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of St2b2 and INV. St2b2 protein levels decreased to 60% of
those in control skin following infection with AdSt2b2-
shRNA (Fig. 6A). St2b2 proteins level increased by 30%
after TPA treatment in control skin, but were not significantly
affected by TPA treatment in AdSt2b2-shRNA-infected skin
(Fig. 6A). Ch-ST activity also increased by 50% after TPA
treatment in control skin, but not in AdSt2b2-shRNA-
infected skin (Fig. 6B). INV protein levels increased by 40%
after TPA treatment in control skin, but not in AdSt2b2-
shRNA-infected skin (Fig. 6C).

Time-Dependent Changes in St2b2, INV, and TNFo
Expression after TPA Treatment in NME Cells To
explore the potential involvement of TNFa in TPA-induced
enhancement of St2b2 and INV expression, time-dependent
changes in the expression profiles of these proteins were
cxamined after TPA trecatment in NME cells. Significant
increases in St2b2 expression were observed after 24 h (Fig.
7A). INV expression also increased after 24 h (Fig. 7B). Cel-
lular levels of TNFa protein peaked within 3 h of TPA treat-
ment (Fig. 7C), whereas extracellular levels reached a maxi-
mum at 24 h (Fig. 7D).

Effects of TNFa on St2b2 and INV Expression in NME
Cells To examine the role of TNFa in TPA-induced
enhancement of St2b2 expression, NME cells were treated

AdSt2b2-shRNA (-)
TPA (-)

AdSt2b2-shRNA (-)
TPA (+)

AdSt2b2-shRNA (+)
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Fig. 5. Effects of AdSt2b2-shRNA on TPA-Induced Hypcrplasia in Mouse
Epidermis
Shaved skin was painted with a suspension containing 1.0x 107 TCID,, of AdS©2b2-

shRNA or AdControl, and the mice were treated with TPA (16nmol) or acetone (vehi-
cle) 24 h after adenovirus mfecum Thc skin was removed 40h after TPA treatment.

The thick of th: pid was d using frozen sections stained with
methyl g Py The epidermis is shown b the arrows. Scale bars represent
50 um.,
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with TNFa. St2b2 protein levels increased by up to 260%
after TNFa treatment (Fig. 8A). INV protein levels also sim-
ilarly increased (by a maximum of 210%; Fig. 8B). Maxi-
mum effects for both proteins were observed with 30 pg/ml
TNFa.

Effects of Knocking Down St2b2 Expression on TNFa-
Induced INV Expression in NME Cells AdSt2b2-shRNA
was then used to examine the roles of St2b2 on enhanced
INV expression in NME cells. St2b2 protein expression lev-
cls in TNFa-treated cells decreased from 410 to 130% of
those observed in control cells after AdSt2b2-shRNA infec-
tion (Fig. 9A). AdSt2b2-shRNA infection also decreased
INV protein expression in TNFa-treated cells from 330 to
130% of control levels (Fig. 9B).

Effects of Inhibiting TNF o Signaling on TPA-Induced
Enhancement of St2b2 and INV Expression in NME Cells
To verify that TNFa signaling mediates the TPA-induced
enhancement of St2b2 and INV expression, TNFa-siRNA
was introduced into NME cells. TNFa protein levels in the
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Fig. 7. Expression of TNFa, St2b2, and INV afler TPA Treatment in
NME Cells
NME cells (3X10" cells’em’) were cultured in medi 2 10nM TPA or

0.1% (v/v) DMSO (vehicle), and harvested 0, 3, 6, 12, 24, or 40h after TPA treatment.
Levels of St2b2 protein in the cytosol (A) and INV protein in the membrane fraction
(B) were determined by immunoblotting. The levels are shown as ratios 1o those de-
tected at 3h. TNFa levels in the S-9 fraction (C) and the medium (D) were determined
using ELISAs. Data are shown as means=S.D. (#=3). *p<0.05 (512b2 and INV, vs.
vehicle-treated TPA(—) cells at 3h; TNFa, vs vehicle-treated TPA(—) cells at 0 h).
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Fig. 6. Effects of Knocking Down S12b2 Gene Expression on TPA-Induced Epidermal Differentiation
\hcc were trcalcd mlh AdSleZ shRNA aml TPA as described in the legend for Fig, 5. Levels of S©2b2 protein in the cytosol (A) and INV protein in the membrane fraction (B)

were d

blotied for $12b2 and INV are shown above the graphs. The expression levels are shown as ratios to those in control

AdS12b2-shRNA(-) and TPA(—) cpldmms Ch-ST activity in the cytosol (C) was also assessed. Data are shown as means=S.D. (n=3). * p<0.05.
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Fig. 8. Effects of TNFa Treatment on $12b2 and INV Expression in NME
Cells
NME cells (3 10° cells/em®) were cultivated in medium containing TNFa (10, 30,
or 100 pg/ml) or 2 pig/ml BSA-PBS (vehicle) for 24 h. Levels of S12b2 protein in the
cy:osol (A) and INV protein in the membrane fraction (B) were determined by im-
pression levels are shown as ratios to those in control cells, Data
are shown nsmams"'S D. (n=3}. * p<0.05 vs. vehicle-treated TNFor( ~) cells.
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Fig. 9. Effects of Knocking Down St2b2 Expression on TNFa-Induced
Enhancement of St2b2 and INV Expression in NME Cells

NME cells (3X10°cells’em®) were infected with AdS©2b2-shRNA (MOI: 6}, and.
24h later, the cells were treated with 30 pg/ml TNFa or 2 pig/mi BSA-PBS (vehicle)
for 24h. Levels of S12b2 pmtem in the cytosol (A) and INV protein in the membrane
fraction (B) were d d by i blotting. Memb blotted for S2b2
and INV are shown above the graphs. Expression levels are shown as ratios to those in
control AdSt2b2-shRNA(~) and TNFaf—) cells. Datn are shown as means=S.D,
(n=3). * p<0,05.
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medium increased to 45 pg/ml after TPA treatment (control
cells produced 21 pg/ml). On the other hand, TNFa protein
levels did not increase after TPA treatment in the presence of
TNFa-siRNA; TPA-treated cells that were also exposed to
90nm TNFa-siRNA produced 22 pg/ml TNFa (Fig. 10A).
St2b2 protein levels in TPA-treated cells (190% of levels de-
tected in control cells) decreased to 100% of those observed
in control cells after treatment with 90nM TNFo-siRNA
(Fig. 10B). TPA-induced enhancement of INV expression
(150% of levels in control cells) also decreased to 100% of
that in control cells after treatment (Fig. 10C).

To confirm further the involvement of TNFa in TPA-
induced enhancement of St2b2 and INV expression, St2b2
and INV protein levels were examined in NME cells treated
with TNFR-Ab and TPA. TNF-Ab (8 g/ml) reduced TPA-
induced enhancement of St2b2 expression (170% of that in
control TNFR-Ab(—) and TPA(—) cells) to 70% of that
observed in the control cells (Fig. 11A). The TPA-induced
enhancement of INV expression (160% of that in control
cells) was also reduced to 110% of that detected in control
cells after treatment (Fig. 11B). No marked diffcrence was
observed in extracellular TNFor protein levels before and
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Fig. 10. Effects of Knocking Down TNFa Expression on TPA-Induced
Enhancement of $t2b2 and INV Expression in NME Cells

NME cells (3% 10° cells/em?) were transfected with TNFa-siRNA (15, 45, or 90 nu).
The total amount of siRNA was adjusted to 90 nv using Control-siRNA A. Twenty-four
hours later, the cells were treated with 10nM TPA or 0.1% (v/v) DMSO (vehicle) for
40h. (A) TNFa protein levels in the medium were determined using an ELISA. Levels
of S12b2 protein in the cytosol (B) and INV protein in the membrane fraction (C) were
determined by immunoblotting. Expression levels are shown as ratios to those in con-
trol TNFo-siRNA(—) and TPA(=) cells. Data are shown as means=S.D. (n=3).
* p<<0.05.
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Fig. 11, Effects of TNFR Inhibition on TPA-Induced Enhancement of
S12b2 and INV Expression in NME Cells

NME cells (3% 10 cells/em?) were incubated with 0.5, 2, or 8 ug/ml TNFR-Ab for
6h, The total amount of annbody was adj\lslcd to 8 pp/mi with normal IgG. The cells
were then culti § in g 10 am TPA or 0.1% (viv) DMSO (vehicle)
for 40h. S12b2 pmmm lcvels in the cylosol (A) and INV protein levels in the membrane
fraction (B) were d d by i Expression levels are shown as ratios
1o those in control TNFR-Ab(—) and TPA(-) cclls Data are shown as means+S.D,
(n=3). % p<<0.05.

after trcatment (data not shown).

Effects of NF-xB Inhibition on TNFo-Induced En-
hancement of St2b2 and INV Expression in NME Cells
NF-kB, which is activated through TNFo~TNFR signaling,
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Fig. 12. Effects of NF-xB Inhibition on TNFa-Induced Enhancement of
St2b2 and INV Expression in NME Cells

NME cells (3% 10° cells/cm?) were incubated with BAY 11-7082 (1, 3, or 10 um) for
1 h, end then cultivated with 30 pg/ml TNFax or 2 yig/ml BSA-PBS (vehicle) for 24 h.
Levels of &Zblpmaumlhecylml (A) and INV protein in the membrane fraction
(B) were d d by i tting, Expression levels are shown as ratios to those
in the control BAY 11-7082(— )uldTNFa( ) cells. Dats are shown as the
means=S.D. (n=3). +p<0.05.

plays a critical role in cell differentiation.”® To examine NF-
kB during TPA-induced enhancement of St2b2 and INV ex-
pression, an NF-xB inhibitor, BAY 11-7082, was adminis-
tered to NME cells. BAY 11-7082 (10 M) decreased TNFa-
induced enhancement of St2b2 expression (140% of that in
control BAY 11-7082(—) and TNFa(-) cells) to 100% of
that in control cells (Fig. 12A). TNFa-induced enhancement
of INV expression (140% of levels observed in control cells)
decreased to 80% of levels in control cells after treatment
(Fig. 12B).

DISCUSSION

CS is involved in epidermal differentiation and, at high
concentrations, causes epidermal hyperplasia. Skin CS levels
are believed to be maintained by both Ch-ST and SSase. In
the present study, TPA-mediated CS accumulation in the epi-
dermis occurred in parallel with increased Ch-ST activity,
without changes in SSase activity (Table 2). Expression of
$t2b2 mRNA and protein in mouse skin increased after TPA
treatment (Fig. 2). These results were consistent with the idea
that TPA-mediated CS production mainly results from en-
hanced St2b2 expression.

To assess St2b2 functions during TPA-induced epidermal
hyperplasia and differentiation, St2b2 gene expression was
knocked down using ShRNA in mice. TPA-induced epider-
mal hyperplasia was clearly blocked by St2b2-shRNA (Fig.
5). Decreases in INV and St2b2 expression were also
observed in epidermis tissue infected with AdSt2b2-shRNA
(Fig. 6). These results suggested that an increase in St2b2
levels is a prerequisite for TPA-induced epidermal hyperpla-
sia,

PKC activation is involved in the differentiation of many
cell lines, including epidermal cells, and is a key process dur-
ing TPA-induced epidermal differentiation.”—2® TPA was
reported to activate PKC via direct binding; this study sug-
gested that direct binding triggers TPA-induced epidermal
differentiation, but the mechanism for PKC activation during
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Fig. 13. A Putative Pathway for TPA-Induced Epidermal Differentiation
through S12b2

TPA-induced epidermal differentiation has not been eluci-
dated. In the present study, TPA-induced epidermal differen-
tiation and hyperplasia were suppressed by inhibition of
increases in St2b2 expression, the primary cause of increased
CS concentrations after TPA treatment (Figs. 5, 6). CS may
be involved in epidermal differentiation through the activa-
tion of PKC."*? Combined with our present results obtained
with a PKC inhibitor (Fig. 4), TPA-induced PKC activation
appears to result from increased St2b2 expression and conse-
quent elevations in CS concentrations.

Our results suggest that TPA-induced increases in CS con-
centrations cause hyperplasia (Figs. 3, 5, 6). TPA stimulates
proliferation and differentiation in skin epidermis via activa-
tion of several forms of PKC. Knocking down St2b2 expres-
sion, and consequent inhibition of CS biosynthesis, likely
inhibited epidermal differentiation and blocked hyperplasia.
Previous reports showed that successive doses of CS inhib-
ited the tumor-promoting effects of TPA in mouse skin.’”
Chida et al. also reported that a single large dose of CS
(400 g) caused desquamation but not proliferation. To-
gether, these results suggest that repeated high doses of CS
inhibit TPA-induced tumorigenesis.

The anti-inflammatory agent indomethacin decreased
TPA-mediated increases in Ch-ST activity and epidermal
hyperplasia.?**" This suggested that inflammatory cytokines
‘mediate the enhanced St2b2 expression after TPA treatment.
In fact, TNFa did not promote INV expression in the
absence of increased St2b2 expression (Fig. 9). In addition,
TPA-induced St2b2 expression diminished when TNFa
signaling was suppressed (Fig. 10). Inhibiting TNFa binding
to TNFR also reduced St2b2 expression (Fig. 11). These
results indicated that TNFa triggers St2b2 expression in
TPA-induced epidermal hyperplasia and differentiation.

NF-xB is known to participate in TPA-induced epidermal
hyperplasia.>>~*# In the present study, an NF-xB inhibitor
suppressed TNFa-induced expression of cornified envelope
proteins and St2b2 (Fig. 12). These results suggest that
TNFo-NF-kB signaling regulates St2b2 expression during
TPA-induced epidermal hyperplasia. In fact, a putative NF-
xB binding sequence was found in the 5'-flanking region of
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the St2b2 gene (DNASIS software version 3.0, Hitachi Soft-
ware Engineering Co., Tokyo, Japan). Therefore, St2b2 ex-
pression may increase owing to NF-xB activation of gene
transcription. We also identified putative NF-xB binding
sequences in the 5'-flanking region of the human Ch-ST
ST2BI. In addition, ST2B1 expression increased when the
LS174T human epithelial colon carcinoma cell line was
treated with TPA or TNFa (unpublished results, Matsuda
et al). Thus, NF-xB may be involved in TPA-induced
enhancement of ST2B expression in humans as well.

TNFa-siRNA decreased TNFa levels in the medium but
not the expression of $t2b2 or INV protein in the group not
treated with TPA (Fig. 10). Neither TNFR-Ab nor BAY 11-
7082 significantly inhibited basal expression levels of St2b2
and INV (Figs. 11, 12). These results suggested that TNFor-
NF-xB signaling does not drive constitutive expression of
St2b2 and INV, although the mechanisms underlying basal
expression of these proteins remain unknown.

In conclusion, St2b2 is required for TPA-induced epider-
mal hyperplasia, a relationship that involves TNFo--NF-xB
signaling. Our hypothesis for the mechanism of TPA-induced
epidermal differentiation is shown in Fig. 13. TPA increases
TNFa levels to activate NF-xB following binding to TNFR.
Then, NF-kB activates St2b2 gene transcription, leading to
an increase in the levels of St2b2 and epidermal CS. Finally,
increased epidermal CS concentrations enhance the expres-
sion of cornified envelope proteins, such as INV, through
PKC activation.
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P-glycoprotein (P-gp), the product of the MDR1 gene, shows large interindividual variations in expression,
which leads to differences in the pharmacokinetics of the substrate drugs. The functions of single nucleotide
polymorphisms located in the nuclear receptor-responsive element of the 5'-flanking region in the human
MDRI gene were analyzed in order to clarify the mechanism underlying the interindividual variation in P-gp
expression. Electrophoretic mobility shift assays revealed that the —7833C>T substitution in the nuclear
receptor-responsive region of MDR1 decreases the binding affinities of four nuclear receptors to their
responsive elements: vitamin D receptor (VDR), thyroid hormone receptor (TR), constitutive androstane
receptor (CAR), and pregnane X receptor (PXR). A reporter gene assay revealed that the C-to-T substitution
at — 7833 also reduces the transcriptional activation of MDR1 by VDR, TRB, CAR, and PXR. However, another
SNP (—1211T>C substitution), which results in the formation of a xenobiotic responsive element-like
sequence and a hypoxia responsive element-like sequence, failed to affect the aryl hydrocarbon receptor-
dependent and hypoxia-induced transcriptional activation of MDRI. Although the frequency of the
—7833C>T substitution in MDRI is relatively low, the SNP is crucial because it may alter the
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pharmacokinetics of P-gp substrates in a small subset of the population.

© 2010 Elsevier Inc, All rights reserved.

1. Introduction

P-glycoprotein (P-gp) transports a wide variety of compounds,
including foreign xenobiotics and endogenous substrates, to the
outside of cells [1,2]. P-gp is encoded by the human MDRI gene and is
expressed in various physiological barriers such as intestinal
epithelium [3,4], kidney tubules cells [3], the liver [3], and the
capillary endothelium of the central nervous system [5]. It also plays
an important role in pharmacokinetic processes such as drug
absorption [1,6-8], renal secretion [9], biliary excretion [10], and
brain distribution [11-13]. The large interindividual variations in P-gp
expression and activity levels [14-17] suggest that the systemic
exposure level and tissue concentrations of drugs that are P-gp
substrates vary depending on the subject [15,18]. The pharmacoki-
netic differences ultimately lead to interindividual variation in drug
efficacy and adverse reactions. Therefore, P-gp expression levels and
activity are crucial factors in drug efficacy and safety.

The results of several studies suggest that the basis of interindi-
vidual variation in P-gp expression and activity resides in the
presence of single nucleotide polymorphisms (SNPs) in the coding
region of MDR1 (2,19-22]. Hoffmeyer et al. showed that 3435C>T, a
synonymous SNP in exon 26, is associated with reduced P-gp

* Corresponding author. Fax: +81 3 3700 9788.
E-mail address: tohkin@nihs.go.jp (M. Tohkin).

1096-7192/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymgme.2010.08.019

expression in the duodenum and increased plasma levels of digoxin,
a typical P-gp substrate, following its oral administration to healthy
volunteers [23].Wang et al. also reported that 3435C>T appears to
affect the allelic variation of MDR1 expression in the liver via a change
in mRNA stability [24]. In addition to digoxin, other studies have
reported that the T allele of 3435C>T is related to higher plasma
concentrations of cyclosporine A. While these reports suggest the
importance of MDR1 exonic SNPs in the regulation of P-gp expression,
conflicting results have been reported [18,23,25-27].

In addition to SNPs in the coding region, there are variations in the
5’-flanking region that could affect MDR1 gene transcription and
mRNA expression levels. Haplotypes in the MDR1 transcriptional
regulatory region suggest the existence of functional haplotypes that
could alter P-gp expression [17,28,29]. In these studies, the
—1789G>A haplotype, alone or in combination with —145C>G,
was associated with decreased P-gp expression. However, the
reported effects on P-gp expression of haplotypes carrying
—129T>C and two other linked SNPs were contradictory, showing
reduction and enhancement [27,30,31]. These reports suggest that
functional SNPs in the 5'-flanking region have not been fixed, and the
relationship between these SNPs and the transcriptional factors that
regulate the MDR1 gene transcription is unknown. Therefore, the
mechanism underlying interindividual variations in the expression
levels of P-gp remains unclear.

Geick et al. found that the induction of MDR1 mRNA by rifampicin
is mediated by pregnane X receptor (PXR), which binds to direct
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repeat sequences separated by four bases (DR4) located —7.9 to
—7.8 kbp upstream of the transcription start site [32]. This region
contains several DR sequences and functions as the enhancer region in
MDR1 [32]. The constitutive androstane receptor (CAR) also induces
MDR1 mRNA expression by binding to several DR4s located in the

(A)

same region [33]. Recently, we reported that the thyroid hormone
receptor B (TRB) and vitamin D receptor (VDR) regulate the
expression of MDR1 by binding to several DRs located in this region
[34,35]. A SNP, —7833C>T, has been reported within one of the half-
sites (Hs), a pair of which composes a DR or ER (AGTTCA>AGTTTA,
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Fig. 1. The C-to-T substitution at —7833 affects the binding affinity of nuclear receptors to ER8 and/or DR4(II) in the MDR1 gene. (A) Oligonucleotide sequences used for the
electrophoretic mobility shift assay (EMSA). Several half-sites (designated as Hs1 to 8 in this study) are boxed, and arrows indicate the direction of the half-site. The C-to-T substitution at
— 7833 is located within Hs6. The numbers are in reference to the transcriptional start site at + 1. Schematic representations of probes containing the — 7833C (ER8-WT and DR4(II)-WT)
or —7833T (ER8-VT and DR4(I)-VT) allele are shown. Only nucleotides that differ from the wild-type are shown as letters; asterisks represent unchanged nucleotides. (B) EMSA was
performed using in vitro translated VDR and RXRa. The FITC-labeled probe was incubated with VDR and RXRa as described in the Materials and methods. The complexes were resolved
by electrophoresis on a 6% Long Ranger gel. This protocol was also used for the EMSAs shown in C-G. (C) EMSA was performed using in vitro translated TRB and RXRa. (D) EMSA was
performed using in vitro translated CAR. (E) EMSA was performed using in vitro translated CAR and RXRev. (F) EMSA was performed using in vitro translated PXR and RXRa.. (G) We
carried out the translation reaction using the empty vector, and performed EMSA using the reaction product instead of in vitro translated nuclear receptors, as the negative control.
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Fig. 1A) [9,36]. Although the frequency of this substitution is very low
(0.002), there is the possibility the —7833C>T variant may influence
the transcription of the MDR1 gene.

MDR1 mRNA expression was also induced by 2,3,7,8-tetrachlor-
odibenzo-p-dioxin (aryl hydrocarbon receptor (AhR) ligand) in three
of seven primary human hepatocytes [37], an indication of the
interindividual variation in AhR-induced expression, although the
AhR responsive element (xenobiotics responsive element; XRE) in
MDR1 has not been identified. The —1211T>C (rs28746504, — 1910
in Taniguchi et al,, [17] and — 1017 in Takane et al. [29]) SNP has been
found in Japanese and Caucasian populations at allelic frequencies of
0.08-0.1 (Japanese) and 0.016 (Caucasian). The T-to-C substitution at
nucleotide —1211 results in an XRE-like sequence (possible XRE,
TGGTGTG>TGGCGTG, Fig. 3A) that we hypothesize may cause the
interindividual variability in the response to TCDD. In addition to AhR-
induced MDR1 mRNA expression, hypoxia-inducible factor-1 (HIF-1)
regulates MDR1 gene transcription [38]. The —1211T>C substitution
also results in an HIF-1-responsive element (hypoxia responsive
elements; HRE)-like sequence (possible HRE, GTGTG>GCGTG,
Fig. 3A). However, it was unknown if HIF-1 could bind the candidate
HRE in addition to the known HRE located between —49 and —45
(—53 and —49 in this study) in the promoter region of MDR1.

In order to clarify the functional significance of variants in the
transcriptional regulatory region of MDR1 gene, the effect of two SNPs
(—7833C>T and —1211T>C) on the binding properties of nuclear
receptors and on the transcriptional activity of MDR1 was evaluated
using electrophoretic mobility shift assay (EMSA) and a luciferase-
reporter gene assay, respectively. The —7833C>T substitution
resulted in a decrease in nuclear receptor binding and transcriptional
activation in vitro, while the — 1211T>C substitution did not produce
an effect. These results suggest that the —7833C>T substitution
influences the regulation of MDR1 mRNA levels through PXR, CAR,
TRB, and VDR.

2. Materials and methods
2.1. Chemicals

Rifampicin and 3-methylcholanthrene (3MC) were purchased
from Wako Pure Chemicals (Osaka, Japan). CoCl,, 3,3',5-triiodo-1-
thyronine (T3), and 1a,25-dihydroxyvitamin D5 (1,25-(OH),D3) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals,
except T3 and CoCl,, were dissolved in dimethyl sulfoxide (DMSO). T3
and CoCl, were dissolved in 0.2 M NaOH and water, respectively.

2.2. Plasmid constructs

The expression plasmids, pDEST12.2-hPXR, pEF6/V5-hVDR,
pCMVTINT-hVDR, and pcDNA3.1-TRR, were previously constructed
in our laboratory [34,35,39]. The expression plasmid encoding human
RXRo: cDNA (pcDNA3.1-hRXRat) was a generous gift from Dr. Shuichi
Koizumi (Yamanashi University, Japan). pCMVTNT-hTRR was con-
structed by ligating the EcoRI/Notl fragment from pcDNA3.1-TRR into
the pCMVTNT expression plasmid (Promega, Madison, WI, USA),
which was digested with EcoRI and Notl. The pEGFP-hCAR was a
generous gift from Dr. Hideto Jinno (National Institute of Health
Sciences, Japan) [40]. The nucleotide at the position 540 of pEGFP-
hCAR differed from the reference sequence (NM_005122) (540C>T,
synonymous substitution) [40]. Thus, wild-type sequence was
introduced into the pEGFP-hCAR using a QuikChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA, USA). pEGFP-hCAR was then
digested with Xhol and EcoRI, and the resulting fragment was ligated
into the pcDNA3.1/Zeo expression plasmid (Invitrogen, Carlsbad, CA,
USA), which was digested with Xhol and EcoRlL This expression
plasmid (pcDNA3.1-hCAR) was digested with Xhol and Pmel, and the
resulting fragment was ligated into the pCMVTNT expression plasmid,

which was digested with Xhol and Smal (pCMVTNT-hCAR). The
pDEST12.2-hPXR, pEF6/V5-hVDR, pcDNA3.1-TRB, and pcDNA3.1-
hCAR plasmids were used for transfections. The pDEST12.2-hPXR,
pCMVTNT-hVDR, pCMVTNT-hTRRB, pCMVTNT-hCAR, and pcDNA3.1-
hRXRa plasmids were used for in vitro synthesis.

The luciferase reporter gene plasmids, pMD10082L, pMD*824A90L,
and pMD457L were previously constructed in our laboratory [34). The
pMD2912L plasmid was constructed by deleting the Nsil fragment from
pMD10082L. Mutations were introduced at positions — 7833 and
—1211 of pMD*824A90L-WT and pMD2912L-WT to create
pMD*824A90L-VT and pMD2912L-VT, respectively, using a Quik-
Change Multi Site-Directed Mutagenesis Kit (Stratagene), according
to the manufacturer's instructions, with the following oligonucleotides:

—7833C>T_SNP: 5’-GCTCCTGGGAGAGAGTTTATTTGAGATTAAA-
CAAG-3’
—1211T>C_SNP: 5'-CAGGAGAATGGCGTGAACCCGGGAG-3'.

The pGL2A8-2504 [41] plasmid, which contains the XRE of the
Syrian hamster CYP2A8, was digested with Kpnl and HindIll. The
resulting fragment was ligated to the Kpnl/HindIll site of the firefly
luciferase rapid response reporter vector pGL4.12 (Promega). This
plasmid (pGL4.12-2A8) was used as a positive control.

2.3. Electrophoretic mobility shift assay (EMSA)

TNT T7 Quick Coupled Transcription/Translation Systems (Promega)
were used for in vitro synthesis of human RXRa protein from pcDNA3.1-
hRXRa, according to the manufacturer's instructions. TNT SP6 Quick
Coupled Transcription/Translation Systems (Promega) were used for in
vitro synthesis of human VDR, TR3, CAR, and PXR proteins from
pCMVTNT-hVDR, pCMVTINT-hTRB, pCMVINT-hCAR, and pDEST12.2-
hPXR, respectively, according to the manufacturer's instructions. The
plus strand sequences of probes used in the EMSAs are shown in Fig, 1A.
The oligonucleotides were purchased from Sigma Genosys (Hokkaido,
Japan) and equal amounts of complimentary strands were annealed. The
reaction mixture was prepared as follows: a 2.5 pL aliquot of the in vitro
translated proteins (nuclear receptor alone, or mixed at a ratio of 1:1) or
unprogrammed reticulocyte lysate was incubated for 20 min at room
temperature with 1 pL of 5x binding buffer (15 mM MgCl,, 0.5 mM
EDTA, 2.5 mM dithiothreitol (DTT), 50% glycerol and 100 mM HEPES, pH
7.75), 0.5 L of 1 mg/mL poly(dl-dC) (GE Healthcare, Little Chalfont,
UK), and 0.5 pL of 0.33 pM 5'-fluorescein isothiocyanate (FITC)-labeled
double stranded oligonucleotide probe. The protein-DNA complexes
were resolved by electrophoresis on 6% non-denaturing Long Ranger
gels (Lonza, Rockland, ME) run in 0.5%TBE (44.5 mM Tris, 44.5 mM
boric acid, and 1.25 mM EDTA) at 500 V constant voltage, and visualized
and quantified on a slab gel DNA sequencer (DSQ-2000L; Shimadzu Co.,
Kyoto, Japan).

24. Cell culture

Caco-2 cells, a human colon adenocarcinoma cell line, were
obtained from the American Type Culture Collection (Manassas, VA,
USA). Caco-2 cells were cultured in low glucose Dulbecco's modified
Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 100 U/mL penicillin G/100 pg/mL
streptomycin (Gibco-Invitrogen, Carlsbad, CA, USA), and 1x MEM non-
essential amino acids solution (Gibco-Invitrogen) at 37 °C under 5%
C0,-95% air.

2.5. Transfection and luciferase reporter gene assays
Caco-2 cells were seeded into 96-well plates (1.7 x 10* cells/well),

grown overnight, and transiently transfected using HilyMax (at a ratio
of DNA to HilyMax of 1:5; Dojindo Laboratories, Kumamoto, Japan)
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according to the manufacturer's instructions with 10 ng/well of the
indicated expression plasmid, 100 ng/well of the indicated luciferase
reporter plasmid, and 10 ng/well of the Renilla luciferase reporter
plasmid, pGL4.74 [hRluc/TK] (Promega) to normalize the transfection
efficiency. After 24 h, the medium was replaced by phenol red-free
DMEM (Gibco-Invitrogen) supplemented with 10% dextran-coated
charcoal-stripped FBS (Hyclone Laboratories, Logan, UT, USA) con-
taining 1pM 3MC, 150 pM CoCly, 25 nM 1,25-(OH),Ds, 50 nM T3,
10 uM rifampicin, or vehicle (DMSO, water, or 0.2 mM NaOH) for 3.5 h
except for CoCl,. CoCl, treatment was performed for 6 h. Firefly and
Renilla luciferase activities were measured using the Dual-Glo
Luciferase Assay System (Promega) according to the manufacturer's
instructions and a luminometer (Wallac 1420 ARVO sx Multilabel
Counter, Perkin-Elmer Life Sciences, Boston, MA, USA). Firefly
luciferase activity was normalized to Renilla luciferase activity (Luc
activity). The inducibility (fold induction) was calculated as the ratio
of luciferase activity of ligand-treated cells to that of control cells. As
for CAR, fold transactivation was calculated as the ratio of luciferase
activity of CAR-transfected cells to that of pcDNA3.1 transfected cells.
The results were presented as the mean + standard deviation (S.D.) of
at least four independent experiments. The statistical analysis was
performed using two-tailed, unpaired t-tests with a significance level
of P<0.05.

3. Results

3.1. C-to-T substitution at —7833 of MDR1 decreases binding affinity of
nuclear receptors to ER8 and/or DR4(II)

Nuclear receptors, such as VDR, TRB, CAR, and PXR reportedly up-
regulate MDRI expression through the response region located 7880 to
7810 bp upstream of the MDR1 gene. This region contains several half-
sites, a pair of which composes a DR or ER (Hs1-8 in Fig. 1A). The
previously reported variation — 7833C>T is located within the Hs6 half-
site (Fig. 1A). The effect of the C-to-T substitution at —7833 on the
binding affinity of nuclear receptors to the response region was
examined with EMSA using in vitro translated VDR, TRB, PXR, CAR and
RXRo.. ER8 and DR4(I) oligonucleotide probes containing either
—7833C (WT) or —7833T (VT) were used because Hs6 is involved in
both ER8 and DR4(Il) (Fig. 1A). The probes used for the EMSA are
summarized in Fig. 1A. As described in previous reports, VDR/RXRa
forms DNA-protein complexes with ER8-WT and DR4(1l)-WT, with a
weaker binding affinity for DR4(II) than for ERS. Introduction of the
variant into the probes (DR4(I)-VT and ER8-VT) decreased the
formation of VDR/RXRax and probe complexes (Fig. 1B). As described
previously, the DNA-TRB/RXRa complex was formed using DR4(11)-WT,
but not with ER8-WT (Fig. 1C). The DR4(Il)-TRB/RXRo complex
significantly decreased when the variant type probe (DR4(II)-VT) was
used. It has been reported that CAR binds to Hs6 as a monomer [33].

Consistent with this report, the DNA-CAR monomer complex was
formed with either ER8-WT or DR4(II)-WT, and the C-to-T substitution
at —7833 (ER8-VT and DR4(II)-VT) caused a decrease in band formation
(Fig. 1D). The CAR/RXRox DNA-protein complex was also formed when
either ER8-WT or DR4(I1)-WT was used as a probe, although the binding
affinity of ER8-CAR/RXRa was weak (Fig. 1E). Complex formation
between CAR/RXRax and the probes decreased when the WT probes
were replaced with ER8-VT and DR4(Il)-VT (Fig. 1E). PXR/RXRo. DNA-
protein complexes formed using both ER8-WT and DR4(II)-WT
produced weak bands, which disappeared when ER8-VT and DR4(Il)-
VT were used as probes (Fig. 1F), These results indicate that the C-to-T
substitution at — 7833 leads to decreased binding affinity of ER8 and/or
DR4(II) for VDR/RXRax, TRB/RXRa, CAR, CAR/RXRey, and PXR/RXRa.

3.2. C-to-T substitution at —7833 of MDR1 affects the inducibility by
1,25-(0H),D;, T3, CAR, and PXR, but does not affect the inducibility
by rifampicin

The EMSA experiments revealed that the C-to-T substitution at
— 7833 results in decreased binding affinity of VDR/RXRax, TRB/RXRa,
CAR, CAR/RXRa, and PXR/RXRa: for ER8 and/or DR4(II). To investigate
the effect of the substitution on VDR-, TRB-, CAR-, and PXR-induced
MDR1 transcription, —7833C>T was introduced into pMD*824A90L
reporter plasmid, which contains the nuclear receptor-response region
(Fig. 2A), and a luciferase reporter assay was performed using the Caco-2
intestinal epithelial cell line. In order to exclude the interaction of other
nuclear receptors, we used the Caco-2 because Caco-2 cells express the
nuclear receptors at relatively lower levels. As described in previous
reports [34,35], 1,25-(OH),D; (VDR ligand) or triiodothyronine (T3, TRR
ligand) increased the luciferase activity in Caco-2 cells that were co-
transfected with VDR or TRB expression plasmid (Figs. 2B and C)
although VDR or TRB alone could not activate the transcriptional activity
without the ligand (data not shown). The C-to-T substitution resulted in
significantly reduced transcriptional activation by 1,25-(OH),D; (Fig. 2B,
P=0.0015, unpaired t-test, two-tailed). The substitution also led to a
slight decrease in T3-induced transcriptional activation, but this
decrease was not significant (Fig. 2C, P=0.0688, unpaired t-test, two-
tailed). Co-transfection of a CAR expression plasmid led to increased
transcriptional activity of the reporter gene compared with the mock
transfection control group (fold transactivation in Fig. 2D) due to the
constitutive activity of CAR. The C-to-T substitution also partially
reduced constitutive CAR transactivity (Fig. 2D, P=0.0326, unpaired t-
test, two-tailed). Rifampicin increased transactivation of the reporter
gene following transfection with the PXR expression plasmid. The
—7833C>T substitution did not affect the fold induction produced by
rifampicin (Fig. 2E). However, the substitution reduced both the
rifampicin-dependent and -independent transcriptional activation by
PXR (Fig. 2F). These results indicated that — 7833C>T in the MDR1 gene
reduced the transcriptional activation which is induced by 1,25-(OH),D;

Fig. 2. Effect of —7833C>T on the transactivation of MDR1 by VDR, TR, CAR, and PXR. (A) The C-to-T mutation at — 7833 was introduced into a reporter gene plasmid containing the 5'
upstream region from — 7880 to — 7810 bp of MDR1 (pMD*824A90L). Several half-sites (designated as Hs1 to Hs8) are boxed and arrows indicate the direction of the half-site. The C-to-T
substitution at — 7833 is located within Hs6. The numbers are in reference to the transcriptional start site at + 1. In the variant construct (pMD*824A90L-VT), only the nucleotide that
differs from the wild-type (pPMD*824A90L-WT) is shown as a letter; asterisks represent unchanged nucleotides. (B) Caco-2 cells were co-transfected with the indicated luciferase reporter
plasmid, VDR expression plasmid, and the Renilla luciferase reporter plasmid, and were subsequently treated with DMSO or 1,25-(0H),D;. Firefly luciferase activity was normalized to
Renilla luciferase activity, and the fold induction was calculated as the ratio of luciferase activity in 1,25-(OH),D;5-treated cells to that of DMSO-treated cells. Each value represents the
mean = 5.D. of independent seven experiments. Statistical analysis was performed using a two-tailed, unpaired t-test, and a statistically significant difference, as compared with the wild-
type, isindicated by an asterisk (**P<0.005). (C) The luciferase assay was performed as described in (B) except that the TRP3 expression plasmid, T3,and 0.2 mM NaOH were used instead of
the VDR expression plasmid, 1,25-(OH),Dj3, and DMSO, respectively. The fold induction was calculated as the ratio of luciferase activity in T3-treated cells to that in 0.2 mM NaOH-treated
cells. Each value represents the mean + S.D. of independent six experiments. Statistical analysis was pérformed using the two-tailed, unpaired t-test, (P= 0.069). (D) Luciferase activity was
analyzed as described in the Materials and methods. Firefly luciferase activity was normalized to Renilla luciferase activity, and the fold transactivation was calculated as the ratio of
luciferase activity of CAR-transfected cells to that of control plasmid-transfected cells. Each value represents the mean +S.D. of independent four experiments, Statistical analysis was
performed using the two-tailed, unpaired t-test, and a statistically significant difference, as compared with the wild-type, is indicated by asterisk (*P<0.05). (E) The luciferase assay was
performed as described in (B) except that PXR expression plasmid and rifampicin were used instead of VDR expression plasmid and 1,25-(OH)D;, respectively. The fold induction was
calculated as the ratio of luciferase activity in rifampicin-treated cells to that in DMSO-treated cells. Each value represents the mean + S.D. of independent five experiments. (F) These data
are from the experiments described in (E), but are expressed in each treatment group. The firefly luciferase activity was normalized for transfection efficiency, using the activity of co-
transfected Renilla luciferase, and represented as Luc activity.
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and T3. The —7833C>T also reduced CAR and PXR-dependent
transcriptional activities.

3.3. XRE- and HRE-like sequences, resulting from a —1211T>C
substitution in MDR1, are not functional

The T-to-C substitution at — 1211 from the transcriptional start
site of the human MDR1 gene (—1211T>C, rs28746504) results in the
formation of a XRE-like sequence (TGGTGTG>TGGCGTG, Fig. 3A). To
examine the functionality of the XRE-like sequence, —1211T>C was

introduced into a reporter plasmid containing the 5’ upstream region
from —2912 to + 117 bp of the MDR1 gene and transfected into Caco-
2 cells. The pGL4.12-2A8 construct (2A8), which contains the
functional XRE, was used as the positive control [41]. As shown in
Fig. 3B, 3MC (AhR ligand) did not affect transcriptional activity of
Caco-2 cells transfected with either the wild-type (pMD2912L-WT) or
mutated (pMD2912L-VT) construct, although the luciferase activity of
the positive control reporter construct (2A8) was increased approx-
imately 5-fold by 3MC, indicating that the XRE-like sequence
containing — 1211T>C is not functional.
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Fig. 3. Effect of —1211T>C on the transactivation of the MDR1 gene by AhR and HIF. (A) Schematic representation of reporter plasmids containing the —1211T (pMD2912L-WT) or
—1211C (pMD2912L-VT) allele. The pMD2912L plasmid was constructed by deleting the Nsil fragment in PMD10082L. The numbers are in reference to the transcriptional start site
at + 1. Xenobiotic resp 1 (XRE)-like and hypoxia response element (HRE)-like sequences (TGGCGTG and GCGTG, respectively) resulting from the T-to-C substitution at
— 1211 are boxed. pMD457L was constructed by deleting the Sphl fragment from pMD10082L. (B) Caco-2 cells were co-transfected with the indicated luciferase reporter plasmid
and the Renilla luciferase reporter plasmid, and were subsequently treated with DMSO or 3MC as described in Materials and methods. Firefly luciferase activity was normalized to
Renilla luciferase activity, and the fold induction was calculated as the ratio of luciferase activity in 3MC-treated cells to that in DMSO-treated cells, As a positive control, pGL4.12-2A8
(2A8), which contains the functional XRE of Syrian hamster CYP2A8, was used. Each value represents the mean = S.D. of four independent experiments, (C) Caco-2 cells were co-
transfected with the indicated luciferase reporter plasmid and the Renilla luciferase reporter plasmid, and then replaced by media with or without CoCl, as described in Materials and
methods, Firefly luciferase activity was normalized to Renilla luciferase activity, and the fold induction was calculated as the ratio of luciferase activity in CoCl,-treated cells to that of
untreated cells. The pMD457L, which contains the functional HRE but does not contain the HRE-like sequence, was used as a control. Each value represents the mean = S.D. of four

independent experiments,

The T-to-C substitution at — 1211 also results in the formation of an
HRE-like sequence (GIGTG>GCGTG, Fig. 3A). The effect of the
—1211T>C mutation on hypoxia responsiveness was measured by
transfecting Caco-2 cells with the pMD2912L-WT or pMD2912L-VT. The
cells were cultured with or without CoCl,, a hypoxia-mimetic agent [38].
As shown in Fig. 3C, CoCl,-dependent inducibility of the wild-type
construct (pMD2912L-WT) was similar to that of the variant construct
(pPMD2912L-VT). Moreover, the inducibility of the wild-type construct,
which includes the HRE-like sequence and the known HRE between
—53 and —49, was also similar to that of pMD457L, which contains the
reported functional HRE alone [38]. Therefore, the —1211T>C
substitution did not affect the hypoxic response, and the HRE-like
sequence is also non-functional.

4. Discussion

Many studies have tried to clarify the relationship between P-gp
expression levels and SNPs located in the coding and transcriptional
regulatory regions of MDRI [2,19,21-23,28,42]. However, most of these
studies have not explored the functionality of these SNPs based on the
nuclear receptor-responsive elements that play important roles in the

expression of MDR1 mRNA. Therefore, the proposed functions of SNPs in
the 5’-flanking region, such as —129T>C, remain controversial
[27,30,31]. In this study, we analyzed the SNP located in the nuclear
receptor-responsive region of MDR1 and the SNP that results in
conversion to a potential nuclear receptor-responsive element. The
—7833C>T substitution, located in the nuclear receptor-responsive
region, was found to significantly decrease the binding affinity of VDR/
RXRa, TRB/RXRat, CAR, CAR/RXRa, and PXR/RXRa (Fig. 1). In addition,
the —7833C>T substitution reduced the transcriptional activation
induced by 125-(OH);D; and T3, and suppressed CAR and PXR-
dependent transcriptional activities in vitro (Fig. 2).

Recently, we reported that the relative binding ability of VDR/
RXRa to the elements located in this region is: DR4(I)>DR3>ER8
(MdC3)>DR4(III) >DRA4(II), and DR4(I), with ER8(MdC3), and DR4
(I1I) the main players in VDR-mediated MDR1 induction [35]. Since
—7833C>T is involved in ER8(MdAC3) (Fig. 1A), and ER8(MdC3)
contributes to VDR-mediated MDR1 induction [35], it is possible that
the —7833C>T substitution decreases VDR-mediated MDR1 mRNA
induction through ER8(MdC3). We also previously indicated that
TRB/RXRa bound to several DRs in the order: DR4(I)>DR4(II)>
DR3~DR4(1ll), and that every direct repeat contributes to TRB-
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mediated MDR1 induction [34). Since — 7833C>T is located in DR4(II)
(Fig. 1A), and TRB/RXRax can bind to DR4(1I) at a relative high affinity
[34], it is reasonable that the —7833C>T substitution could affect
TRB-mediated MDR1 mRNA induction though DR4(II). Burk et al.
reported that CAR binds DR4(I) and DR4(IlI) as a heterodimer with
RXRa, and to the 5’ half-site of DR4(II) (designated as Hs6 in Fig. 1A)
as a CAR monomer, and suggested that DR4(1) and the 5’ half-site of
DR4(II) (Hs6) were important elements for the CAR-mediated MDR1
induction [33]. In this study, the CAR monomer formed a complex
with Hs6 both in ER8(MdC3) and DR4(II), and CAR/RXRa formed a
complex with DR4(1I) (Figs. 1D and E). These results and those of Burk
indicate that Hs6 contributes to the CAR-mediated MDR1 mRNA
induction. Since — 7833C>T is found in Hs6 and DR4(II) (Fig. 1A), the
—7833C>T substitution could decrease CAR-mediated MDR1 mRNA
induction (Fig. 2D) even if the CAR monomer or CAR/RXRa
contributes to MDR1 mRNA induction. Geick et al. reported that
PXR/RXRa bind to DR4(l), DR4(Il), and DR4(IlI) in the nuclear
receptor-responsive elements of MDR1, with the highest affinity for
DR4(III). DR4(]) is involved in rifampicin-mediated induction by PXR
[32]. They suggest that DR4(II) does not contribute to the rifampicin-
mediated induction by PXR even if the PXR/RXRat can bind DR4(II). In
our study, PXR/RXRa formed a weak complex with DR4(1I), and the
—7833C>T substitution decreased the binding affinity of PXR/RXRa
to DR4(II) (Fig. 1F). The —7833C>T substitution also decreased the
transcriptional activation by PXR both in the presence and absence of
rifampicin (Fig. 2F), but fold induction of MDR1 mRNA by rifampicin
was not affected (Fig. 2E). These results suggest that DR4(II) does not
contribute to rifampicin-activated MDR1 mRNA induction by PXR,
which was consistent with previous observations [32]. PXR-depen-
dent MDR1 gene transcription without rifampicin was observed not
only in this study, but also in other reports [32,43,44], and PXR-
dependent CYP3A4 gene transcription without rifampicin also has
been reported [32,43,44]. Since the —7833C>T substitution de-
creased PXR-dependent basal activation without rifampicin (Fig. 2F),
DR4(II), which contains —7833C>T, may be involved in PXR-
dependent basal MDR1 expression, not ligand-dependent expression.
Although —7833C>T affected nuclear receptor (VDR, TRB, CAR, and
PXR)-mediated MDR1 gene transactivation, it suppressed only about
one third of total transactivity in each nuclear receptor (Fig. 2). We
propose that this partial inhibition may be due to the multiple
responsive elements that mediate MDR1 mRNA induction. Since
xenobiotics and endogenous substrates-activated P-gp inductions
play key roles in physiological functions [1,4,11,45], nuclear receptors
might stimulate MDR1 transcription through the multiple responsive
elements.

Since the T-to-C substitution at nucleotide — 1211 forms an XRE-
like sequence (Fig. 3A) and AhR-induced MDR1 expression shows
interindividual variation in human hepatocytes [37,46], we hypoth-
esized that the — 1211T>C substitution could affect the interindivid-
ual variation in MDR1 mRNA expression. However, AhR-dependent
MDR1 activation was not observed with either —1211T or —1211C
(Fig. 3B), indicating that the — 1211T>C substitution does not form a
functional XRE. The — 1211T>C substitution also forms an HRE-like
sequence (Fig. 3A), and the —129T>C substitution, which is
completely linkage disequilibrated with —1211T>C in Japanese
[27,31], reportedly affects the expression level of MDR1 mRNA in
intestine and colon cancer cells. Since the concentrations of oxygen in
the intestine and cancer cells are relatively low compared to other
tissues [30], it is possible that the — 1211T>C substitution affects the
HIF-induced MDR1 expression in a synergistic or inhibitory manner.
However, the —1211T>C substitution could not affect the MDR1
expression, which was induced by a chemically-induced hypoxic
condition, indicating that the — 1211T>C substitution could not form
the functional HRE (Fig. 3C).

In summary, we have demonstrated that the —7833C>T substi-
tution in the MDR1 gene decreases the binding affinities of nuclear

receptors, VDR/RXRa, TRR/RXRa, CAR, CAR/RXRa, and PXR/RXRa, to
their responsive elements located around —7833. We also showed
that the C-to-T substitution at — 7833 reduces transcriptional
activation of MDR1 by VDR, TRB, CAR, and PXR. However, another
SNP at — 1211 (T>C), which forms XRE-like and HRE-like sequences,
failed to affect the AhR-dependent and hypoxia-induced MDR1
transcriptional activation. Although the frequency of —7833C>T
substitution in the MDR1 gene is relatively low, knowledge of the
—7833C>T substitution in MDR1 is crucial for subjects who hold the
—7833T allele because the pharmacokinetics of P-gp substrates may
differ from wild-type profile. Further study, especially clinical studies,
is necessary to confirm the functional significance of the —7833C>T
substitution in the interindividual differences in P-gp expression
level.
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Summary: Human CYP1A1 and CYP1AZ2 genes are in a head-to-head orientation on chromosome 15 and
are separated by a 23-kb intergenic space. To our knowledge, this is the first report on a stable cell line that
contains the 23-kb full-length regulatory region and is able to simultaneously assess the transcriptional activa-
tion of CYP1A1 and CYP1AZ2 genes. The stable cell line that constitutively expresses the reporter activities
was constructed by inserting the dual reporter plasmid containing the 23-kb region between the CYP1A1 and
CYP1AZ genes into the chromosome. Transcriptional activation of the CYP1A1 and CYP1A2 genes was
measured simultaneously using luciferase (Luc) and secreted alkaline phosphatase (SEAP) activities, respec-
tively. To demonstrate the utility of the stable cell line, CYP1A1/1A2 induction by the majority of com-
pounds previously identified as CYP1A1/1A2 inducers was measured. The results clearly show that all com-
pounds caused induction of reporter activities. In addition to assessing transcriptional activation of the
CYP1A1l and CYP1AZ2 genes by measuring reporter activities, we determined the intrinsic CYP1A1 and
CYP1A2 mRNA levels by treating them with the same compounds. The results suggest that this stable cell line

may be used to rapidly and accurately predict CYP1A1/1A2 induction.

Keywords: CYP1A1l; CYP1A2; XRE; AhR; in vitro reporter assay; stably cell line

Introduction

In humans, the CYPIA subfamily is comprised of 2
members—CYPIAI and CYPIA2. CYP1A1l and CYP1A2 in
the liver play important roles in the detoxification of
therapeutic agents and environmental chemicals. These
enzymes are also responsible for the metabolic activation
of polycyclic aromatic hydrocarbons (PAHs) and aromat-
ic amines that are present in combustion products such
as cigarette smoke and charcoal-grilled foods.” CYP1Al
and CYP1A2 are induced by exposure to various chemi-
cals including halogenated hydrocarbons such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) or PAHs such as
benzo[a]pyrene (B[a]P) and 3-methylcholanthrene
(3-MC).*? Induction of CYP1Al and CYPIA2 is under

the regulatory control of the aryl hydrocarbon receptor
(AhR). Ligand-activated AhR translocates into the nucleus
and heterodimerizes with the AhR nuclear translocator
(ARNT). The ligand-AhR-ARNT complex then binds to
the regulatory cis-element xenobiotic-responsive element
(XRE), which locates the upstream portion of target
genes to activate their transcription.z“s’

The Food and Drug Administration (FDA) currently
suggests that the most reliable method to study induction
potency of drugs is by using a primary culture of human
hepatocytes that represents the entire repertoire of
hepatic drug metabolism enzymes and the genes for
maintaining liver-specific functions.® However, this
method frequently shows large donor-to-donor variability
in induction response, resulting in difficulties in data in-
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terpretation.” Furthermore, the expression of many pro-
teins has been shown to decrease rapidly during cultiva-
tion of human hepatocytes, with drug metabolism en-
zymes being particularly sensitive.” Another disadvan-
tage of using human hepatocytes is their high cost.”
Thus, the use of human hepatocytes is restricted, and
limited access to suitable tissue samples prevents their
use in high-throughput screening systems.

Recently, rapid and sensitive bioassays of CYPIAl/
1A2 induction are mainly based on application of a lu-
ciferase (Luc) gene reporter plasmid that includes the
transcriptional regulatory regions of CYP1Al and CYPIA2
genes, respectively. These bioassays require transient
transfection of the plasmid DNA construct before each
experiment. Consequently, this is difficult to apply in
high-throughput screening systems. Additionally, the data
often varies between experiments because controlling
transfection efficiency is difficult. On the other hand,
several researchers have reported on cell-based high-
throughput screening systems to assess the induction of
CYPIAI using stable reporter gene expression, which
has improved problems associated with the transient ex-
pression of the plasmid gene.'” These systems are con-
structed by inserting the reporter gene into chromo-
somes of liver-derived cell lines such as HepG2. The
reporter cell lines are then easily maintained as HepG2,
and the culture conditions are simpler than those re-
quired by hepatocytes. Thus, these stable reporter gene
expression systems have the advantage of being more rea-
dily available and reproducible than the transient expres-
sion systems or hepatocytes used for assessment of
CYPIA1/1A2 induction.

The sequence and genomic orientation of the CYPIAl
and CYPIA2 loci on chromosome 15 have been report-
" ed.'"" The CYP1AI and CYPIA2 genes are located immedi-
ately adjacent to each other in a head-to-head orienta-
tion. The 2 genes are separated by more than 20-kb of in-
tervening DNA, which possesses 13 candidates for XRE.
Yueh et al. and Chao et al. have been using established
stable cell lines harboring a Luc reporter gene integrated
in artificial multiple XREs.'*'” In addition, another
reporter cell line has stably integrated approximately
1.6:kb of the 5’ flanking region of the CYPIAI gene.'"” In
contrast, assessment systems of CYP1A2 induction using
stable reporter gene expression remain to be established.
We have reported that transcriptional activation of the
CYPIAI and CYPIA2 genes is regulated simultaneously
through a common regulatory element existing between
these 2 genes that act bidirectionally.'¥ Thus, transcrip-
tional activation of CYPJA! and CYP1A2 genes is necessa-
ry to assess its intensity in a simultaneous measurement
method. Furthermore, to reflect the induction in vivo, it
is important to establish stable cell lines containing the
reporter genes and the 23-kb intergenic spacer regions
between CYPIAI and CYPIAZ genes. However, current

procedures are not assessed under such conditions.

To develop a simultaneous evaluation method for
CYP1A1/1A2 induction, we established a stable reporter
gene expression in HepG2 for high-throughput screening
systems. Stable reporter cell lines are designed to simul-
taneously assess the transcriptional activation of CYPIA!
and CYPIA2 genes and target the fulllength regulatory
region existing between these 2 genes. In the present
study, this system was used to determine whether known
CYP1A1/1A2 inducers, such as drugs, endogenous com-
pounds, and PAHs, mediate induction of CYP1A1/1A2.

Materials and Methods

Materials: 3-MC, benzo[e]pyrene (B[eJP),
benz[a]anthracene (B[a]A), omeprazole (OME), lansopra-
zole (LPZ), and albendazole (ALB) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). o-Naphthoflavone
(-NF), fB-naphthoflavone (8-NF), B[a]P, 9,10-di-
hydroanthracene (DHA), 7-methylbenz[alanthracene (7-
MB[a]A), dibenz|de,kljanthracene (DB[de,kl]A), chrysene
(Chr), dibenz|a, hjJanthracene (DB[a,h)A), and
dibenz[a,clanthracene (DB[a,c]A) were obtained from
Tokyo Chemical Industry (Tokyo, Japan). TCDD and
dibenz|a, flacrydine (DB[a,jJ]AC) was purchased from
Wako Pure Chemicals (Osaka, Japan) and dimethylsul-
foxide (DMSO) from Nacalai Tesque (Kyoto, Japan). In-
dirubin (IND) was synthesized as descrived by Hossel et
al. (1999)."”

Generation of stable cell lines and cell extract:
The dual reporter plasmids of buman CYPIAI and
CYP1A2 (pd-1A1/1A2) containing approximately 23-kb of
DNA segments (from =+ 1039 of the CYPIAI gene to
+90 of the CYPIA2 gene) were reported previously.'”
The plasmids pd-1A1/1A2 and pQBI including the ne-
omycin resistant gene (Wako Pure Chemicals) were linea-
rized with Norl (NIPPON GENE, Tokyo, Japan), and the
resulting fragments were mixed at a molar ratio of 5:1
and ligated using DNA ligation Kit ver. 2.1 (TaKaRa Bio,
Kyoto, Japan). The human hepatoma cell line HepG2 was
obtained from the RIKEN cell bank (Tsukuba, Japan) and
cultured in Dulbecco’s modified Eagle’s medium
(DMEM, WAKO Pure Chemicals) supplemented with
10% fetal calf serum (Biowest. Miami, FL, USA) and
MEM nonessential amino acids (Invitrogen, Carlsbad,
CA, USA). Cells were seeded in 6-well tissue culture
plates (BD Biosciences, Heidelberg, Germany) at 3 X 10%
cells per well a day before transfection, and the ligation
fragment was transfected using Targefect F-1 (TARGET-
ING SYSTEM, El Cajon, CA, USA) according to the
manufacturer’s instructions. After 2-weeks incubation,
the cells were selected with 700-900 tg/mL geneticin
(G418, Invitrogen). Medium was changed 3 times for 3
weeks until small colonies were visible. Five out of 12
colonies were further subcloned into 48-well tissue cul-
ture plates (BD Biosciences) to obtain monoclonal cells.
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G418-resistant clones were chosen for induction testing
by treating the cells with 1 4uM 3-MC and 10 4M S-NF.
The induction response was measured using the Luc and
secreted alkaline phosphatase (SEAP) assay method. A
clone exhibiting the greatest induction response was
selected for this study.

Cell culture and cell extract: A stable cell line
was cultured in DMEM containing 10% fetal calf serum,
MEM nonessential amino acids, and antibiotic-antimycot-
ic (Invitrogen). The cells were seeded in 24-well tissue
culture plates (BD Biosciences) at 1 X 10° cells per well
in 0.5 mL of DMEM, and the media containing the vari-
ous compounds dissolved in DMSO (final concentration,
0.1%) were changed at 24 h intervals. Control cells were
treated with 0.1% DMSO. After 48 h exposure to various
xenochemicals, portions of the media were collected and
used for the SEAP assay. Subsequently, cells were washed
with phosphate buffered saline (PBS) and suspended in
0.1 mL of Passive Lysis Buffer (Promega, Madison, MI,
USA) in a microcentrifuge tube. The cell suspension was
centrifuged at 12,000 X g for 5 minutes at 4°C. The su-
pernatant was processed for Luc assay and determination
of protein concentration. Protein concentration was
measured using the Bio-Rad Protein Assay (BIO-RAD,
Hercules, CA, USA).

Luc and SEAP assays: The Luc assay was per-
formed according to the manufacturer’s instructions for
Promega using the Luciferase Assay System. Luc activity,
corrected by the protein content of the cell lysate, was
expressed in relative light units (RLU)/mg protein. SEAP
activity was measured using Great EscAPe™ SEAP
Chemiluminescence Kit 2.0 (Clontech, Palo Alto, CA,
USA). The luminescence obtained from reactions of the
Luc and SEAP assays was then monitored by Glomax™
96 Microplate Luminometer (Promega).

Quantitative Analysis of CYP1A mRNA contents:
Total RNA was extracted using TRI REAGENT®
(Molecular Research Center, Cincinnati, OH, USA).
First-strand cDNA was synthesized from 1 ug total RNA
in a 20 UL reaction mixture using Molony Murein Virus
Reverse Transcriptase (Promega), oligo(dT)zo primer, and
Ribonuclease Inhibitor (TaKaRa Bio). cDNA was used to
carry out real-time polymerase chain reaction (PCR) us-
ing SYBR Premix ExTaq (TaKaRa Bio) to measure mRNA
levels of CYP1Al, CYP1A2, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The amplification
reaction were performed with specific primers for
CYP1A1 (forward: 5'-ACTGCTTAGCCTAGTCAACCTG
-3’ and reverse: 5'-CAATCAGGCTGTCTGTGATGTC-
3'), CYP1A2 (forward: 5'-CATTGGTGCCATGTGCTTC-
GGACAG-3’ and reverse: 5'-AAGTCCTGATAGTGCTC-
CTGGACTG-3’), and GAPDH (forward: 5'-GAAGGTG-
AAGGTCGGAGTCAAC-3’ and reverse: 5'-CAGAGTTA-
AAAGCAGCCCTGGT-3’). Quantitative values were ob-
tained above the threshold PCR cycle number (Ct) at

which increase in signal associated with an exponential
growth for PCR products was detected using Thermal
Cycler Dice™ TP800 (TaKaRa Bio). Relative mRNA ex-
pression levels in each sample were normalized accord-
ing to GAPDH expression levels.

Results

Induction of reporter activities derived from
dual reporter genes of CYPIAI and CYPI1A42 by
TCDD in the stable cell line: The stable cell line that
constitutively expressed reporter activities was construct-
ed by inserting the dual reporter plasmid containing the
23-kb intergenic spacer region, responsible for transcrip-
tional activation and regulation of CYPIAI and CYP1A2
genes into the chromosome of HepG2 cells. The tran-
scriptional activities of CYPIAI and CYP1A2 genes were
measured simultaneously with Luc and SEAP activities,
respectively. To characterize the isolated stable cell line,
a time-course and dose-dependent induction of reporter
activities by TCDD was measured. The reporter activities
were determined at 3 time intervals (24, 48, and 72 h) af-
ter adding the concentrations ranging from 0.001 to 100
nM of TCDD to the culture medium. TCDD response of
Luc and SEAP in the stable cell line increased in a time-
course and dose-dependent manner (Fig. 1). Maximum
induction occurred when cells were exposed to 10 nM
for 72 h, during which Luc and SEAP activities were ob-
served at 200- and 30-fold inductions, respectively. In ad-
dition, the reporter activities were readily detectable in
the stable cell line, even though a low concentration of
TCDD (1 nM) for 48 h was used.

The effects of various cell densities on Luc and SEAP
activities were also examined. The stable cell line was
seeded at densities of 2.5 X 10%, 5X 10% and 10X 10*
cells, and reporter activities were determined after 48 h
treatment with 1 nM and 10 nM TCDD, respectively. As
expected, enhancement of the reporter activities oc-
curred in a cell density-dependent manner with the 10 X
10* cell density exhibiting the greatest elevation (Fig. 2).

Influence of inducer concentration and ex-
posure period on reporter activity: TCDD has a
long half-life (5-11 years in humans) owing to its high
lipophilicity and little or no metabolism.'®*” Therefore,
in this system, TCDD accumulated in the stable cell line.
On the other hand, a number of CYP1A1/1A2 inducers
such as PAHs, therapeutic agents, and endogenous com-
pounds are substrates for the enzymes. Among prototypi-
cal AhR ligands, 3-MC and IND are rapidly metabolized
by drug metabolism enzymes and lose their ligand activi-
ty.”"*” To confirm time- and dose-dependent change of
Luc activity, the stable cell line was treated with TCDD,
3-MC, and IND under the same conditions (Fig. 3). The
inducible potency of 3-MC and IND decreased from 24
to 72 h, whereas TCDD caused induction that remained
maximal for the entire 72 h duration of the experiment.
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Fig. 1. Time-course and dose-dependent induction of reporter activities by TCDD in the stable cell line
Cells were seeded at 5.0x 10° cells in 24-well tissue culture plates and treated with TCDD (0.001-100 nM). Cells were harvested at 24

(closed diamonds), 48 (closed squares), and 72 h (closed triangles) after TCOD treatment, and the lysate was used for assays of Luc activity
and protein concentration. The assay of SEAP activity used a portion of the media. Luc and SEAP activities were normalized with protein
concentration, and the values are each shown as the ratio of the average for the control treated with 0.1% DMSO. Each paint represents
the means of 3 samples and the error bars represent standard deviations. (A) Luc activity, (B) SEAP activity.
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Fig. 2. The effects of various cell densities on reporter activities induced by TCDD in the stable cell line
Cells were seeded in 24-well tissue culture plates at the densities of 2.5x 10%, 5x 10*, and 10 x 10° cells/well 24 h betore TCDD treatment.

Cells were treated for 48 h and the lysate was harvested. The lysate was used for assays of Luc activity and protein concentration. The as-
say of SEAP activity used a portion of the media. Luc and SEAP activities were normalized with protein concentration, and the values are
each shown as the ratio of the average for the control treated with 0.1% DMSQO. The columns represent the means of 3 samples and error

bars represent standard deviations. (A) Luc activity, (B) SEAP activity.

Because the stable cell line was treated with low concen-
trations of CYP1A1/1A2 inducers, induction via meas-
urement of SEAP activity was not determined.
Induction of reporter activities compared be-
tween the stable cell line and transient expression

system: The reporter activities of the stable cell line
were significantly enhanced in response to TCDD. To
assess the sensitivity of CYP1A1/1A2 induction screen-
ing, the fold induction of reporter activities in the stable
cell line was compared with that in the transient expres-
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Fig. 3. Time- and dose-dependent changes of Luc activity induced by AhR ligands in the stable cell line
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TCDD (closed triangles) (1-100 nM). Cells were harvested at 12, 24, 48, and 72 h afier compound treatment and the lysate was used for as-
says of Luc activity and protein concentration. Luc activity was normalized with protein concentration, and the values are each shown as
the ratios of the average for the control treated with 0.1% DMSO. Each paint represents the means of 3 samples and error bars represent

standard deviations.
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Fig. 4. Comparison of induction response for typical CYP1A1/1A2 inducers between the stable cell line and transient expression

system

Celis were seeded 1.0 x 10° cells/iwell in 24-well tissue culture plates with 0.5 mL of DMEM for 24 h before compound treatment. HepG2
cells were seeded 1.0 x 10° cells/well in 24-well tissue culture plates with 0.5 mL of DMEM for 20 h before transfection. The pd-1A1/1A2 dual
reporter gene plasmid (0.8 ug) was transiently transfected using Targefect F-1 according to the manufacturer’s instructions and incubated
for 4 h. Two cells {stable cell line; closed bars, transient expression system; open bars) were treated with TCDD (1 nM and 10 nM), 3-MC (1
#M), and IND (1 uM) for 48 h. Then, reporter activities were measured. Luc and SEAP activities were normalized by protein concentration,
and the values are each shown as the ratio of the average for the control treated with 0.1% DMSO. The columns represent the means of 3
samples and the error bars represent standard deviations. (A) Luc activity, (B) SEAP activity.

sion system using HepG2 and pd-1A1/1A2 (Fig. 4). Two
CYP1A1/1A2 induction screening systems were exposed
to 3 strong inducers of CYP1A1/1A2: TCDD, 3-MC, and
IND. As a result, the responsiveness of Luc activity in the
stable cell line was observed as both more sensitive and
more stable than that of the transient expression system
(Fig. 4A). The Luc activity of the stable cell line was
elevated 2-fold compared to the transient expression sys-
tem. In contrast, the induction of SEAP activity in the sta-
ble cell line was less than that in the transient expression

system (Fig. 4B). However, when the 2 experiments
were treated with 3-MC, the responsiveness of SEAP ac-
tivity in the stable cell line was equivalent to that in the
transient expression system. These results show that the
stable cell line is an adequately sensitive assay for assess-
ing typical CYP1A1/1A2 inducers.

Transcriptional activation of CYPIAl and
CYP1A2 genes by various compounds: To demon-

strate the utility of the stable cell line for typical
CYP1A1/1A2 inducers, cells were treated with proton
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Fig. 8. Transcriptional activation of CYP1A1 and CYP1AZ2 genes by various CYP1A1/1A2 inducers in the stable cell line
Cells were seeded 1.0 10° cellsiwell in 24-well tissue culture plates with 0.5 mL of DMEM 24 h before treatment with various compounds.

The cells were treated with TCDD (1 nM), 8-NF (10 uM), 3-MC (1 uM), B[a]P (3 uM), OME (25 uM), LPZ (20 uM), ALB (3 uM), and IND (1 uM) for
48 h. Then, reporter activities were measured. Luc and SEAP activities were normalized by protein concentration, and the values.are each
shown as the ratio of the average for the control freated with 0.1% DMSO. The columns represent the means of 3 samples and the error
bars represent standard deviations. (A) Luc activity, (B) SEAP activity.
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were freated with TCDD (1 nM), 8-NF (10 uM), 3-MC (1 uM), B[a]P (3 uM), OME (25 uM), LPZ (20 uM), ALB (3 uM), and IND (1 uM) for 48 h. Af-
ter 48 h, total MRNA was extracted and subjected to quantitative reverse-transcriptase PCR. GAPDH was used as the internal standard.
Each value is shown as the ratio of the average for the control treated with 0.1% DMSO. The columns represent the means of 3 samples
and the error bars represent standard deviations. (A) CYP1A1 mRNA level, (B} CYP1A2 mRNA level.

from 9.0 % 1.0fold to 17.1 £ 5.2fold compared to that

pump inhibitors, ALB, IND, PAHs, and TCDD (Fig. 5A
with DMSO control. IND (1 #M), an endogenous ligand

and B).**?) Among these compounds, TCDD (I nM)

produced the maximum increase in Luc activity, which
was 263.6 = 49.9fold above DMSO-treated cells (Fig.
5A). Among the PAHs tested, 3-MC (1 #M) and B[a]P (3
HM) were also strong CYP1A1 inducers; they increased
the Luc activity by 31.1%2.2fold and 17.7  1.3fold,
respectively. When cells were treated with therapeutic a-
gents such as proton pump inhibitors (OME 25 yM and
LPZ 20 uM) and ALB (3 M), Luc activity was elevated

for AhR isolated from normal human urine, also in-
creased Luc activity (19.5 £ 2.9old). As with Luc activi-
ty, SEAP activity was also elevated 9.1 % 4.7fold upon
TCDD treatment. Furthermore, 3-MC and B[qJP
produced 7.4% 1.5fold and 3.9£0.9-fold increases in
SEAP activity, respectively (Fig. 5B). Although induction
of simultaneously measured SEAP activity was lower than
that of Luc activity, the induction pattern among the test-
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ed compounds was similar between the Luc and SEAP ac-
tivities.

As shown in Figures 6A and B, intrinsic CYP1A] and
CYP1A2 mRNA levels substantially increased in the sta-
ble cell line treated with the various compounds
described above. The profile of enhanced CYP1Al and
CYP1A2 mRNA levels was similar to that of the reporter
gene assay (Fig. 6A). The level of CYP1A1 mRNA in-
duced by TCDD was more than 1,000fold above the

Wataru SATO, et al.

DMSO-treated cells. 3-MC, B|a]P, proton pump inhibi-
tors, ALB, and IND produced significant increases in
CYP1A1 mRNA level that were more than 30fold above
the DMSO control, while f-NF moderately enhanced
mRNA level compared to other compounds. The in-
fluence of various compounds on CYP1A2 mRNA level
was also examined (Fig. 6B). Similar to the results ob-
served with the reporter gene assay, TCDD produced the
maximum increase of 124.6X61.6fold above the

3-MC Bla}P Ble]P Bla]A DHA
DBjajjAC DB[a,h]A 7-MB[a]A DB|de,klJA DBfa,c]A
Chr B -NF o -NF

Fig. 7. Structures of PAHs used in this study
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Fig. 8. Screening for assessment of CYP1A1/1A2 induction by 13 PAHs

Cells were seeded 1.0 x 10° cells/well in 24-well tissue culture plates with 0.5 mL of DMEM for 24 h before treatment with the various com-
pounds. The cells were treated with 1 uM of 3-MC, B[a]P, B[e]P, B{zJA, DHA, DBJ[a,fJAC, DBJ[a,h]A, 7-MB{a]A, DB[de,k/]A, DB[a,cA, Chr, 8-NF,
o-NF for 48 h. Then, reporter activities were measured. Luc and SEAP activities were normalized by protein concentration, and each value is
shown as the ratio of the average for the control treated with 0.1% DMSO. The columns represent the means of 3 samples and the efror
bars represent standard deviations. (A) Luc activity, (B) SEAP activity.
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DMSO control in CYP1A2 mRNA levels. 3-MC and B{a]P
also proved to be strong inducers for CYP1A2 mRNA,
resulting in 37.8 £ 4.5fold and 44.2%14.9fold in-
creases, respectively. These experiments demonstrate
that induction profiles of the reporter activities in a sta-
ble cell line treated with typical CYP1A1/1A2 inducers
are closely correlated to those that increase intrinsic
CYP1Al and CYPIA2 mRNA levels.

Screening assays for assessing transcriptional ac-
tivation of CYP1Al and CYPIA2 genes by PAHs:
The extent of CYP1A1/1A2 induction activity differs for
each PAH, although both are highly induced by PAHs. In
order to further substantiate the ability of the stable cell
line to be used to assess CYP1A1/1A2 inducers, cells
were treated with 13 PAHs (1 #M, Fig. 7). As shown in
Figures 8A and B, DB[a,h]A produced significant in-
creases in Luc and SEAP activities that were 58.0%£ 12.1-
fold and 16.6£6.0fold above the DMSO control,
respectively. On the other hand, DB[a,c]A and Chr ap-
peated to be strong inducers of Luc activity only, result-
ing in increases that were 46.5% 11.6-fold and 63.0%
9.3-fold above the DMSO control, respectively (Fig. 8A).
Furthermore, Luc activity was also enhanced by 3-MC
and 7-MB[a]A. The remaining PAHs did not induce Luc
activity greater than 5-fold compared to the DMSO con-
trol. SEAP activity of the stable cell line treated with all
tested PAHs (except for DB[a,h]A) exhibited modest in-
duction and similar extents (Fig. 8B). These results show
that the stable cell line has high reporter activities at rela-
tively low concentration (1 #M) that were easily detecta-
ble on CYP1A1/1A2 induction.

Discussion

CYP1A1/1A2 induction has significant implications in
the pharmacokinetics and toxicity of xenobiotics such as
therapeutic agents and environmental chemicals. To
date, information about CYP1A1/1A2 induction has been
obtained via measurement of specific enzyme activity
and mRNA expression level in cellular systems such as
human hepatocytes and human hepatoma cell lines.?”**")
The most relevant information was derived from enzyme
activity in human hepatocytes. However, methods for de-
termining enzyme activity are time consuming and re-
quire cumbersome laboratory procedures and are there-
fore low-throughput. On the other hand, the reporter
gene assay is well suited for high-throughput screening to
assess induction of CYP1A1/1A2.3?

To test the stable cell line created in this study, induc-
tion of reporter activities by strong CYP1A1/1A2 in-
ducers was measured. TCDD induced activity in a time-,
dose-, and cell density-dependent manner (Figs. 1 and
2). When the stable cell line was treated with 1 nM
TCDD for 48 h, enhancement of both Luc (642.3 £ 72.5-
fold) and SEAP (6.8 £ 1.0-fold) activities was significant
enough to simultaneously assess the transcriptional acti-

vation of CYPIAI and CYPIA2 genes under optimal condi-
tions. Other researchers have established similar reporter
cell lines—101L cells and DRE12-6 cells—for assessing
CYPIAl induction® In 10IL cells, 2nM TCDD
produced a 22fold increase in Luc activity after 24 h of
exposure.’*” DRE12-6 cells treated for 28 h with 10 nM
TCDD exhibited a 20fold increase in Luc activity.'”
However, 101L and DRE12-6 cells integrated only part
of the CYPI/A! promoter region and 3 copies of XRE,
respectively. In addition, these reporter gene systems
were not capable of assessing CYP1A2 induction.
Although it is difficult to directly compare the results ob-
tained under various conditions, the stable cell line
generated in this study exhibited high sensitivity to
TCDD in CYP1A1/1A2 induction.

To demonstrate the utility of the stable cell line for the
majority of compounds previously identified as
CYP1A1/1A2 inducers, cells were treated with proton
pump inhibitors, ALB, IND, PAHs, and TCDD (Figs. 5A
and B). The results clearly show that all compounds
caused induction of reporter activity. The fold induction
in the SEAP activity was lower than that of the Luc activi-
ty, while the induction pattern among tested compounds
resulted in similar induction of Luc and SEAP activities.
In addition to assessing transcriptional activation of
CYP1AI and CYP1A2 genes by measuring reporter activi-
ties, we determined that the same compounds altered in-
trinsic CYP1Al and CYP1A2 mRNA levels (Figs. 6A and
B). In general, most compounds exhibiting induction in
the reporter assay also exhibited increased CYP1A1 and
CYP1A2 mRNA levels. Other researchers have demon-
strated pharmacologic profiling of CYP1A1/1A2 induc-
tion in HepG2 cells and human hepatocytes.’® Use of
mRNA expression to detect CYP1A1/1A2 induction
helps predict the enhancement of these enzymatic activi-
ties and increases the throughput. In the present study,
detection of CYP1A]l and CYP1A2 mRNA levels was
more sensitive than the reporter activities derived from a
dual reporter gene. One reason for this is that the report-
er gene assays generally display high backgrounds.
However, the reporter gene assays have the advantages of
being readily available and reproducible, and they are
well suited for high-throughput screening approaches.
The stable cell line created in this study indicated a simi-
lar effect in the induction response of reporter activities
and intrinsic CYP1Al and CYP1A2 mRNA levels. Ac-
cordingly, the enhancement of reporter activities in the
stable cell line sufficiently reflected responses of in vivo
CYP1A1/1A2 induction at a level comparable to that of
specific enzyme activity and mRNA expression level in
human hepatocytes and human hepatoma cell lines.

In order to further substantiate the ability of the stable
cell line to assess CYP1A1/1A2 inducers, 13 PAHs were
used to treat the cells (Figs. 8A and B). The induction
profile of the SEAP activity by PAHs was similar to that of



