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Table I1. CA-AhR expression affects thymocyte population”
Line A (n = 4) Line K (n = 5) Line N(n = §)
Wi Ta Wi Tg Wi Te
(%) ) (%) (%)

DN 4.7 + 05" 64 1.2 42+ 1.1 52678 6.8 228 27.9 * 14.1

DpP 8§22 1.7 793 % 1.4 8§72 % 1.8 33576 83224 53.1 £ 159

CD4 SP 10.0 15 9.5*+20 6.9 £0.7 8712 70038 10.2 £ 0.9

CD8 SP 3.1 02 4.9 + 04 1.8 04 52=*0.5 3.1 +03 8.8+ 1.2

CD4/CDS§¢ 26 = 1.1 2005 4.0+ 0.7 1.8 + 0.6%* 23x03 1.2 2 Q.1%*

“Thymocytes from female heterozygous (CA-AWR™ ™) Tg mice and nontransgenic (CA-AhR ™/™) littermate mice (W1) (810 wk old) were examined by Now cylomelry,
" The data was expressed as means £ S.D. The diflerences between CD4/CDS ratio in Tg mice and W{ mice were evalualed with Wilcoxon rank sum lest. ##, p < 0.0,

“Ratio of CD4 SP cells/CD8 SP cells.

whole thymus and the stroma (Fig. 6). CA-AhR was detected only
in whole thymus, not in the stroma, in this system (Fig. 6). Thus,
AlR activation in thymocytes alone was demonstrated to cause the
cellular loss and population changes in the thymus.

CA-AhR suppresses the increase in spleen weight and splenocyte
number caused by immunization

We previously reported finding that TCDD administration to mice
immunized with OVA suppressed the immunization-induced in-
crease in spleen weight and splenocyte number (27, 34). Consis-
tent with these findings, the increase in spleen weight and spleno-
cyte number observed in wild-type mice after immunization with
OVA was suppressed in line A Tg mice (Fig. 7), although their
spleen was unaffected when not immunized, as stated above (Fig.
5). Interestingly, increases of both CD4 T cells and B cells were
significantly suppressed despite the specific expression of CA-
AhR in T cells (Fig. 7). The number of CD8 T cells was also fewer
in the Tg mice than in the wild-type mice, although the difference
was not significant. Simultaneous suppression of the T and B cell
increase was also observed in OVA-immunized and TCDD-ex-
posed wild-type mice (27).

To estimate how much TCDD induces the corresponding level
of AhR activation, CYPIA] expression in the thymus and spleen
of line A Tg mice and TCDD-exposed wild-type mice was com-
pared. As shown in Fig. 8, the level of expression of CYPIAI
mRNA in the thymus of the Tg mice was slightly higher than its
level of expression in wild-type mice exposed to a single dose of
20 pg/kg TCDD. CYPIA1 expression in the spleen of the Tg mice
was less than in wild-type mice exposed to 20 ug/kg TCDD, which
seems plausible because only T cells express CYPI Al mRNA in
the spleen of Tg mice, whereas both T and B cells express
CYPIA1 mRNA in TCDD-exposed wild-type mice (43). These
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FIGURE 6. CA-ANR is expressed in the thymocytes, but not in the stro-
mal cells, in the thymus. line A male CA-AhR™*/* mice were mated with
female C57BL/6J mice, and thymuses were collected from fetuses on ges-
lational day 16.5. The thymuses were cultured for 4 days on a nitrocellu-
lose filter floated on complete medium. To deplete them of thymocytes and
obtain stromal cells, the lobes were cultured in the presence of 1.35 mM
2-deoxyguanosine. Fifteen or 16 lobes were pooled from each treatment
group and were used to prepare RNA. cDNAs prepared from 20 ng of total
RNA and serial dilutions (47", 472) were amplified by PCR
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results show that the function of the activated AhR in line A het-
erozygous mice and AhR activated by 20 ug/kg TCDD are
roughly comparable. In our previous study, 20 ug/kg TCDD sup-
pressed the splenocyte number to 60% of the number in unexposed
control mice | wk after immunization (27). The same dose of
TCDD reduced the thymus weights to 40—60% (44). The fact that
a similar extent of suppression was observed in the thymus and
spleen of the Tg mice indicates that the major portion of the effect
of TCDD in these organs is attributable to AhR activation in the T
cells.

Discussion -

To prove the role of activated AhR in T cells in TCDD-induced
immune suppression, we generated Tg mice in which expression of
CA-AhR cDNA is controlled by an improved version of hCD2
promoter and their T cells specifically express activated form of
AhR. We obtained three lines bearing different copy numbers of
the transgene, ranging from 2 to 10. All three lines showed ex-
pression of CA-AhR and an AhR-induced target gene in the thy-
mus and spleen. In line A mice, which coexpress GFP in addition
to CA-AhR under the contro] of the same CD2 promoter, the trans-
gene was confirmed to be strongly expressed in the thymocytes,
CD4, and CD8 T cells, but not in the thymus stromal cells or in the
B cells. CD2 is principally expressed on T cells and NK cells in
humans (45), but low expression has also been reported on subsets
of other cell types, including B cell progenitors (46, 47). Consis-
tent with the observation, faint expression of the transgene was
detected on the CD3~CD127" lymphocyte progenitor cells in our
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FIGURE 7. CA-AhR expression suppresses the increase in spleen
weight and both CD4 T cell and B cell numbers after immunization. Line
A female heterozygous Tg mice and littermate wild-type mice (8 wk old,
n = 4) were immunized with OVA/alum, and their spleens were examined
7 days later. Mice were used afler crossing into C57BL/6 mice for five
generations. The differences between the Tg mice and wild-type mice were
analyzed by Student’s 1 test. The data are expressed as mean = SD, #, p <
0.05; #=*, p < 0.01.
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FIGURE 8. Comparison of CYPIAI induction by CA-AhR in Tg mice
and by TCDD exposure. Female C57BL/6 mice were given 5 or 20 ug/kg
TCDD, and 3 days later total RNAs were prepared from thymocytes and
splenocytes. CYPLA! induction was compared with its induction in female
tine A heterozygous mice. cDNAs prepared from 20 ng ot total RNA and
serial dilutions (37!, 372) were amplified by PCR using primers for CA-
ABR or hypoxaathine phosphoribosyltransferase as a housekeeping gene.
The expression of genes was quantified by densitometrically scanning gel
images, and the values normalized to SB-actin mRNA are indicated in pa-
rentheses. In both tissues, 30 PCR cycles were used for CYPIAL and 20 for
hypoxanthine phosphoribosyltransferase.

Tg mice. The transgene was also found to be expressed in the lung
and, to a very minor extent, in the kidney in the Tg mice. Although
the mechanism for the expression of CA-AhR in those tissues is
unknown, presence of cells expressing CA-AhR in those tissues,
such as T cells in the lung, may partly contribute to the transgene
expression. Albeit the expression of the vector is found in other
cell types, these CD2-based vectors, including the VA hCD2 vec-
tor, have been proved to be very useful to study specific functions
of molecules in T cells. Likewise, the Tg mice we developed in the
present study enable a new approach to explore the effect of AhR
activation in T cells in the immune suppression. Lymphocyte pro-
genitor cells have been reported to be affected by TCDD, and its
effect was suggested to contribute to a loss of thymocytes (48, 49).
Although the expression of CA-AhR in the lymphocyte progenitor
cells was much fainter than that in the thymocytes and T cells
(Figs. 2 and 3), the effects of low expression of CA-AhR may need
to be considered. ’

All three lines of our Tg mice were characterized by thymus
involution, including reduced thymocyte number and increased
percentage of CD8 SP cells, the same as observed in TCDD-ex-
posed mice. The fact that direct exposure of FTOC to TCDD re-
produces the thymus involution induced by TCDD exposure in
vivo (19, 24) shows that TCDD directly affects the thymus, in
which the target cells are present. However, the results of previous
studies have suggested that two types of cells in the thymus, thy-
mocytes (18, 28) and stromal cells (24, 25), are the primary targets.
The results of the present study in the Tg mice demounstrate that
AhR activation in T-lineage cells alone can cause the thymus al-
terations, including loss of thymocytes and increase in percentage
of CD8 SP thymocytes, without AhR activation in the stromal
cells. Tomita et al. (50) recently produced T cell-specific ARNT-
deficient mice in which the ARNT gene is disrupted under the
control of T cell-specific p56'* proximal promoter, and showed
that the thymus of the Tg mice is resistant to TCDD. Their results
are consistent with our own showing that the AhR/ARNT het-
erodimer in the thymocytes, but not stromal cells, is essential for
the occurrence of thymus involution.

Whereas thymus undergoes involution upon TCDD exposure,
the splenocytes and splenic T cells of nonimmunized animals are
unaffected by TCDD (18, 51). The same finding was observed in
the spleen of our T cell-specific CA-AhR Tg mice, even though the
CA-AhR was fully expressed in both the spleen T cells and the
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thymocytes. Although we examined the expression of CYPIAI
and adseverin as sensitive AhR-dependent target genes (o estimate
the extent of AhR activation, the genes responsible for the thymus
involution remain to be identified. Previous studies have suggested
suppression of thymocyte proliferation (24, 28) and induction of
apoptosis (52) as the biological process involved in the thymus
atrophy caused by TCDD. Our own recent study demonstrated that
CA-ARR expression in Jurkat T cells inhibits cell growth by in-
ducing both apoptosis and cell cycle arrest (29). Several genes in
these CA-AhR-expressing Jurkat T cells that are related to apo-
ptosis or cell cycle acrest, such as Fas, cyclin G,, and growth arrest
and DNA damage-inducible protein 34, were shown to be up-reg-
ulated in an XRE-mediated transcription-dependent manner (29),
and these genes may be responsible for the loss of thymocytes.

[n contrast with the nonimmunized mice in which splenocytes
were less affected by AhR activation, as described above, the in-
crease in splenocyte number after immunization was suppressed in
the CA-AhR Tg mice, suggesting that the AhR/ARNT heterodimer
inhibits cell growth in activated and proliferating T cells, but not
in resting T cells. From this point of view, the effect of AhR ac-
tivation in thymocytes may be also attributable to the effect on
activated or proliferating cells: in thymus atrophy, the suppression
of DN cell proliferation (28) and the loss of DP cells (52) are
suggested to be respounsible for cellular loss, DN thymocytes are
vigorously proliferating cells, and DP cells receive an activation
signal via their T cell receptors. Thus, activation state of the cell
seems to affect the sensitivity of T-lineage cells to AhR activation.

The results of the present study also demonstrated that AhR
activation in T cells alone suppresses the increase in both T and B
cells in the spleen after OVA immunization. In terms of primary
target cells of TCDD toxicity in immune reaction, Kerkvliet et al.
(26) recently showed that AhR in both CD4 and CD8 T cells is
necessary for full suppression of CTL response by TCDD in a
mouse acute graft-vs-host model in which T cells, or CD4 or CD8
subsets, from AhR*"* and AR/~ C57BL/6 mice were injected
into C57BL/6 X DBA/2 F, host mice. Consistently, our results
indicated that AhR activation in T cells is involved in changes in
immune reaction. We previously reported that TCDD administra-
tion to OVA-immunized mice suppresses the growth of T and B
cells and the production of Th2-type cytokines before suppression
ol Ab production (27, 34), which suggested that TCDD inhibits Ab
production by suppressing T cell activation and the subsequent
Th2-cell differentiation. The results of the present study strongly
support the hypothesis that activation of the AhR directly inhibits
cellular activation of the T cells and their subsequent proliferation
and differentiation, leading to the suppression of T cell help on B
cell proliferation. Alternatively, indirect effect of CD4*CD25*
regulatory T cells may be involved in the immune suppression.
The regulatory T cells are positively selected in the thymus when
their TCR receives a signal with intermediate strength (53). TCDD
exposure to thymus is shown to affect thymocyte selection, possi-
bly through up-regulation of Notch | (54) or activation of the ERK
pathway (35) in the thymocytes, and these mechanism may alter -
the selection of CD4*CD25" regulatory T cells. Further study of
our Tg mice will clarify whether the suppression of T cell growth
by AhR activation inhibits Th2-type cytokines and following Ab
production by B cells, and it will aiso provide a clue for solving the
mechanism of inhibition.

Andersson et al. (55) recently produced Tg mice expressing a
CA-ARR mutant (30), which has a structure very similar to the one
we used, under the control of an Ig H chain enhancer (Ew), which
promotes transgene expression in both B- and T-lineage cells (56).
In addition to exhibiting thymus atrophy, their mice have a reduced
lite span and develop tumors in the glandular part of the stomach
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(55). The Tg mice generated in our study, in contrast, are fertile
and do not exhibit any overt phenotype differences except thymus
atrophy, showing that AhR activation in T cells is not responsible
for the stomach tumors.

Although T cells contain functional AhR and directly respond to
TCDD (57), phenotypic changes caused by TCDD in T cells, such
as changes in proliferation and differentiation, are difficult to detect
in vitro, possibly because of optimized culture conditions that
compensate for the effects of TCDD (6). The Tg mice expressing
CA-AhR in T cells will be a useful model for investigating the role
of activated AhR in the T cells. In particular, immunization of the
Tg mice is expected to show suppression of various immune re-
actions, including Ab production and CTL activity, the same as
observed in TCDD-exposed mice. Dioxins are persistent environ-
. mental contaminants and as such animals are continually exposed
to them. TCDD maternally exposed is transferred to fetus and pups
through the placenta or milk and activates their AhR (58, 59). Our
Tg mice express CA-AhR mRNA in the feta] thymuses (data not
shown) and the expression continues in the T-lineage cells after
birth. Thus, these Tg mice will also be a useful model for clari-
fying the effect of persistent activation of AR in T cells. Studies
using our CA-AhR Tg mice should shed light on the role of the
ABR in T cells in immune suppression by TCDD and also in phys-
iological reactions.
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Abstract 2,3,7,8-Tetrachloredibenzo-p-dioxin (TCDD) is an
endocrine disruptor that produces a variety of toxic e ects. We
have isolated a mouse homolog of the AWAPL gene, termed
mouse WAPL (nWAPL), as a target of TCDD by ¢cDNA rep-
resentational di erence analysis from mouse embryonic stem
cells. A statistically significant increase in mmWAPL expression
was observed at 0.1 pM TCDD in AbR / mouse embryonic
fibroblast cells. Interestingly, at 1 pM TCDD, mWAPL mRNA
levels decreased in AhR™ cells, but further increased in AhR ’
cells. AWAPL and mWAPL were highly expressed only in testes
among normal tissue samples, and we observed mWAPL locali-
zation in the synaptonemal complex of testicular chromosomes.
In addition, mouse testes decreased the expression of mWAPL
mRNA after a single intraperitoneal injection of TCDD. Thus,
mammalian WAPL such as AWAPL and mWAPL may be in-
volved in spermatogenesis and be target genes mediating the
reproductive toxicity induced by TCDD.

2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: WAPL,; 2,3,7,8-Tetrachlorodibenzo-p-dioxin;
Spermatogenesis; Synaptonemal complex

1. Introduction

In Drosophila melanogaster, the protein encoded by the
wings apart-like (wapl) gene regulates heterochromatin struc-
ture {1}. The wapl product is required to hold the sister chro-
matids of meiotic heterochromatin together. In addition,
wap! is implicated in both heterochromatin pairing during fe-
male meiosis and the modulation of position-e ect variegation
(PEV). Moreover, a P-clement screen of Drosophila identified
wapl as a modifier of chromosome inheritance [2]. Recently,
we have identified a novel human gene AWA4PL that is a homo-
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log of wapl [3). hWAPL is overexpressed in invasive human
cervical cancers and is often associated with cervical carcino-
genesis. However, the essential function of hWAPL in normal
cells is still unknown.

Dioxins, classified as endocrine disruptors, are ubiquitous
in the environment. 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) is the most toxic dioxin and causes a variety of ef-
fects, including immunotoxicity, hepatotoxicity, teratogenic-
ity, and tumor promotion [4,5]. Changes in gene expression
induced by TCDD and related chemicals are initiated by
the binding of the compounds to the aryl hydrocarbon recep-
tor (AhR). AhR then dimerizes with the aryl hydrocarbon
receptor nuclear translocator to form a complex that interacts
with gene regulatory elements containing a xenobiotic re-
sponse element (XRE) motif [6]. AhR mediates many of
the TCDD-induced changes in gene expression. Many of
the target genes responsible for the symptoms of toxicity,
however, remain unidentified.

Previously, we performed a ¢cDNA representational di ‘er-
ence analysis (RDA) of the cDNA derived from mouse ES cells
treated or not with TCDD in order to isolate genes induced by
TCDD. This procedure identified three genes, temporarily
termed Dioxin Inducible Factor 1, 2, and 3 (DIF-1, DIF-2,
and DIF-3), that were induced in TCDD-treated ES cells.
DIF-] is identical to the gene encoding histamine releasing fac-
tor (HRF) [7] and DIF-3 is the gene encoding a novel protein
with a C2H2 zinc-finger domain [8]. However, DIF-2 has not
yet been characterized.

In this study, we have identified the gene corresponding to
DIF-2 as a mouse homolog of wap/ and hWAPL, termed mouse
WAPL (mWAPL). We have also confirmed the e ects of
TCDD on mWAPL expression and investigated the localiza-
tion of mWAPL protein in normal adult mice to reveal the
participation of mWAPL in TCDD-induced toxicity.

2. Materials and methods

2.1. ¢DNA cloning and sequencing

To isolate the complete mWAPL cDNA, we used total RNA from
mouse testes, The full-length mWAPL cDNA was amplified by reverse
transcription-PCR with primers designed from a computer search. We
determined the nucleotide sequence of the cDNA with an Applied Bio-
systems 310 automated DNA sequencer.

2004 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

-308-



168

2.2. Cell cultures and chemicals

AhR ' embryos were generated from intercrossed AhR* mice [91
Mouse embryonic fibroblasts (MEFs) of wild-type or mutant geno-
types were harvested from day 14.5 mouse embryos. MEFs were grown
as previously described [10]. 2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD) (Cambridge Isotope Laboratories, Inc., Andover, MA) was
prepared in dimethylsulfoxide (DMSO).

2.3. RNA isolation, quantitative real time PCR, and Northern blot
analysis

RNA isolation was performed as described [10]. First strand cDNA
synthesis was performed as described [11]. Real time PCR analysis was
performed using the Smart Cycler System (Cepheid, Sunnyvale, CA)
with SYBR Green I (Cambrex, Washington, DC). Real time PCR uti-
lized mWAPL specific primers, 5-ACCTGGTGGAGTATA-
GTGCCC-3 and 5 -TGGCAGAGACACCCAAGAAGC-3; mouse
B-actin  specific primers, 5-AGCCTTCCTTCTTGGGTATGG-3
and 5 -CACTTGCGGTGCACGATGGAG-3; or CYPIAl specific
primers, 5 -TTTGGTTTGGGCAAGCGA-3 and 5-GTCTAAGC-
CTGAAGATGC-3 . Reaction mixtures were denatured at 95 C for
30 s, then subjected to 40 PCR cycles at either 95 Cfor 35, 68 C
for 30 s, and 86 C for 6 s for mWAPL, or 95 C for 3 5, 68 C for
30 s, and 85 C for 6 s for mouse f-actin and CYPIAI mRNA levels
of mWAPL and CYP1AI were determined by normalization of their
signals to f-actin signals. We performed the experiments to evaluate
mRNA levels in triplicate. The data were analyzed using Students 1
test, and Ps < 0.01 were considered to indicate significant di erences.

For Northern blot analysis, the 567-bp Dpnll fragment of mWAPL
¢DNA and a PCR-amplified mouse f-actin cDNA fragment using the
primers described above were used as probes and labeled with **P
using the Rediprime II random prime labeling system (Amersham Bio-
sciences, Piscataway, NJ). To examine #WAPL expression in various
human tissues, we used Human MTN Blot I, II and III (Clontech,
#7760-1, #7759-1 and #7767-1, respectively).

2.4. Immunoblot analysis and Immunohistochemistry

To generate polyclonal antibodies against hWAPL, we immunized
rabbit against a 6 histidine-tagged htWAPL COOH terminus (ami-
no acids 814-1037) fusion protein and obtained an anti-hWAPL
polyclonal antibody (480-02). The anti-hWAPL polyclonal antibody
was used at the dilution of 1:2000 for Immunoblot analysis and
Immunohistochemistry. Immunoblot analyses were performed as
previously described [7]. Protein samples from adult mouse tissues
were prepared in RIPA bu er [7] and quantified using the BioRad
protein assay (Nippon Bio-Rad Laboratories, Tokyo, Japan). Immu-
nohistochemical analysis was performed on formalin-fixed para n-
embedded sections using Ventana HX System Benchmark (Ventana
Medical Systems INC., Tucson, AZ). As a control of specificity, the
anti-hWAPL polyclonal antibody (480-02) was pre-incubated for 18
h at 4 C with a recombinant hWAPL protein and then applied to
immunochistochemistry.

2.5. Immunocytology

The slides with surface-spread spermatocyte nuclei were pre-
pared for immunocytological analysis as previously described
[12]. Then, the anti-hWAPL polyclonal antibody (480-02) was di-
luted 1:400 and uwsed as the primary antibody. After incubation
with the primary antibody,” the slide was reacted with goat
anti-rabbit - IgG conjugated to fluorescein isothiocyanate. DNA
was visualized by counter-staining with 4, 6-diamidine-2-phenylin-
dole (DAPD).

2.6. Animals and treatment

Guidelines for the care and use of animals were approved by
the animal research center at Tokyo Medical University. C57/
BL6 male mice (13 weeks old) were purchased from Oriental
Yeast Co., Ltd. (Tokyo, Japan). Each mouse received one intra-
peritoneal injection of 200 pl saline and 12.5 pl DMSO containing
TCDD at a dose of 600 pg/kg of body mass. Control mice were
injected with the same solution without TCDD. Testis samples
were harvested 24 h after injection and subjected to real time
PCR analysis.

M. Kuroda et al. | FEBS Letters 579 (2005) 167-172
3. Results and discussion

3.1. Molecular cloning of mouse WAPL

Using BLAST, we found that the nucleotide sequence of the
DNA fragment corresponding to Dioxin Inducible Factor-2
(DIF-2) is included in mKIAA0261, which is a mouse
KIAA-homolog [13]. This suggested that DIF-2 might be a
homolog of the hWAPL gene because hWAPL corresponds
to the KIAA0261 cDNA fragment [3]. Thus, we renamed the
DIF-2 gene mouse WAPL (mWAPL). Based on the
mKIAA0261 sequence, we cloned and confirmed the nucleo-
tide sequence of the full-length coding region of the cDNA
for mWAPL (Database Accession No. AB167349). Multiple
sequence alignment of the proteins encoded by mWAPL,
hWAPL, and wapl demonstrated that the three proteins are
similar not only in the WAPL conserved region [3], but
throughout the entire protein (Fig. 1) (mWAPL is 92% identi-
cal and 96% similar to hWAPL, and 24% identical and 45%
similar to wapl). Thus, the protein encoded by mWAPL may
be involved in heterochromatin organization, PEV modifica-
tion and chromosome inheritance like the wapl protein in
Drosophila. '

3.2. E ects of TCDD on MEFs

To confirm the ¢ ects of TCDD on mWAPL expression, we
examined mWAPL mRNA levels in AhR™" and AhR '
MEFs treated with 0, 0.01, 0.1, and 1 pM TCDD for 2 h by
Northern blot analysis. Although mWAPL signals were on
the whole extremely weak and barely visualized by strong
enhancement, we found that mWAPL mRNA levels in
AhR / MEFs showed the highest at 1 pM TCDD; in
ARR™* MEFs, on the other hand, mWAPL mRNA level at
0.1 uM TCDD was maximum (Fig. 2A). The two hybridiza-
tion signals observed for mWAPL are similar to those ob-
served in Northern blots for AWAPL and, as previously
discussed [3], may reflect the di erence of the length of the
untranslated regions of the WAPL mRNAs.

To evaluate the mWAPL mRNA levels more accurately, we
performed quantitative real time PCR analysis and confirmed
the expression pattern of mWAPL mRNA in AhR** and
AhR /' MEFs (Fig. 2B). We did not find significant di er-
ences of cell cycle profile of these MEF cells by flow cytometric
analysis (data not shown). Thus, although further investiga-
tion is required, the mWAPL gene may be inducible by TCDD
independent of the AhR-mediated pathway but downregulated
by a direct target molecule of TCDD in the AhR-dependent
pathway.

3.3. Expression of mammalian WAPL in testes

Our previous study showed that AWAPL is expressed only in
uterine cervical cancer among human tumor and normal con-
trol tissue samples examined [3]. Here, we examined mWAPL
expression in normal mouse tissues by Western blot analysis
and detected strong expression of mWAPL protein in the tes-
tes (Fig. 3A). Therefore, we also investigated AW APL expres-
sion in various normal human tissues by Northern blot
analysis, and confirmed that AWAPL mRNA was expressed
abundantly in the testes, with weak expression in all other nor-
mal human tissues (Fig. 3B). Two hybridization signals for
hWAPL mRNAs were visible in testes similar to MEFs (Fig.
2A) and previously reported results in cervical cancer tissues

[3).
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Fig. 1. Sequence alignment of WAPL homologs. The deduced amino acid sequences of mWAPL, h(WAPL (Database Accession No. AB065003) and
Drosophila wapl (Database Accession No. U40214) were aligned using CLUSTAL W multiple sequence alignment program. (*) indicates positions
which have a single, fully conserved residue; () indicates that one of the following: strong groups is fully conserved: (STA), (NEQK), (NHQK),
(NDEQ), (QHRK), MILV), (MILF), (HY) and (FYW); and () indicates that one of the following weaker groups is fully conserved: (CSA), (ATV),
(SAG), (STNK), (STPA), (SGND), (SNDEQK), WNDEQHK), (NEQHRK), (FVLIM), and (HFY). The boxed region indicates the WAPL-
conserved region.
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Fig. 2. E ects of TCDD on ARR** and AhR ' MEFs. (A) Northern
blot analysis of mWAPL in ARR*'* and AhR / MEFs treated with
0.1% DMSO and 0, 0.01, 0.1, or 1 uM TCDD for 2 h. The blots were
hybridized with a probe for mWAPL (upper) and then reprobed with a
B-actin probe as loading control (fower). (B) mWAPL mRNA levels in
ARR™" and AhR ' MEFs treated with 0.1% DMSO and 0, 0.01, 0.1,
or 1 pM TCDD for 2 h were determined with quantitative real time
PCR analysis. The mWAPL mRNA levels were determined by
normalization of mWAPL signals to B-actin signals, and the maximum
mRNA expression level was arbitrarily set to 1 in the graphical
presentation (Y-axis). The data were obtained from three independent
experiments. Columns: means; bars: S.D. *, P <0.001 versus the
AhR ' MEFs at 0 pM of TCDD.

We next examined the expression pattern of mWAPL in tes-
tes by immunohistochemical analysis using formalin-fixed
mouse samples (Fig. 3C). The results showed that mWAPL
was expressed abundantly in large pachytene spermatocytes,
which are conspicuous for their size and loose organization
of their chromatin, whereas it was undetectable in condensing
forms of sperm (Fig. 3C, panel 2). We did not find any positive
staining with the antibody after pre-absorption with a recom-
binant hWAPL protein (Fig. 3C, panel 3). These results sug-
gested that mWAPL is expressed predominantly in early
stages of spermatogenesis. similar results were observed in fro-
zen sections (data not shown).

We have also characterized the subcellular localization of
mWAPL in early spermatocytes by immunocytological stain-
ing. mWAPL immunoreactivity was detected at both zygotene
(Fig. 3D) and pachytene stage (FFig. 3E). The antibody stained
both unsynapsed and synapsed axial element components in
early zygonema, and localized to the fully synapsed bivalents
(synaptonemal complex) and the partially synapsed X and Y
chromosomes (Fig. 3E, panel 3). From these results, tWAPL
and mWAPL may be implicated in spermatogenesis. Although
additional evidences are required, we suspect that mammalian
WAPL may play a significant role in meiosis as does Drosoph-
ila wapl [1].

Furthermore, because of the localization of mWAPL in
pachynema, we expect that mammalian WAPL functions in
homologus recombination and DNA recombination. DNA
double-strand breaks (DSB) constitute the most dangerous
type of DNA damage induced by ionizing radiation.The gene
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Fig. 3. Expression of mammalian WAPL in testes. (A) Western blot
analysis of mWAPL in various normal mouse tissues. A Ponceau-
stained nitrocellulose membrane is also shown as a control for protein
loading (lower panel). (B) Northern blot analysis of A#WAPL in various
normal human tissues. f-actin signals are also shown as loading
control. (C) mWAPL immunostaining in adult mouse testes. Forma-
lin-fixed and para n-embedded 5 pm sections of mouse testes were
treated with an anti-hWAPL antibody (panels 1 and 2), or the
antibody after pre-absorption with a recombinant hWAPL protein as a
negative control (panel 3), a horseradish peroxidase-conjugated
secondary antibody, developed with diaminobenzidine, and counter-
stained with hematoxylin. Specific cell types in the seminiferous
epithelium are identified in panel 2: arrowhead, pachytene spermato-
cyte; arrow, round spermatid; asterisk, Sertoli cell. (D) Chromosomal
spread of spermatocyte at early zygotene fixed and stained with anti-
hWAPL antibody and DAPI (panel |, mWAPL; panel 2, DAPI; panel
3, mWAPL + DAPI). (E) Chromosomal spread of spermatocyte at
mid pachytene fixed and stained for mWAPL and DAPI (pansl 1,
mWAPL; panel 2, DAPI; panel 3, mWAPL + DAPI).
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Fig. 4. Mouse testes exhibited a decreased level of mWAPL after
TCDD treatment. m WAPL mRNA levels in testes of mice treated with
or without TCDD (at a dose of 600 pg/kg of body mass) for 24 h were
determined by quantitative real tinae PCR analysis. The data represent
the means of eight samples. CYPI4] mRNA levels were also
determined as a control for the e ects of TCDD on testes. The
mWAPL and CYPIAI mRNA levels were determined by normaliza-
tion of their signals to B-actin signals, respectively, and the maximum
mRNA expression level was arbitrarily set to 1 in the graphical
presentation (Y-axis). Bars: S.E.

that is implicated in homologous recombination might work at
DSB repair [14,15} and the alterations in recombination pro-
mote carcinogenesis by causing genomic instability. Therefore,
unscheduled expression of mammalian WAPL by human pap-
pilloma virus (HPV) [16], TCDD or other agents may cause an
inaccurately repaired or unrepaired DSB and result in muta-
tions or genomic rearrangements in surviving cells, which in
turn leads to genomic instability and subsequently results in
malignant cell transformation or defects in embryogenesis.

Recently, we have characterized another dioxin inducible
gene named Dioxin Inducible Factor 3 (DIF-3) that is highly
expressed in testes [8]. Interestingly, DIF-3 is expressed most
strongly in the large pachytene spermatocytes [8] similar to
mWAPL. However, we have not found any evidence of
functional association between mWAPL and DIF-3 wuntil
now.

3.4. Downregulation of mWAPL expression by TCDD in testes

These results prompted us to examine whether the expres-
sion of mWAPL was influenced by TCDD in testes. Twenty
hours after the injection of TCDD into the abdominal cavi-
ties of C57/BL6 mice, we harvested the testes and analyzed
mWAPL expression by quantitative real time PCR analysis.
Because the CYPIAI gene is a well-known target of TCDD,
we also calculated CYP/AI mRNA levels to confirm the ef-
fects of TCDD on testes. The mice exhibited a decrease in
mWAPL expression and a marked increase in CYPIAI
expression compared to control mice (Fig. 4). This result
suggests that TCDD exposure a ects mWAPL expression
levels in testes.

In recent years, several reports have focused on certain man-
made toxins known as endocrine disrupting chemicals (EDCs)
that persist in the environment. These chemicals are capable of
altering the endocrine homeostasis of an animal, thereby caus-
ing serious reproductive and developmental defects as well as
testicular oncogenesis {17 19]. Several studies have also pro-
vided evidence of a decline in semen quality and/or sperm
counts over the same period [19]. Our previous study demon-
strated that hWAPL overexpression induces carcinogenesis
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and tumor progression, and that hWAPL reduction by small
interfering RNA (siRNA) induces cell death [3]. These obser-
vations suggest that unscheduled changes in hWAPL expres-
sion can cause severe damage to cells. Thus, although more
experiments are needed to provide direct evidence linking
mammalian WAPL with TCDD-induced reproductive toxicity,
the present study suggests that mammalian WAPL may be a
target gene mediating the reproductive toxicity of TCDD.
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Abstract

Polycyclic aromatic hydrocarbons (PAHs) have been known to induce atherosclerosis. It has been reported that the metabolic acti-
vation of PAHs by cytochrome P450 (CYP) is an important step for PAH-induced atherosclerosis. We recently reported that PAHs
down-regulated the liver X receptor (LXR) a-regulated genes via aryl hydrocarbon receptor (AHR) as one of the causes responsible
for atherosclerosis induced by PAHs. Thus, the aim of this study was to clarify the role of CYP1AI in the suppression of LXR-mediated
signal transductions by 3-methlychoranthrene (MC), one of the PAHs. We found that LXR-mediated transactivation was inhibited by
the PAH, but not by halogenated aromatic hydrocarbon, which is scarcely metabolized by CYP1Al. The repression of LXR-mediated
signal transductions by MC was restored by co-treatment of HepG?2 cells with a CYP1A1 inhibitor, a-naphthoflavone, and by the trans-
fection of short interference RNA for CYP1A1. Based on these lines of evidence, we propose that the metabolic activation of PAHs by
CYP1Al, but not the activation of AHR by PAHs, is a direct mechanism for atherosclerosis via the suppression of LXR-mediated signal

transductions.
2005 Elsevier Inc. All rights reserved.

3

Keywords: MC; Atherosclerosis; Metabolic activation; AHR; siRNA; Quantitative RT-PCR; Luciferase assay

Polycyclic aromatic hydrocarbons (PAHs)' are distrib-
uted widely and persistently in our environments. PAHs
are generated through the combustion of fossil fuels, wood,
and other organic materials [1]. Thus, the significant
amounts of PAHs are found in automobile exhaust, ciga-
rette smoke, charcoal-broiled foods, and the by-products
of industrial waste [2-4]. A variety of toxicities, including
carcinogenicity and atherogenesis, are caused by PAHs
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! Abbreviations: AH, aryl hydrocarbon; AHR, aryl hydrocarbon recep-
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LXRE, LXR response element; MC, 3-methylcholanthrene; PAH, poly-
cyclic aromatic hydrocarbon; PCB, 3,4,3',4’-tetrachlorobiphenyl; Res,
resveratrol; RT-PCR, reverse transcriptase-polymerase chain reaction;
siRNA, short interference RNA; T1317, TO-901317; TCDD, 2,3,7,8-
tetrachlorodibenzo-p-dioxin; TK, thymidine kinase.
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[5,6]. PAHs are generally known to produce the toxic ef-
fects through the activation of AHR [7-9]. However, de-
tailed mechanisms responsible for the toxicities have
remained unknown. AHR is a ligand-activated transcrip-
tion factor that controls genes, including CYPIAIL,
CYPIA2, and CYPIBI [10].

CYP1A1 is an enzyme known to bioactivate carcinogen-
ic compounds such as B[a]P, one of the typical PAHSs [11].
The expression of CYPIAL is induced by PAHs including
B[a]P and MC via AHR [10,12]. Several reports have sug-
gested that the metabolic activation of PAHs by CYPs,
including CYP1Al, is a necessary step for PAH-induced
atherosclerosis [5,6].

We recently demonstrated that MC inhibited LXR-med-
iated signal transductions through AHR, which are known
to maintain the cholesterol homeostasis [13], In the present
study, we further investigated the role of CYP1Al in the
suppression of LXR-mediated signals by MC, since
MC induces CYPI1AIl, as a more direct mechanism for
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atherogenesis. In this paper, we show evidence indicating
that CYP1ALI is a necessary factor for the MC-induced
down-regulation of the LXR-target genes, suggesting that
the metabolic activation of PAHs by CYP1Al is a process
critical for the repression of LXR-originated signal trans-
ductions by PAHs.

Materials and methods

Cell culture. Human hepatoma-derived HepG2 cells were purchased
from RIKEN (Tsukuba, Japan). The HepG2 cells were maintained in
DMEM (Nissui Pharmacy, Tokyo, Japan) supplemented with 10% FBS
(BioWhittaker, Walkersville, MD), non-essential amino acids (ICN,
Aurora, OH), and 1 mM sodium pyruvate (Gibco-BRL, Rockville, MD)
in 5% CO, at 37 C.

Plasmids. Constructions of p(LXRE),-TK-Luc and pU6-siAHR were
described previously [13]. Full-length human CYP1A1 cDNA was obtained
by PCR with a sense primer, hCYP1A1-Kpnl-S (5'-CGGGGTACCGCC
ATGCTTTTC-3'), and an antisense primer, hCYP1A1-BamHI-AS (5'-CG
GGATCCCTAAGAGCGCAGC-3’). The resultant fragment was digested
with Kpnl and BamHI, and inserted into the Kpnl and BamHI sites of the
pcDNA 3.1 mammalian expression vector (pcDNA-hCYP1A1) (Invitro-
gen, Carlsbad, CA). The pU6-siCYP1Al as an siRNA expression plasmid
for silencing the CYP1A41 gene was constructed by using the p Silencer 1.0-
U6 siRNA Expression Vector (Ambion, Austin, TX). To construct a hairpin
siRNA expression cassette, two complementary oligonucleotides were
synthesized, annealed, and ligated into the blunted Apal site of the pSilencer.
The sequences of the oligonucleotides were 5-GGACGTGCTGCAG
ATCCGAALttcaagagaTTCGGATCTGCACGTCCCCTTTTT-3' and its
complement, 5-AAAAAGGGACGTGCTGCAGATCCGAAi ctctigaaT
TCGGATCTGCAGCACGTCC-3'. This sequence cassette contained the
oligonucleotides encoding 23-mer hairpin sequences specific for the human
CYPIA1 mRNA at the 334-356 position, a ttcaagaga loop sequence
separating the two complementary domains and a TTTTT terminator at the
3’-end [14-18].

Transient transfection and luciferase assay. One day before transfec-
tion, cells were plated at a density of 1  10° cells/well in a 12-well plate.
Cells were transfected with 350 ng p(LXRE),-TK-Luc, 100 ng pcDNA-
hLXRo, and 50 ng pRL-TK vector (as an internal control for transfec-
tion) by using Fugene6 (Roche Diagnostics, Indianapolis, IN). The
medium was changed to fresh DMEM containing 1 pM T1317, a LXR
ligand (Sigma-Aldrich, St. Louis, MO), AHR ligands including MC
(5 uM) (Sigma-Aldrich), Bla]P (5 pM) (Sigma-Aldrich), TCDD (10 nM)
(AccuStandard, New Heven, CT) or PCB (10 pM) (AccuStandard), Res
(10 pM), an AHR antagonist, (Sigma-Aldrich), and ANF (1 uM), a
CYPIAI inhibitor, (Sigma—Aldrich). Cells were harvested after incubation
for 36 h. Luciferase activity was measured according to the method pro-
vided by the manufacturer. When siRNA expression vector was applied,
cells were transfected with 300 ng pU6-siAHR, pUG6-siCYP1Al or pUé-
control, 100ng pcDNA-hLXRo and pcDNA-hCYPIAl, 100ng
p(LXRE),-TK-Luc, and 50 ng pRL-TK vector. Twenty-four hours later,
the medium was changed to DMEM containing MC (5 pM) and T1317
(1 uM). After incubation for 36 h, luciferase activity was measured.

Real-time RT-PCR analysis. HepG?2 cells were transfected with 500 ng
pUG-siAHR, pU6-siCYP1A1 or pUé6-control. Twenty-four h after the
transfection, the medium was changed to DMEM containing 10 pM MC
and 1 uM T1317. After incubation for 24 b, total RNA from these cells was
prepared using a GenElute Mammalian Total RNA Miniprep Kit (Sigma—
"Aldrich). Reverse transcription reaction was performed by using a First
Strand cDNA Synthesis Kit for RT-PCR (AMV) (Roche Diagnostics).
Quantitative real-time PCR was performed as described previously [13].

Results and discussion

To examine whether or not the metabolic activation of
PAHs by CYPs was a necessary step for the PAH-induced

suppression of LXR-signal transductions, the e ects of
PAHs and HAHs on LXR-mediated transcriptional activ-
ity were investigated by a luciferase reporter assay (Fig. 1).
When HepG?2 cells were treated with MC and B[a]P, which
are typical PAHs and readily metabolized by CYP1Al, the
luciferase activity seen with p(LXRE),-TK-Luc decreased
to a level of approximately 40-50% of control (Fig. 1).
However, the luciferase activity was not a ected by the
treatment with TCDD and PCB, which are typical HAHs
and scarcely metabolized by CYP1Al (Fig. 1). These re-
sults probably support the idea that the metabolic activa-
tion of PAHs by CYPs including CYPIAL is a key step

140 =
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60 =

40 |-

Relative luciferase activity (%)

DMSO MC BlalP TCDD PCB

Fig. 1. Inhibition of LXR-mediated transcriptional activity by PAHs, but
not by HAHs. HepG?2 cells were transfected with p(LXRE)»-TK-Luc and
pcDNA-hLXRa in the presence of 1 pM T1317 and 5 pM MC, 5 pM
BlelP, 10 nM TCDD or 10 pM PCB. Luciferase activity was measured
after incubation for 36 h. The values represent the average +SD from
three independent experiments. *Statistically di erent (p < 0.05) relative to
the cells treated with T1317 alone.
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Relative luciferase activity (%)
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Fig. 2. E ects of Res, an AHR antagonist, and ANF, a CYPIAl
inhibitor, on the MC-induced suppression of LXR transactivation. A
luciferase reporter plasmid, p(LXRE),-TK-Luc, was co-transfected into
HepG2 cells with pcDNA-hLXRa. HepG?2 cells were treated with Res
(10 pM) or ANF (1 pM) together with or without MC (5 pM). The
luciferase activity was measured after incubation for 36 h. Values in the
figure represent the average +SD from three independent experiments.
*Statistically di erent (p < 0.05) relative to the cells treated with T1317
alone.
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for the suppression of LXR-mediated signal transductions
by PAHs.

To further support the idea that CYPIA1 was responsi-
ble for the repression of LXR-mediated signal transduc-
tions by PAHs, the e ects of the inhibitor of CYP1A1 on
the LXR-mediated transcriptional activity were investigat-
ed (Fig. 2). When HepG2 cells were treated with Res, an
AHR antagonist [19,20], the MC-induced suppression of
luciferase activity with the p(LXRE),-TK-Luc was restored
(Fig. 2). This result was consistent with our previous find-
ing that LXR-mediated signal transduction was suppressed
by MC via an AHR-mediated mechanism [13]. Treatment
of HepG2 cells with ANF, a CYP1A1 inhibitor, restored
the inhibition by MC of LXR transactivation (Fig. 2).
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To investigate if CYPIA] played a direct role in the
MC-induced suppression of LXR-mediated signal trans-
ductions, we examined the e ects of CYP1A1 siRNA on
the inhibition by MC of LXR transactivation (Fig. 3).
When HepG2 cells were transfected with the pU6-siCY-
P1Al and pU6-siAHR, the expression of mRNA for
CYP1AI1 decreased to a level of approximately 40% of
control (Fig. 3A), indicating that both siCYP1A1l and
siAHR were able to impair the metabolic activation of
MC by CYPLAL. When the pU6-siAHR was transfected
into HepG2 cells, the inhibition of LXR transactivation
by MC was also restored (Fig. 3B). When the pU6-si-
CYP1Al was transfected into HepG2 cells, the MC-in-

duced repression of LXR-mediated transcriptional
DMSO
B 250 @ Mmc

gy MC + CYP1AlL
200
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Control

siCYP1Al siAHR

Fig. 3. E ects of siRNA for CYP1A1 on the MC-induced down-regulation of LXRa transactivation. (A) The expression of mRNA for CYPLA1T was
quantified by real time RT-PCR. HepG2 cells were transfected with pU6-siAHR, pU6-siCYP1A1 or pUé6-control, and then incubated with 5 pM MC.
After incubation for 24 h, total RNA was prepared from thege cells, and subjected to a real-time RT-PCR. (B) HepG2 cells were transfected with pcDNA-
hLXRo, p(LXRE),-TK-Luc, and pU6-siCYP1Al or pU6-siAHR. After incubation for 24 h, the cells were treated with T1317 in the presence or absence
of MC. The luciferase activity was determined after incubation for 36 h. Values in the figure represent the average +SD from three independent
experiments. *Statistically di erent (p < 0.05) relative to the cells transfected with a control vector in the presence of T1317 alone. *Statistically di erent
(p < 0.05) relative to the cells transfected with pU6-siAHR in the presence of T1317 alone.

A 2500

2000

1500

1000

ABCAI mRNA
(copies / B-actin 10° copies)

500

0
T1317 - + + + +
MC - - + + +
siRNA - - - siAHR siCYP1A1

B 1200 (
1000 |
300

600

SREBP-1¢ mRNA
(copies / B-actin 10° copies)

T1317 - + + + +
MC - - K + +
siRNA - - - siAHR siCYP1A1

Fig. 4. E ects of siRNA for CYPLAL on the MC-induced suppression of the expression of mRNAs for LXR-target genes. The expression of the genes
regulated by LXR, ABCAL1 (A) and SREBP-1¢ (B) was verified by real-time RT-PCR. HepG2 cells were transfected with pU6-siAHR, pU6-siCYP1Al or
pU6-control and cultured in the presence of 1 pM T1317 and 5 pM MC. After incubation for 24 h, total RNA was prepared from these cells and subjected
to a real-time RT-PCR. Values in the figure represent the average +SD from three independent experiments. *Statistically di erent (p < 0.05) relative to

the cells treated with T1317 alone.
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Atherosclerosis

Fig. 5. Proposed mechanism(s) for the PAH-induced suppression of
LXR-mediated signal transductions. PAH, polycyclic aromatic hydrocar-
bon; AHR, aryl hydrocarbon receptor; ARNT, AHR nuclear transloca-
tor; OX, oxysterols; RA, retinoic acid; LXR, liver X receptor; RXR,
retinoid X receptor.

activity was restored (Fig. 3B). These results indicate
that CYP1Al induced by MC via an AHR-dependent
mechanism plays direct roles in the MC-induced sup-
pression of LXR-mediated transcriptional activity. In
addition to the above results, we found that LXR-med-
iated transactivation was suppressed by MC when the
pcDNA-hCYP1A1l was co-transfected into HepG2 cells
with the pUG-siAHR (Fig. 3B), suggesting that
CYP1Al, but not AHR, was a factor directly involved
in the MC-induced suppression of LXR-mediated tran-
scriptional activity.

To confirm that CYP1A1 is a critical factor for the MC-
induced suppression of the expression of mRNAs for the
LXR-target genes, we examined whether siCYPIAL re-
stored the MC-induced repression. The expression of
mRNAs for ABCA1 and SREBP-1¢, which are the LXR-
targets, was induced by treatment of HepG2 cells with
T1317 and was suppressed by co-treatment with MC (Figs.

"4A and B). When the pU6-siAHR and pU6-siCYP1ALl
were transfected into the cells, the expression levels of
ABCA] and SREBP-1c mRNAs were not suppressed by
MC (Figs. 4A and B).

In the present study, we found that CYP1Al, but not
AHR, played a key role in the suppression of LXR-med-
iated signal transductions by MC. It has been reported
that the formation of the active metabolites of PAHs in
White Carneau pigeons, which are susceptible to athero-
sclerosis, is greater than that in Show Racer pigeons,
which are resistant to atherosclerosis [5]. Paigen et al.
[6] reported that AKXL-382 mice, an AH-responsive
strain, were more susceptible to MC-induced cancer and
atherosclerosis than AKXIL-38 mice, an AH-nonrespon-
sive strain. Together with these results, it may be possible
to hypothesize the mechanism of atherosclerosis induced

by PAHs as follows (Fig. 5). First, PAHs bind to AHR
and induce the expression of CYP1Al. Second, PAHs
are metabolically activated by CYPIAl induced by
PAHs. Third, the LXR-originated signal transductions
are suppressed by the active metabolites of PAHs directly
or indirectly. Finally, the expression of the LXR-target
genes is suppressed to cause atherosclerosis.

In conclusion, we propose in this paper that CYP1Al,
but not AHR, is responsible for the MC-induced suppres-
sion of the expression of LXR-target genes, suggesting that
the metabolic activation of PAHs by CYP1ALl is a process
critical for atherosclerosis induced by PAHs.
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Abstract

Polycyctic aromatic hydrocarbons (PAHs), aryl hydrocarbon receptor (AHR) ligands, induce atherogenesis. Liver X receptor
(LXR) o is known to be involved in the control of cholesterol homeostasis. Thus, the purpose of this study was to investigate
the e ects of 3-methlycholanthrene (MC), one of the PAHs, on LXRa-mediated signal transductions. We found that expression
of mRNAs for ATP binding cassette Al, sterol regulatory element binding protein 1c (SREBP-1c), fatty acid synthase, and
stearoyl-CoA desaturase was suppressed by treatment of HepG2 cells with MC. A luciferase reporter assay revealed that
LXRa- and SREBP-1c-mediated transactivations were inhibited by MC via AHR. Based on these lines of evidence, we propose
that down-regulation of the LXRa-regulated genes by PAHs is one of the causes responsible for atherosclerosis induced by

PAHs.
2005 Elsevier Inc. All rights reserved.

Keywords: PAHs; LXR; ABCAl; SREBP-ic; FAS; SCD; Quantitative RT-PCR; Luciferase assay

Polycyclic aromatic hydrocarbons (PAHs)" are ubig-
uitous environmental contaminants that originate from
multiple sources, including cigarette smoke, vehicle
exhaust emissions, and industrial processes [1]. PAHs in-
duce various toxicological e ects such as carcinogenesis,
atherogenesis, and teratogenesis [2]. Several reports have
suggested that cigarette-induced atherosclerosis is
caused by PAHs [3-7]. PAHs are believed to show such

* Corresponding author. Fax: +81 11 706 4978.

E-mail address: SNC78123@nifty.com (T. Kamataki).

! Abbreviations: ABC, ATP binding cassette; AHR, aryl hydrocar-
bon receptor; bHLH-Zip, basic helix-loop-helix-leucine zipper; CYP,
cytochrome P450; DMEM, Dulbeccos modified Eagles medium;
FAS, fatty acid synthase; FBS, fetal bovine serum; LXR, liver X
receptor; LXRE, LXR response element; MC, 3-methylcholanthrene;
PAHs, polycyclic aromatic hydrocarbons; RT-PCR, reverse transcrip-
tase-polymerase chain reaction; SCD, stearoyl-CoA desaturase;
siRNA, short interference RNA; SRE, sterol regulatory element;
SREBP-1c, sterol regulatory element binding protein lc; T1317,
TO-901317; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.
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doi:10.1016/j.bbrc.2005.07.062

2005 Elsevier Inc. All rights reserved.

toxicological e ects through the activation of AHR [8-
10], which is identified as a ligand-activated transcrip-
tion factor that controls the genes, including the
CYPIAI, CYPIA2, and CYPIBI genes [11].

LXRo is a member of the nuclear hormone receptor
superfamily and is activated by oxysterols [12,13]. It is
abundantly expressed in organs including the liver, adi-
pose, kidney, intestine, lung, adrenals, and macrophages
[14]. LXRuw acts as a cholesterol sensor to transactivate
the genes that govern the transport, catabolism, and
elimination of cholesterol [14]. ABCAIl, a typical
LXR target gene [15], transports phospholipids and
cholesterol, and is known as a rate-limiting step in a
reverse cholesterol transport [16]. Ligand-activated
LXRa also up-regulates the SREBP-I¢ gene which
belongs to the bHLH-Zip family of a transcription
factor [17]. SREBP-lc enhances the transcription of
the genes required for fatty acid synthesis and fatty acid
elongation including FAS and SCD [18,19]. FAS and
SCD produce oleoyl-CoA and palmitoeyl-CoA, which
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are used for the esterification of cholesterol to detoxify
the free cholesterol [20].

In the present study, we investigated the e ects of
MC, which is one of the PAHs, on the LXRo-med-
iated signal transductions. We show herein that the
activation of AHR by MC causes the down-regula-
tion of the expression of mRNAs for ABCAI,
SREBP-1c¢, FAS, and SCD, which are regulated by
LXRo directly or indirectly. Possible mechanism(s)
by which exposure to PAHs leads to atherosclerosis
will also be discussed.

Materials and methods

Cell culture. Human hepatoma-derived HepG2 cells were pur-
chased from RIKEN (Tsukuba, Japan). The HepG2 cells were main-
tained in DMEM (Nissui Pharmacy, Tokyo, Japan) supplemented
with 10% FBS (Bio Whittaker, Warkersville, MD), non-essential
amino acids (ICN, Aurora, OH), and 1 mM sodium pyruvate (Gibco-
BRL, Rockville, MD) in 5% CO; at 37 C.

Plasmids. The 5'-flanking regions of the human ABCAI gene from

829 to -+101, the human SREEBPIc gene from 1000to 1, the hu-
man FAS genefrom 927to 1, and the human SCD gene from 1000
to 1 were obtained by PCR with respective sense primers, hABCAI-
BgllI-S (5'-GATCGATCAGATCTTAAGTTGGAGGTCTGGAGT
GT-3), hNSREBP1c-BglI-S (5'-GAAGATCTGAACCCTAGAGCCT
GTCACC-3"), hFAS-Bg/I-S (5'-GAAGATCTCGACTCCGCTCGC
CACGTG-3"), and hSCD-Bg/I-S (5'-GAAGATCTTGACGGTTTCC
ACAAAGAAG-3"), and antisense primers, hABCA1-HindITI-AS (5'-
GATCGATCAAGCTTGCTCTGTTGGTGCGCGGA-3'), hSREBP
le-HindNI-AS (5'-CCCAAGCTTGGCTCCGCGATCTGCGCC-3"),
hFAS- HindII-AS (5'-CCCAAGCTTTAGGCCGGCGCCGAC-3"),
and hSCD-HindIII-AS (5-CCCAAGCTTCGCGGTGCGTGGAG
GTC-3"). The respective DNA fragments thus synthesized were digested
with Bglll and HindII1, and then inserted into the Bg/IT and HindI1I sites
of aluciferase reporter plasmid, pGL3-basic vector (Promega, Madison,
WI) to construct reporter plasmids, pABCA1-Luc, pSREBP-1c-Luc,
pFAS-Lug, and pSCD-Luc. The p(LXRE),-TK-Luc was constructed by
synthesizing oligonucleotides containing two copies of LXRE from
mouse mammary tumor virus LTR gene promoter [21]. The p(SRE),-
TK-Luc was constructed by synthesizing oligonucleotides containing
two copies of SRE from mouse SCDJ promoter [22). The oligonucleo-
tides were annealed and cloned into the Xkol site upstream of thymidine
kinase promoter of pGL3-promoter vector (Promega). Full-length hu-
man LXRa ¢cDNA was cloned into the BamHI and EcoRI sites of
pcDNA 3.1 mammalian expression vector (pcDNA-hLXR«) (Invitro-
gen, Carlsbad, CA). The pU6-siAHR as an siRNA expression plasmid
for AHR gene silencing was constructed by using p Silencer 1.0-U6
siRNA Expression Vector (Ambion, Austin, TX). To construct hairpin
siRNA expression cassette, two complementary oligonucleotides were
synthesized, annealed, and ligated into the blunted Apal site of the p
Silencer. The sequences were 5'-GGTTTCAGCAGTCTGATGT Cttca
agagaGACATCAGACTGCTGAAACCCTTTTT-3' and its comple-
ment, 5“AGGGTTTCAGCAGTCTGATGTC CtctcttgaaGACATCAG
ACTGCTGAAACC-3'. This sequence cassette contained the oligonu-
cleotides encoding 20-mer hairpin sequences specific to the human AHR
mRNA at 438-458 position, a ttcaagaga loop sequence separating the
two complementary domains, and a TTTTT terminator at the 3"-end
[23-27).

Real-time RT-PCR analysis. Total RNA was prepared using
GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, St.
Louis, MO). Reverse transcription reaction was performed by using

First Strand cDNA Synthesis Kit for RT-PCR (AMV) (Roche Diag-
nostics, Indianapolis, IN). A quantitative real-time RT-PCR was
carried out with a LightCycler using FastStart Reaction Mix SYBR
Green I (Roche Diagnostics). The sequences of primer pair were de-
signed as follows:

hABCAIL: sense, S-TTTGTTCCTGTGTATTCTCTCA-3';
antisense, 5'-GGCAGCTTCTTGTCCTGGAG-3',

hSREBP-1c: sense, 5'“CGGAGCCATGGATTGCACTTTC-3/;
antisense, $'“-GATGCTCAGTGGCACTGACTCITC-3,

hFAS: sense, 5'-AACTCCAAGGACACAGTCACCAT-3;
antisense, 5'-CAGCTGCTCCACGAACTCAA-3/,

hSCD: sense, S'-GGAAAGTGATCCCGGCATCGGAGA
GCCAA-3;

antisense, 5'-GACAAAATAGTAGAATACCCCCC
AAAGCC-3/, and

sense, S"ATTGCTGACAGGATGCAGA-3/;
antisense, 5'-AAGATCATTGCTCCTCCTGAGC-3".

A reaction mixture contained 3 mM MgCl,, 0.5 pM each primer, 1
FastStart DNA SYBR Green I mix, and 2 pL template cDNA in a
final volume of 20 pL, and was collected into a LightCycler glass
capillary. The details of thermal cycler program are as follows:
Activation of the Tag DNA polymerase at 95 C for 10 min, 40 cy-
cles of 95 C for 155, 68-70 C for 4-8s, and 72 C for 20 s (tran-
sition rates of 20 Cfs) and collection of the fluorescence values after
each elongation step. The analysis of a melting curve was performed
by annealing at 65 C for 15s and redenaturation by raising the
temperature to 95 C at a ramp rate of 0.1 Cfs. To correct for
di erences in both quality and quantity between samples, data were
normalized using the ratio of the target cDNA concentration to that
of B-actin.

Transient transfection and luciferase assay. The day before trans-
fection, cells were plated at a density of 1 10° cells/well in a 12-well
plate. Cells were transfected with 350 ng reporter plasmids (pABCAI-
Luc, pSREBP-1c-Luc, pFAS-Luc, pSCD-Luc, p(LXRE),-TK-Luc or
p(SRE),-TK-Luc), 100 ng pcDNA-hLXR o, and 50 ng pRL-TK vector
(as an internal control for transfection) by using Fugene6 (Roche
Diagnostics). The medium was changed to fresh DMEM containing
MC (0:1 and 1 pM) (Sigma~Aldrich) and 1 pM T1317, a LXRa ligand
(Sigma-Aldrich). Cells wete harvested 36 h after starting the incuba-
tion. Luciferase activity was measured according to the method of the
manufacturer. When siRNA expression vector was applied, cells
were transfected with 300 ng pU6-siAHR or pUé-control, 100 ng
pcDNA-hLXRo, 100 ng reporter plasmids (p(LXRE),-TK-Luc and
P(SRE)-TK-Luc), and 50 ng pRL-TK vector. Twenty-four hours
later, the medium was changed to DMEM containing MC (1 pM) and
T1317 (1 pM). After 36h of incubation, luciferase activity was
measured,

B-actin:

Results and discussion

To examine whether or not the expression of genes
regulated by LXRo was suppressed by PAHs, total
RNA was prepared from HepG2 cells previously treated
with 1 pM T1317 and 0.1, 1 or 10 uM MC. The expres-
sion of mRNAs for the genes regulated by LXRa was
quantified by quantitative real-time RT-PCR method
(Fig. 1). When HepG2 cells were treated with 1 pM
T1317, the expression of mRNAs for the LXRa-target
genes including ABCA1 and SREBP-lc was induced
(Figs. 1A and B). The expression levels of ABCAl and
SREBP-1¢ mRNAs were increased by treatment with
1 pM T1317 and decreased by the co-treatment with
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Fig. 1. Dose-dependent repression by MC of the expression of mRNAs for the genes regulated by LXRo. The expression of the genes regulated by
LXRo, ABCA1 (A), SREBP-1c (B), FAS (C), and SCD (D) was verified by real-time RT-PCR. Total RNA (1 pg) prepared from HepG?2 cells treated
with 1 pM T1317, LXR ligand, and MC at various concentrations (0.1, 1, and 10 pM) was subjected to a real-time RT-PCR. The values represent the
average + SD from three independent experiments. *A statistically significant di erence (p <0.05) relative to the cells treated with T1317 alone.

MC in a dose-dependent manner (Figs. 1A and B). The
expression of mRNA for FAS, which is both the LXRa-
and SREBP-1c-target genes [18], was also induced by
T1317 in HepG2 cells and decreased by MC (Fig. 1C).
In the case of SCD, which is the SREBP-1c-target gene
[19], the mRNA expression was induced by T1317, and
depressed by MC, dose-dependently (Fig. ID). These re-
sults indicate that the expression of mRNAs for the
LXRo-regulated genes induced by the activation of
LXRoa was suppressed by MC, suggesting that the
LXRo-originated signals were repressed by PAHs.

To further support the possibility that the. transcrip-
tion of the genes regulated by LXRa was suppressed
by PAHs, the e ects of MC on the transcriptional
activity of LXRa- and SREBP-lc-target genes were
examined by a luciferase reporter assay using a reporter

plasmid including pABCAl-Luc, pSREBP-lc-Luc,
pFAS-Luc, and pSCD-Luc (Fig. 2). When HepG?2 cells
were transfected with pcDNA-hLXRa in the presence of
1 uM T1317, the luciferase activity seen with pABCA1-
Luc, pSREBP-1c-Luc, pFAS-Luc or pSCD-Luc was
3.8-, 3.6-, 4.7- or 3.4-fold higher than that seen in the ab-
sence of T1317, respectively (Figs. 2A~D). The luciferase
activity seen with pABCAl-Luc, pSREBP-lc-Luc,
pFAS-Luc or pSCD-Luc in the presence of 1 uM
T1317 was decreased to a level of approximately 20—
30% by 1 pM MC (Figs. 2A-D). Thus, it indicated that
the transcription of essentially all of the LXRa and
SREBP-1c target genes was suppressed by MC.

To further investigate the e ects of MC on the tran-
scriptional activation through LXRa and SREBP-1¢, a
Iuciferase reporter assay was performed by using

-321-



S. Iwano et al. | Biochemical and Biophysical Research Communications 335 (2005) 220-226 223

A pABCA1-Luc B pSREBPI1c-Luc
-829 ~70 -55  +101 -1000 =296 -233 -1
o i
s . :
6 s
g g S
s~
1 E?
= &
=2
= =
1
0
LXR - + + + + LXR - + + + +
T1317 . . + + + TI1317 . . + + +
(1 uM) (1 pM)
MC (M) - - - 01 1 MC (uM) - - S T |
C pFAS-Luc D pSCD-Luc
-927-669 -655 71 -54-1 -1000  -517 506 -1
SRE
7 5
6
g g g4
i %3
= 4 2
g k|
2 3 2
= 2 = )
1
0 0
LXR - + + + + LXR - + + + +
T1317 ) ) . + 4 T1317 i i} . . N
URTI VR apM
MC (uM) - - - 01 1 MC@M) - - - 01 1

Fig. 2. Suppression by MC of the transcriptional activities of the genes regulated by LXRo. Luciferase reporter plasmids, pABCAl-Luc (A),
pSREBP-1c-Luc (B), pFAS-Luc (C), and pSCD-Luc (D), were co-transfected into HepG2 cells with pcDNA-hLXRo. HepG?2 cells were treated with
T1317 (1 pM) and MC (0.1 and 1 pM). Luciferase activity was measured 36 h after incubation. The values represent the average + SD from three

independent experiments. *A statistically significant di erence (p < 0.05) relative to the cells treated with T1317 alone.

P(LXRE),-TK-Luc and p(SRE),-TK-Luc (Figs. 3A and
B). When HepG2 cells were transfected with the
p(LXRE),-TK-Luc or the p(SRE),-TK-Luc, and
pcDNA-hLXR, the luciferase activity seen with the
P(LXRE);-TK-Luc or the p(SRE)>-TK-Luc was in-
creased 55- or 2.2-fold by treatment with T1317, respec-
tively (Figs. 3A and B). When HepG2 cells were treated
with MC, the luciferase activities decreased to a level of
30-50% compared to that of control (Figs. 3A and B).

It has been reported that PAHs produce toxic e ects
through the activation of AHR [8-10]. To confirm if
AHR plays key roles in the repression of the transcrip-
tional activation through LXRa and SREBP-lc by
PAHSs, we examined the e ects of siRNA expression
plasmid to impair the expression of the AHR gene
(Fig. 4). When HepG2 cells were transfected with

pUG6-siAHR, the protein level of AHR decreased
(Fig. 4A), indicating that the siAHR could impair the ef-
fects of MC though AHR. Subsequently, we investigat-
ed whether the suppression of LXRa and SREBP-1c
transactivation by MC was blocked by using the pU6-
siAHR in HepG2 cells. The pU6-siAHR reversed the
inhibition of LXRo and SREBP-1¢ transactivation by
MC (Fig. 4B).

In the present study, we found that the transcription-
al activity of the genes regulated by LXRa such as
ABCALl, SREBP-1c, FAS, and SCD was down-regulat-
ed by MC depending on AHR. It has been reported that
LXR regulates the ABC transporter genes including
ABCAl, ABCGS, and ABCGS, which are responsible
for cellular cholesterol e ux and dietary cholesterol
absorption [14,28,29), and CYP7A4l gene, which is
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hLXRe, pU6-siAHR, and p(LXRE),-TK-Luc or p(SRE),-TK-Luc. After 24 h incubation, the cells were treated with T1317 (1 pM) in the presence
or absence of MC (1 uM). The luciferase activity was determined after 36 h of incubation. All transfection data represent means of at least three
independent experiments. *A statistically significant di erence (p < 0.05) relative to the cells treated with T1317 alone.

involved in cholesterol catabolism [13]. Miyazaki et al.
[20] reported that FAS and SCD were responsible for
the esterification of cholesterol to produce oleoyl-CoA
and palmitoyl-CoA, which is the detoxification pathway
of free cholesterol. Thus, it is possible to assume that the
atherosclerosis is induced by PAHs through the follow-
ing mechanisms: (1) The exposure to PAHs causes the
increase of free cholesterol level in plasma because of
the suppression of LXR-target genes by PAHs via
AHR (Fig. 5). (2) The detoxification of cholesterol is

inhibited by PAHs via the down-regulation of the FAS
and SCD genes, which are SREBP-1c-target genes, by
PAHs through AHR (Fig. 5).

In conclusion, we demonstrated in this paper that the
expression of the genes regulated by LXRa was sup-
pressed by treatment with MC due to the disruption of
LXRo-mediated transactivation via ligand-activated
AHR. These molecular mechanisms probably account
for the cause responsible for the atherosclerosis induced
by PAHs.
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