown in Fig. 1A, FLA had
neither the agonistic, nor antagonistic activity on ER in a yeast
two-hybrid assay using rER. In the competitive binding assay
using hER, FLA did not inhibit binding of ER (Fig. 4B). The
results suggested that FLA of the basic structure had anti-
estrogenic activity without binding to the ER receptor, though
several derivatives of the flavone group have estrogenic activity
(Innocenti et al.. 2007; Hiremath et al., 2000).

AhR agonists induce rapid proteosome-dependent degradation
of ER (Wormke ¢t al., 2003). Furthermore, in breast cancer cells,
ligand-bound AhR enhances ubiquitinated forms of ERa and
protcasome-dependent degradation of ERa to repress the E2-
induced transactivation (Wormke et al., 2000). As shown Figs. |
and 2, FLA was suggested to be a ligand of AhR. Conscquently,
the protein level of ER« in the presence of FLA was determined in
MCEF-7 cells. FLA or E2 significantly decreased ERa protein
level and FLA together with E2 enhanced this effect. Since
TCDD, a ligand of AhR, activates proteasome-dependent
degradation of ERa (Ohtake et al., 2003), the effect of protease
inhibitor, a MG-132, was determined on ERa protein level. The
results show that MG-132 prevented ER«a from degradation by
FLA (Fig. 5). Moreover, the results indicate that FLA induced the
expression of CYP1A1 mRNA to enhance the degradation of
ER« protein, and inhibited the expression of PR and pS2 mRNA
through the AhR pathway.

It has been reported that some flavones show estrogenic
activity through ER binding so that their intake has a preventive
effect against prostate cancer (Raschke ct al, 2006) and
menopausal syndrome (Miller-Martini et al., 2001), and also
has a stimulative effect on endometritis (Cline et al., 2004),
Recently the Food Safety Commission of Japan published the
upper-limit dose for soy isoflavone supplement to be 30 mg/day.
Although Wood et al. (2006) reported that soy isoflavones had
anti-estrogenic effects in the postmenopausal breast through ER
signaling, we have presented in this work that FLA can be anti-
estrogenic via AhR in MCF-7 cells. This means that other AhR
agonists in food may potentially affect the action of estrogen.
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Abstract

Since the 1990s, population decreases, reproductive anomalies and malformations of highly aquatic animals have been
increasingly reported. One possible cause is considered to be endocrine disruptive effects induced by environmental
contaminants through a direct interaction with nuclear receptors, not only with steroid hormone receptors but also with
other ones. In this study, we examined the binding affinities of 20 chemicals, which are registered in the Japanese
Pollutant Release and Transfer Register (PRTR) and have been abundantly discharged into aquatic environments to eight
human nuclear receptors and assessed their potential endocrine disruptive effects. Of the 20 PRTR chemicals tested,
nonylphenol diethoxylate, telephthalic acid (TPA), and linear dodecyl-benzensulfonate (DBS) bound to at least two
receptors at high concentrations. TPA and DBS enhanced the activities of both retinoic acid receptor (RAR) y and vitamin
D receptor (VDR) in a dose-dependent manner. This suggests that TPA and DBS may disturb the vitamin D endocrine
functions mediated by a VDR-VDR homodimer or a VDR-RAR heterodimer. Also, our results indicate that endocrine
disruptors unsuspected under the current assessment criteria could potentially bind to various nuclear receptors and disrupt
endocrine systems mediated by such receptors.

Key words: aquatic environment, endocrine disruptive effect, nuclear receptor, PRTR chemical
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e MCLELLFEEIEHD LD LHRIESLD,

Pk, EDsicBA+AHER, T A a2 EE
(estrogen receptor ; ER) 72 ¥ OHERNAE LT EELHR
B AR E F K (thyroid hormone receptor ; TR) % H.0
IEHLNRTER, LALEE, £ FONRZ77 IV =T
ABFEEOZEEMBEFET D Z L BMES I, EDsOIER
ADBHRLE L ZEEDTRUSADONRIZ b 5 5 ATREMEH
HMREIhD X", BIZIE, 77AF 2 DF
BRSCEREND 7 INVEY = AT LOEEAREY
ThHAEZ7INVEE ) ATV L HMETMBHESOERE
FEECEALAF Y — AHRMATEELZEE (peroxisome
proliferator-activated receptor ; PPAR) '35, F7-f7Hg A
WL BAR=VEDS H v 7 AREORE
ICIEVF /A4 FXZEH (retinoid X receptor ; RXR) ' A3
BEELTWAZ LBTHENTVWD, i, HTFARFBER
MEDO—>, FVsZooxFLoOEERREMTHS
Y7 ooERgr U2 oolilgiZ X 5 FFE & PPARa®
B LIS S LTV A", Zh b OFRHEHEE
Mo, (EEHRONZURELEE L FHET 52021,
k4 NRICX T HERA@@NICHENT 2L BNEET
HBHEWVWRD, Thbb, IhETIIHALEVZEE
RLTRICOWTASIRELERAR 2V L HE SNT(LFED
HraEh, 2 DOATEFEHERONRIZH TS EA LB
LTW ZEBUETHD, AR T, KBRFEDPICK
BICHHER TWA{EEHEO E PNRIZHTHEEHE
AEL, BEMLANSWREEROFREELR- -, #
BYHEICE, BRESLOEEHBEBE (pollutant release
and transfer register ; PRTR) #|f 0@ 1 E(L P HIC

axh, AFAKE~OFEHEHEN 1512 LB HRILFE
HIRBEOTHL20E L BE L, HRUHONRIZHNT
3RAMOHEMIZ, £ FNRD I BERa, TRa, E¥ IA
Z%2{& (retinoic acid receptor ; RAR) y, RXRa, E'# I ¥
DZZ & (vitamin D receptor ; VDR) , PPARa/y/8% %t 52
L LT, inviroCNRE AT 7 F_—4—OHEIERAL B
HCEBNSARN—T 2 bR Y —=7ETHD
CoA-BAP (coactivator-bacterial alkaline phosphatase) '
FRVWTERLLE,

2.5 ik

2.1 {L#PH !

EHEY HFE LT, ERalZIFIIP-= A T VA=
(E2) , TRaiZi¥3,3’5-h VA4 F-L-Fu=" (T3) ,
RARy\Z iZall-trans- L F / A B (retinoic acid ;RA) , RXRa
{ZiX9-cis RA, VDRIZIX1a25-Y Fax 4 I D3

(1,25(0H),D3) , PPARa IZ iXGW7647, PPARy!(Z {Z
Rosiglitazone, PPARSIZIZGWS01516% AV 7z,

PRTRHIE CHIMEE(LEHREICBE SN, N3EMAK
A~ OEMPEHEISUL ET, KX BKENE AR
FMEBODH) H20BEDOLFEHH (Table 1) ZH#BRY
KELTRELE, BE#EFTIARCE ALK BT
k U 7 2 (linear dodecyl-benzenesulfonate ; DBS) 13, [E#
VA O 2 T A S P (R - - -
(linear-alkylbenzenesulfonate ; LAS) O{{F & L T#RHE L
. Flf, =T =il b b=}
(nonylphenol diethoxylate ; NP2EO) X, /=/ATx /) —
AR Y x> b F L — b (nonylphenol polyethoxylate ;

Table 1 Binding affinity of 20 PRTR chemicals for various nuclear receptors’
No.  Compound ERa TRa RARy  RXRa VDR PPARa  PPARy  PPARS
1 Ethylene glycol B - - - = = s =
2 N,N-Dimethylformamide - - = = . - - -
3 Nonylphenol diethoxylate (NP2EO) it = = P - < + -
4 Thiourea - - = = - - - -
5 e-Caprolactam ~ - = -~ - - = .
6 Ethylenediaminetetraacetic acid - - = - <= - = -
7 Terephthalic acid (TPA) - — ++ = ++ = + =
8 Diethylenetriamine - - = = = = &= s
9 Toluene - - = = = = & =
10 1,4-Dioxane - - = = = = = =
11 Methacrylic acid - - - - = = = -
12 2-Aminoethanol - - - - = = - -
13 Acrylic acid - - = = = - = .
14 Linear dodecyl-benzenesulfonate (DBS) - + ++ = ++ e + -
15 1,3-Dichloro-2-propanol - - - - = - - —
16 Hexamethylenediamine - - - - i - - —
17 p-Xylene - - - = - = - .
18 Aniline - - = - o - = ~
19 Pyridine - - - - - = - ~
20 Phenol - - = - - = = -

24+ the lowest detectable effective concentrations of tested chemicals were 10° to 10° times as much as that of the cognate ligand; +, 10° to 10°

times; —, not detected.
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F7 A5, T LT7HNAEE (telephthalic acid ; TPA) , 14-
AR, TV, Tz =i R A&, NP2EO,
TFLTT IR, CxFLoRIT IV, AF
ZINEE, T2ZILEE ~FHAFLLI7 I TER
LT3, vV OB TENOHBA L,

R A FRUHEBREEDEIL, DMSOIZERESL °C
TRFEL, EHANCDMSOTEREEAR L TH:,

2.2 CoA-BAPi:

AW Tix, @) 523BA%E L7=CoA-BAPEE'" % Hu T,
R EHHONR~DFES 3R L7-. CoA-BAP#:IL,
MR ERETIC, UH Y FICEELENRE T 2 F
R—y—OHEEREY~A 707 L—k L TRET Bin
VitroFETH 5, AFETIE, KBE2AVWTTOHERER
SH/NRY V- FE&ESMEE (NR-LBD) & 27 7 F~—
% — (CoA) ##f7 5., NR-LBDEZEE L= L— hiz
CoAL U FEMZB E, VA FIZIEFELTNROIL
K& A Z{E L, CoARSNR-LBDIZ &A1 %5, CoAlZ IZBAP
BBEENTHA7Y, NRECIADHEAEER D X1,
BAPODTNH YT+ AT 75— (AP) EHEOHMX L L
TRIETE 5, ZOAPEMIIARRSHLTL, B

FEAEBE R two-hybridiE L D LBV S L AR I A TINEY,

FlEXER, M0 L— L TRETE D, —F
KEHOILEMRERRT A ENTES, &6,
NR-LBDECoA%R # 37 L LTHOWTWAED, “hFE
TREGREFOROFNLE REHOBRHICAA SN
TE-BBETHER I N T E ABOMAARR~OE BN
ROBERFMIR I T A B I L ARBAERT S - b A
RETHD,

CoA-BAPE X, LR L7=FEICHl-» THEREIAT:
NuLigand> V) —X (=4 2 2 RT7 LX) #HWTHi»
Too 0.1 MIRBERRHTRICERR S B -REE LN ~A 7 0
TL— MIBEL 4 CT—BEBETS LT =L ICE
Efb X7, BHEA (Tris-HCl 20 mM, KCl 100 mM,
EDTA 0.25 mM, glycerol 5%, dithiothreitol 0.5 mM, Tween
20 0.05%, pH 7.2) T = /L% 3EIkG#%, BEEAICHEES
& 7230 pgml' © TIF2-BAP (PPARS LL#+) &L \id
CBP-BAP (PPARS) #100 pl&3iE L, BEAR L /-8y
Hy FEWRERDREREZFMLT, 4°CTIEMERE L,
@B (Tris-HCI 50 mM, KCl 100 mM, MgCl, 5 mM,
Nonidet P-40 0.1%, pH 7.2) TwY = /L #3E%k%, BEE
® (p-nitrophenylphosphoric acid 10 mM, Tris-HCI 100 mM,
pH 8.0) %100 wl#M LT, 30°CH\\I37 CTRIG X4,
405 nmDOBHEE (Ays) ZRIE L, ERITLTIETIHT
Wy, Tt LR ME(RZ (standard deviation ; SD) & B H L7,
HHERMEARE BT D Ayl OFH- SDADMSOD
AusfEDFH+SDH LB, TN LV BB TALfE &
BIZERALEBAICBMELHELE,

3. % 3
CoA-BAPEIZ LY, 107°-107° MO#E T, 20MOPRTR
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EFHROESFENRIZA T EEHLAT~<-, 17RO
BYTIE, WThONRIZH L THEELSESHATRER
Moz 2%, NP2EO, TPA, DBSO3IMRITFNFN2, 3, 4
FAFONRIZFHES L7- (Table 1) . NRTR A &, RXRa,
PPARa, PPARSA B SHEEEDONRICH LT, 42 < b1
AEOHRILEHRYEBE LT, BELFZLE-HEOR
BG83 2 Ak L ICFig. loRT,

NP2EOIZ, ERa & PPARyIZ#f L THRAHEA TR L7, ERa
Ti, MY M FCHEEAIERTICEERETHS
10° M HRESHES MR AN (Fig.1A) , —7%, PPARy
~OFEEENRBH N HMBLITEEMY M FiZEE~<TI10°
FEERBRETHY, FEHIERICE»-7 (Fig. 1E) ,

TPAIZ, RARy, VDREUPPARYIZH L TRESMHETL
7. RARYIZXIT B#E12107 MO LEDLN, Fhkth
iR TITR B FICTETEA ER L7 (Fig. 1C) . VDR
IR LTIE, 10 MTESAE2RL, £#h b0 BiREE T,
1,25(0H),D3 & [F#kOEIE T, MBEEFOICTEMNS LE L
7= (Fig. 1D) , PPARYIZEWTIL, 10° ML E DB T4
BLEN, FALYBBREIZKITIBEHEOK KB,
Toh-7= (Fig. 1E) .

DBSi¥, TRa, RARy, VDR, PPARy®4FEHEDONRIZH
&Lk, TRalzX T 24 HE, 10°MULOIRETCOXL
B ohfs (Fig. 1B) , PPARyIZH L Tit, 10 M TS
HER L, FOEEZI0%107 MicBWTELH T BT
ST, 107 MELETIRRELA2H 57, RARyL VDRIC
LT, ZRENI0C MRUII0 MTESMEERLE,
¥, IO XV BRETIE, TAThoERY MK
ORRISHARICEE L -FE CREKEYICEESE
KL% (Fig.1C,D) ,

4. % =

Pk, PSWRELEMICE S BESMMEEHED Y
A 7 Y, EICERETRZXE & LTl S, MIEEDs
ELTBWVWOLLIHRICIETFONTWATLR AL T =)
— VBT AN AT VR, YAT7x/)—LA, BRES
RECH L TEELONABBONTE:, KHRETH
A 20/ OPRTRIEEME D F T, NP2EONERaIZEHS
TAHZEBBEENT-, NP2EOIZ, BRE""R-20DOY
Tasr=rREFREARBROICBVWTZR ha & U #iE
HABERIN TS, -, EFETHELNLT-NP2ZEOD
ERaiZ %t 4 % B D IEHE R I, BEESR"Vick i) 54-
/=T 2/ —LDFRalZXH T ERVEHRBRBED
1/100-1/10CH Y, ZhiBSECBY &RV -E%ET
HD, TnbH XY, CoA-BAPIETEOLNENRIZHT 5%
EHRHIBERYRLOTHALEZ LN, b,
TRaiZiZ, 107" MLLEO R A TDBSARES T 5 AlaEHKD
HBZEMNTENTY, DBSEETLASOBERBRF /L E
BREHICBAT A RER AT TITRY,

INET, EFNLECZEELETRUSADNRIZAKBRES
BT HEEYEROY A7 FMICEREIN T Z ehn s,
X THRFRTIE, FH2lAi e LT, Ak k
BiIZHEHENR TV A{eEHRE & L LT, ER, TRUA
DONR~DESMELZT~T=, £DFER, NP2EOHPPARy,
TPAZ'RARy, VDR TFPPARy, DBS#RARy, VDRE U
PPARYIZKE BT AFIEMOH A Z L NHR S -, i,
TPA L DBS®ORARYR 'VDRIZ*t B A tEiT4ENE Y #
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Kzl L= #1E CREKFSN A LT (Fig. 1C, D),
IRHORBRIE BEEBENTVWAZREEHELILED
BOBz, 8HSEFEETHANROW TR BWITEEICIE
ALT, WORREESEATTLORKMELFELTY
BrLAHEETELOTHD, ZD, 5%DEDs
OFMM T, fix ONREZN LEAZWHMELEEDR 7 Y
—= Y EEBLTW ZENEETHS,
ARRIZERILEHEONRIIN T HREGHEEZ R 2 U —
=7 LbOTHY, BELHESNEZY—RATHT
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Fig. 1 Dose-response curve of the tested chemical compounds on

hERa (A), hTRa (B), hRARy (C), hVDR (D) and hPPARY
(E) in the CoA-BAP system. A, Cognate ligand (E2, T3,
all-trans-RA, 1,25(0H),D3 and Rosiglitazone for hERa,
hTRa, hRARy, hVDR and hPPARy, respectively), (I,
NP2EO; @, TPA; O, DBS. Data are shown as mean + SD
(n = 3). Activity of the vehicle control (DMSO) only 1s
shown by the broken line.

Lb4AEESNECARTIEHARY, LML, FHEOR
BIIEDsIZ L AR D WREEROE —ERETHINRED
HENELITHEELZTTLOTHY, HBRLFEVHED
BIENLARSURIEROTREE>H HIREHALED
LOLEALD, ¥, NRICITHEENRHSH7-®, £ bNR%E
AW ARROBREAEFAEHRAICE TREIRTIR
720y, LA L, NRORERIZ L - Tix, BEMTEVWREF
HETTHLOLHHZ L10Y, ARROBRIZESE,
b FUAOHELADTEELEYD, HRODROEH~DEE
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EBONENEL*HIBEHETEZILOLEZLRS, #
T, LUTTH, XIFRETHELA-BRELED, %Hon
ONRIZH T 5B G THER SN /-NP2EO, TPAKXDBS
DEEN LN WREERICET A HEL R,

RARIZ, FHEBMOEESHIERR, B4, #Mlast,
MEOIEFEICEELRFIZR-LTWVWS, RARD Y #
¥ FTHAHRAIZ, BFHEBYMORFEHDR THY, 0B
FMBUIZES R HTEARESE DD, 1990ERMS
LEATHREIA TV AL ADHFHICEL, KBEELR(E
¥PHEICLARARY VI EERORIVBELTLS
ZEBEHENTWAPRM, VDRIZ, I ADIEEHE,
BFAH, ROMOBELEHER (BBES{EOEN, &
IEFEMRE, %&EEM, okl T o ZoRER2Y) o
BWTHPLHLERZE-> TV 5%, PPARyIE, EIZAERS
ENa—2RORBICEELREBEEL-LTEY, fix
DEBICBVWVTRAREBER2EHT™, £, #0074
=AM, BETCIEBRBOEEEL L TEREA T,
5, BEOD L Z A, BEP CVDREVVIZPPARYZ I L7
LDLEZ GNIBEEOEREH IS,

RARY? L PPARY®IE, RXRE~T o ZREHFREL,
Fx OFEOREFEEEESELET S, LL, Zhso
ZEE~OREESHENSED HNIZNP2EO (PPARy) , TPA
(RARy, PPARy) , DBS (RARy, PPARy) i1, WW¥hi,
RXRaiZiZfEE L72v (Table 1) , NRAS “BIK% AL L
THEEEENDZ 7V FAEBIIBWTIE, VH R
REEZRTINROAFIZLOREESLRVWBEOEEIT, W
FEET BRI T/hEVFREMEMAER I ATV
5%, ZDI &b, NP2EO, TPA, DBSASHIM TRARS
PPARYA T 52 7 T ARER A RET B T IT /N X
WIZ AR ENAE, LL, AL S5ic
RXRalZEET HLFHEMHET HBE T Tk, RARD
PPARYD v 7 TR ER~ODEBEEBRBI4E UL TESELH
V#§5, 72751, RAREPPARYIZXH T B R EHEREIR
ERREAPRECLE~TEHVWI 55 (NP2EOTI0YE
LLE™ | TPATI00/ELL £, DBSTSHELL L) | BT
BRINCOHMELEDCBEELRIFLTWAAHEMST
BwbotEXLNS,

L5, VDRIE, F~EZ&E, ZVIIZRARARXRE D~
ToZREZFEL, VDEERETFZETHET 52,
VDR~D# B AR SN /-TPA L DBSIZRXRICEES L7
WZ Ehh, B L7ZRARE U'PPARYD & — A & FHEIC,
VDR-RXR~7T 0 ¥ A v —% N+ AVDRY &+ {5
FE~ODEERBOTREMIIE LD L FEERLS, —F,
TPA & DBSi, RARy* VDROFEZ A&+ 2844448
REEEHIZEBALIEZ L0, FAFABEMCVDREA
T _RAEEVVIZVDR-RAR~T u ZRECM < EH 2
AREtEA B D, TPAIZ, REEHSIZ X - T, Fischer-3445
v NEERLIBITH LT, TPAA /L7 A% ERR4Y & 4+ B B8Rk
EOEERL, BRBTLEOREEBALL T LR
FExFIEE-_FLBBESATVEY, £1-, DBSA S
TPLASIE, N5 L - THILEMYIE R IZE(LEBIEA 3|
ERZIFTZEBHEHLMIZER TS, T42bt, HHE
BETAHI4EEEMEIT, VDRV /A GEZRNAEDLAEE
PEEE & BRIEVLW—BERLTWS, ULz Lrs,
TPA L DBSIZ, SHBEHELTREIRZVWREIZS VT, VDR
RE_ZEERVIZVDR-RAR~T o —B&EIC/ERT S =
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ETVDRUZHNR@BBREAELL, £EKICEREETRIT
THAREMDH D Z LR E N, LirL, TPAIL, BHE
K BRAEHRARYR U'VDR~DO BV IEHRBME L 0 ¢,
EFNENIOFEIMELLEIELS, £/, £5BENERHT
TREESENI L2267 EREP CIEMNRET 5T
BREEEmC VLD LERINS, i, DBSIE, Bk
PREPRARYRUVDRICH T 5 RIEMBRBE - F
BEOBRESLIH L0 EUHRBOMIEN =210
BREETE 20, KREFTOESBENHL, Kot
M~HBMTHEETAZ N, VR ZIZEIZER L
WHDEHEFEINS, LLEDLHZ, BROF—4m6
Tld, TPARDBS ) B30 CTEH A EHOVDR > & F /LG
BRICEERT RITTAEREEREVWEEZ RS LD,
INGHRIEFLEBEICIE, BRORIEABELSL D L
LEETERW, £, BEFT~OHBEENRALHT
RUVHECEHROFIZLNRIIESHE T T LOREE
THLHAZNEZ L2rh, ZEUNR~DESEZLE
JRZIZOWTFEFEL T Z ¢ EEh 5,

5. % & &

AR TIE, AFBAAKE~OHHBDOE VW PRTREIE
BEFHR0EONRESHLHAEL:, FORE, -
NECTICADWREFESEDN T 2022 7=TPA L
DBSHHEONRIZE ST HA[fEEDH S = L AFE N,
IOZ LiX, BEOFMERZ THEIATWS, ®ut
BEbNTWHEDSUAOMED, MHELE - FEEDTR
LIADONREELT, ASWRELERARTAIRElOH 5
TLEEHMIARELTWS, SEOASIARELER ICET
HYAZFETIE, BEFICHHEASTEEDH LS
BRUATIEEHHREHRE L, fix ONR~OESZL
2 RZIZD0WT, BN, RAMICTFML TW 2 &
BEETHS,

MO

AR i 2 ¥ — - EEHNR S MR8 (NEDO)
REAFIHEEZEREGH BREAFER - B%LK
WE AT LAEFOFERE] O—BL LTEBLES
DTHH, ZZIHELRLET,
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AIB1 Promotes DNA Replication by JNK Repression and AKT

Activation during Cellular Stress
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Amplified in breast cancer 1 (AIB1) is a member of the p160 family of nuclear receptor
coactivator protein. Recent studies have reported that high-level AIB1 production is
involved in the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway for progression
to malignant carcinoma in a steroid-independent manner. Here we demonstrate that,
in AIB1-knockout DT40 chicken B-lymphocytes, loss of AIB1 results in induction of phos-
phorylation of c-Jun N-terminal kinase (JNK) and c-Jun, in addition to the inhibition of
DNA replication. In contrast, high-level AIB1 production prevents proapoptotic activa-
tion of the JNK/c-Jun signal transduction pathway and induces DNA replication through
phosphorylation of the Akt/p65 NF-kB subunit RelA under cellular stresses such as UV
irradiation or serum deprivation. Moreover, we have found that AIB1 is essential for the
phosphorylation of histone H3 at serine 10, which is associated with the signal transduc-
tion to chromatin, leading to the transient expression of immediate-early genes in
response to UV stimulation. Our results therefore suggest that AIB1 directly links to
cell cycle control mechanisms in concern with the balance between apoptosis and
proliferation.

Key words: amplified in breast cancer 1, cellular stress, DNA replication,
phosphorylation, signal transduction.

Abbreviations: AIB1, amplified in breast cancer 1; Akt, cellular homolog of v-akt oncogene; CARM1, coactivator-
associated arginine methyltransferase 1; CBP, cyclic AMP response element binding protein; CDK, cyclin
dependent kinase; ER, estrogen receptor; ERK, extracellular signal-regulated kinase; FCS, fetal cauf serum;
FACS, fluorence-activated cell sorting; GSK3, glycogen synthase kinase 3; HAT, histone acetyltransferase;
HER-2, human epidemal growth factor receptor-2; JNK, c-Jun amino-terminal kinase; MAPK, mitosis-activated
protein kinase; NF-xB, nuclear factor-xB; PAS, Per/Arnt/Sim; PI3K, phosphatidylinositol 3 kinase; RSK2,
ribosomal S6 kinase 2; SRC-1, steroid receptor coactivator-1; TIF2, transcriptional intermediary factor 2;

TUNEL, terminal deoxynucleotidyl transferase-mediated nick end label.

The nuclear receptor coactivator known as AIB1 (also
called p/CIP, ACTR, RAC3 and SRC-3) is a member of
the p160 nuclear receptor coactivator family. This family
contains SRC-1 (steroid receptor coactivator-1) and TIF2
(transcriptional intermediate factor-2) that interact with
the general transcriptional coactivators CBP, p300 and p/
CAF (1-8). These coactivator complexes possess intrinsic
histone acetyl transferase activity and are responsible for
the remodelling of chromatin and modification of compo-
nents of the transcription machinery (9, 10).

AIB1 increases estrogen-dependent transcriptional acti-
vation by interaction with estrogen receptor (ER) « in a
ligand-dependent manner. Furthermore, AIB1 mRNA and
protein have been shown to be amplified and overexpressed
in primary human breast and ovarian cancer cell lines, in
which transcription is upregulated and the AIB1 gene on
chromosome 20ql2 is amplified (I). Recent studies report
that high levels of AIB1 production are relates to both a
high DNA-synthesis phase fraction and HER-2/neu
production with p53 mutations in breast cancer, which
is a disease characterized by an imbalance between cell
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division and cell death (11, 12). Her-2/neu protein activates
the PI3K (phosphoinositide 3-kinase)/Akt (also known as
protein kinase B, PKB) pathway, which, through NF-kB
activation, plays an important role in preventing cells from
undergoing apoptosis (13, 14). More recently, it has been
shown that overexpression of AIB1 in the mammary gland
leads to activation of the PI3K/Akt pathway, with IGF-1
signaling (15). Because AIB1 (RAC-3) has also been shown
to interact with NF-kB and enhance its transcriptional
activity (16, 17), it has been suggested that AIB1 is an
altered regulator for the mechanism by which constitutive
activity of an NF-kB-dependent promoter is involved in
chemotherapeutic resistance in ER-negative cancer cells
(18, 19). However, the biological function of AIB1 in the
signal transduction pathways influenced by complex
cascades of phosphorylation events triggered by exposure
to cellular stress is not completely understood. Therefore,
we focused our attention on AIB1 activity, to deter-
mine whether this protein regulates the antiapoptotic
process or perturbs signal integration in response to
cellular stress.

Importantly, c¢-Jun N-terminal kinase (JNK) has also
been shown to be a key regulator of programmed cell
death and part of a subfamily of the mitogen-activated
protein kinase (MAPK) superfamily (20). Recent
studies indicate that JNK activation contributes to

© 2006 The Japanese Biochemical Society.



