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Fic. 2. Cytotoxicity of the benzodiaz-
epines incubated with CYP3A4 on HepG2
cells. HepG2 cells seeded with the benzo-
diazepines and CYP3A4 or control Super-
somes in 96-well plates were incubated at
37°C for 24 h. Cell viability was measured
by ATP assay (left) and MTT assay (right)
as described under Marerials and Methods.
The test compounds were flunitrazepam
(A), nimetazepam (B), nitrazepam (C),
bromazepam (D), and diazepam (E). Data
represent the mean * S.D. of three inde-
pendent experiments. #, P << 0.05; s, P <
0.01; =%, P < 0.001, compared with the
control Supersomes.

epam (data not shown). This finding suggested that the reactive
metabolites of nitrobenzodiazepines may bind to glutathione. How-
ever, glutathione did not completely protect against the cytotoxicity;
thus, there may be another cytotoxic effect that could not be detoxified
by glutathione trapping.

In humans, the major metabolites of flunitrazepam are N-desmeth-
ylflunitrazepam in plasma and 3-hydroxyflunitrazepam and 7-amino-
flunitrazepam in urine (Fukazawa et al., 1978). CYP3A4 is the major
P450 involved in flunitrazepam 3-hydroxylation and N-desmethyla-
tion, but CYP2C9 and CYP2C19 also catalyze the N-desmethylation
of flunitrazepam (Hesse et al., 2001; Kilicarslan et al., 2001). The
reductive metabolite of flunitrazepam, 7-aminoflunitrazepam, is cat-

alyzed by NADPH-cytochrome P450 reductase in HepG2 cells (Peng
et al., 2004). Nimetazepam is metabolized to N-desmethylnimetaz-
epam and 3-hydroxylnimetazepam (Dainippon Sumitomo Pharma,
unpublished data). Nitrazepam is metabolized to 7-aminonitrazepam
and 3-hydroxynitrazepam (Rieder, 1965). Although which P450 iso-
form mediates nimetazepam and nitrazepam metabolism has not been
revealed, nimetazepam and nitrazepam may be metabolized by
CYP2(C9, CYP2C19, and CYP3A4. In our study, when HepG2 cells
were exposed to 100 uM nitrobenzodiazepines, the differences in the
cell viability between CYP2Cs and control Supersomes were less than
10% (Fig. 3), indicating that the contribution of CYP2Cs to the
cytotoxicity of nitrobenzodiazepines was much lower than that of
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CYP3A4. Therefore, the metabolic activations of the nitrobenzodiaz-
epines were CYP3A4-specific reactions.

Caspase 3 and 7 are classified as effector caspases. Active effector
caspases mediate the cleavage of an overlapping set of protein sub-
strates, resulting in the morphological features of apoptosis and the
demise of the cell (Nufiez et al., 1998). Flunitrazepam, nimetazepam,
and nitrazepam significantly increased the caspase 3/7 activities in
HepG2 cells in the presence of CYP3A4 Supersomes (Fig. 4). There-
fore, apoptosis after caspase 3 and 7 activation is one of the cytotoxic
pathways of the reactive metabolites of flunitrazepam, nimetazepam,
and nitrazepam.

The maximum plasma concentrations of nitrobenzodiazepines after
a single administration in humans have been reported as follows: 0.04
uM after an oral dose of 2 mg of flunitrazepam (Fukazawa et al.,
1978), 0.05 uM after an oral dose of 5 mg of nimetazepam (Dainip-
pon Sumitomo Pharma, unpublished data), 0.3 uM after an oral dose
of 10 mg of nitrazepam (Rieder, 1973), and 0.05 M after an oral dose
of 2 mg of clonazepam (Cavedal et al., 2007). Flunitrazepam was
reported to induce hepatotoxicity by the Ministry of Health, Labor and
Welfare of Japan, and nitrazepam and clonazepam were reported to
cause drug-induced liver injury (Olsson and Zettergren, 1988; Seki et
al., 2008). Although it is very difficult to extrapolate from an in vitro

study to in vivo in humans, we may pay attention to the metabolic
activation of nitrobenzodiazepines by CYP3A4.

The metabolism of a nontoxic drug to reactive metabolites is
thought to initiate a variety of adverse reactions (Park, 1986; Parke,
1987). Glutathione is an important intracellular peptide that can de-
toxify reactive metabolites by conjugation (Lu, 1999). Previous stud-
ies reported that reactive metabolites of flutamide (Kang et al., 2007),
trazodone (Kalgutkar et al., 2005), and troglitazone (Kassahun et al.,
2001) formed by CYP3A4 were detoxified by glutathione conjuga-
tions. As shown in Fig. 5, glutathione adducts of flunitrazepam and
nimetazepam were detected by LC-MS/MS, suggesting the production
of reactive metabolites of flunitrazepam and nimetazepam catalyzed
by CYP3A4. In the present study, the structure of the glutathione
adduct of flunitrazepam was estimated by LCMS-IT-TOF as shown in
Fig. 6. It seemed that a nitrogen atom in the side chain of flunitraz-
epam was conjugated with the thiol of glutathione. The structure of
the glutathione adduct of nimetazepam may be similar to that of
flunitrazepam because the fragment jons, [M + H — 337]" and [M +
H — 129]", corresponded to those of flunitrazepam (Supplemental
Fig. 3). The glutathione adducts of nitrazepam could not be detected
either with or without CYP3A4 in our detection system. However, the
cytotoxicity of nitrazepam to HepG2 cells treated with CYP3A4
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epines. HepG2 cells in 96-well plates were in-
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Supersomes (Fig. 2) suggested that metabolic activation might occur.
One of the reasons for this discrepancy may be the sensitivity of the
detection.

Nitroaromatic drugs such as flutamide, nimesulide, and tolcapone
have been associated with idiosyncratic liver injury (Boelsterli et al.,
2006). In the reductive pathways from nitro to the fully reduced amine
catalyzed by P450 and/or reductase, several reactive metabolites in-
cluding nitroso and N-hydroxylamine derivatives could be produced.
Such reactive metabolites seem to bind covalently to nucleophilic
targets of proteins and nucleic acids, leading to the cytotoxic effects
(Biaglow et al,, 1986; Rickert, 1987; Kedderis and Miwa, 1988;
Kedderis et al., 1989), On the other hand, arylamines are metaboli-
cally activated by P450-mediated N-hydroxylation. Electrophilic
N-hydroxylamine reacts with intracellular molecules, which induce
various types of toxicity including hepatotoxicity (Kato and Yamazoe,
1994). Flutamide induced severe hepatic dysfunction. Ohbuchi et al.
(2008) suggested that CYP3A4 catalyzed the N-oxidation of the

amino metabolite of flutamide, which had hepatotoxic effects. Al-
though the bioactivation pathways of nitrobenzodiazepines still re-
main unclear, they may undergo metabolic activation similar to that of
other drugs. Further study is needed to clarify the mechanism of
metabolic activation concerning nitrobenzodiazepines.

In conclusion, we revealed that nitrobenzodiazepines, such as fluni-
trazepam, nimetazepam, and nitrazepam, were metabolically activated
by CYP3A4, resulting in cytotoxicity in HepG2 cells. The CYP3A4
metabolites of flunitrazepam and nimetazepam were conjugated with
glutathione at a nitrogen atom in the side chain. This finding sug-
gested that metabolic activation by CYP3A4 may be one of the
mechanisms in liver injury. Moreover, we established a simple assay
system in which the cytotoxicity in HepG2 cells incubated with
recombinant P450s and the drug was observed with high sensitivity.
This assay system was useful for detecting metabolic activation by
P450s and would be beneficial for predicting drug-induced cytotox-
icity in preclinical drug development.
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Fic. 6. A, predicted structure of the glutathione adduct of
flunitrazepam. B, MS/MS spectra of the product ion ob-
tained by collision-induced dissociation of the glutathione
adduct of flunitrazepam at m/z 621 (M + H]™). These
spectra were scanned using LCMS-IT-TOF.
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Human carboxylesterase (CES) 1A, which is predominantly expressed in liver and lung, plays an
important role in the hydrolysis of endogenous compounds and xenobiotics. CES1A is reported to be
induced in human hepatocytes by butylated hydroxyanisole, ticlopidine and diclofenac, and the
induction is assumed to be caused by oxidative stress. However, the molecular mechanism remains to be
determined. In this study, we sought to investigate whether CES1A is regulated by nuclear factor-
erythroid 2 related factor 2 (Nrf2), which is a transcriptional factor activated by oxidative stress, and
clarify the molecular mechanism. Real-time reverse transcription-PCR assays revealed that CES1A1
mRNA was significantly induced by tert-butythydroquinone (tBHQ) and sulforaphane (SFN), which are
representative activators of Nrf2 in HepG2, Caco-2 and Hela cells. The induction was completely
suppressed with small interfering RNA for Nrf2. In HepG2 cells, the CES1A protein level and imidapril
hydrolase activity, which is specifically catalyzed by CES1A, were also significantly induced by tBHQ and
SFN. Luciferase assays revealed that the antioxidant response element (ARE) at —2025 in the CES1A1 gene
was responsible for the transactivation by Nrf2. In addition, electrophoretic mobility shift assays and
chromatin immunoprecipitation assays revealed that Nrf2 binds to the ARE in the CES1AT gene. These
findings clearly demonstrated that human CES1A1 is induced by Nrf2. This is the first study to
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Carboxylesterase

Gene regulation

Nuclear factor-erythroid 2 related factor 2

demonstrate the molecular mechanism of the inducible regulation of human CES1A1.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Human carboxylesterase (CES) is a member of serine hydrolase
superfamily and involved in the hydrolysis of endogenous
compounds and xenobiotics. In human, the CES1A and CES2
families play important roles in drug metabolism. The CES1A
mainly hydrolyzes substrates with a small alcohol group and large
acyl group, such as imidapril [1] and osertamivir [2]. In contrast,
the CES2 prefers substrates with a large alcohol group and small
acyl group, such as CPT-11 [3] and heroin [4]. Since CESTA has been
reported to play roles as triglyceride hydrolase (TGH) [5], acyl
coenzyme A:cholesterol acyltransferase (ACAT) [6] and cholesteryl
ester hydrolase (CEH) [7], it seems probable that CESIA is
important for the lipid metabolism as well as the drug metabolism.
CES1A is predominantly expressed in liver and lung, whereas CES2
is expressed in colon and liver [8]. Human CES1A is classified into
two isoforms, CES1A1 and CES1A2, with high homology at the
mRNA level (99.3%). It has been accepted that the CESTAZ gene is

* This study was supported by a Grant-in-Aid for Encouragement of Young
Scientists of the Ministry of Education, Science, Sports and Culture #21790148.
* Corresponding author. Tel.: +81 76 234 4407; fax: +81 76 234 4407.
E-mail address: tyokoi@kenroku kanazawa-u.ac.jp (T. Yokoi).

0006-2952/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2009.08.019

inverted and duplicated with the CES1AI gene {9]. However, we
recently demonstrated that the CESTA2 gene is a variant of the
CES1A3 pseudogene [10]. The sequence identity in the 5'-flanking
region between the CESIAT and CES1AZ2 genes is approximately 90%
and the sequences downstream intron 1 of them are identical.
Since only the N-terminal signal peptide sequences in exon 1 of
CES1A1 and CES1A2 are different, mature proteins produced from
both mRNA are identical. Our previous study revealed that the
levels of CES1AT mRNA transcribed from the CES1A1 gene were
substantially higher in liver than those of CES1AZ mRNA
transcribed from the CESIA2 gene [10]. Therefore, it is plausible
that the level of CES1A1 mRNA rather than that of CESTA2Z mRNA
affects the level of mature protein and enzyme activity.

Cells are protected against oxidative stress by increasing the
transcription of a group of genes coding antioxidant proteins and
phase 1 enzymes, such as NAD(P)H:quinone oxidoreductasel
(NQO1) [11], heme oxigenasel (HO-1) {12}, and UDP-glucurono-
syltransferase (UGT) 1A1 [13]. The most important regulator of the
up-regulation is the transcription factor nuclear factor-erythroid 2
(NF-E2) related factor 2 (Nrf2). Nrf2 is a member of the cap'n’collar
(CNC) family of transcriptional factors and contains a C-terminal
basic leucine zipper structure that facilitates dimerization and
DNA binding [14]. Nrf2 is highly expressed in detoxification tissues
such as liver and kidney, and tissues that are exposed to the

247



T. Maruichi et al./Biochemical Pharmacology 79 (2010) 288-295 289

external environment, such as skin, lung and gastrointestinal tract
[15]. In the absence of cellular stress, Nrf2 is localized in cytosol by
binding with Kelch-like erythroid cell-derived protein with CNC
homology (ECH)-associated protein 1 (Keap1), which acts as a
substrate adopter for Cullin-dependent E3 ubiquitin ligase complex.
Under the condition of oxidative stress, Nrf2 is released from Keap1
and translocates into the nucleus. After heterodimerization with
small Maf protein, Nrf2 stimulates the transcription of the down-
stream genes by binding to antioxidant response element (ARE), a
cis-acting enhancer with a consensus sequence defined as 5'-
TMANNRTGABnnnGCAWwWww-3/, in which the core nucleotide is
underlined [16,17]. tert-Butylhydroquinone (tBHQ) and sulfora-
phane (SFN) are known to be representative activators of Nrf2 {18].

There are few reports of the regulatory mechanism of human
CES1A. Hosokawa et al. [19] demonstrated that Sp1 and C/EBP are
involved in the basal expression of CES1A1. In addition, Nishimura
et al. [20] reported that, in human hepatocytes, CES1A mRNA was
not induced by rifampicin and omeprazole, which are potent
ligands of pregnane X receptor and aryl hydrocarbon receptor
(AhR), respectively. Thus, the inducible regulation of CES1A has not
been reported until now. Recently, Takakusa et al. [21] reported
that CES1A was induced by butylated hydroxyanisole, ticlopidine
and diclofenac in human hepatocytes, and that the induction
would be stimulated by oxidative stress. As described above, it is
well known that Nrf2 is involved in the induction by oxidative
stress. In addition, a computer-assisted homology search revealed
putative AREs within —3200 bp of the CESTAI gene. Thus, it is
plausible that Nrf2 is involved in the transcriptional regulation of
CES1A. These lines of evidence prompted us to investigate whether
the human CES1AT gene is regulated by Nrf2,

2. Materials and methods
2.1. Chemicals and reagents

tBHQ was purchased from Wako Pure Chemical Industries
(Osaka, Japan). L-SFN was purchased from Alexis (San Diego, CA).
Imidapril and imidaprilat were kindly supplied by Mitsubishi
Tanabe Pharma Corporation (Osaka, Japan). Anti-human Nrf2
antibodies (C-20 and H-300), which recognize the C- and N-
terminus of Nrf2 protein, respectively, were from Santa Cruz
Biotechnology (Santa Cruz, CA). Stealth Select RNAi for Nrf2
(HSS107130)(5'-aaucacugaggccaaguaguguguc-3')and Stealth RNAi
negative control, Medium GC Duplex #2 were from Invitrogen
(Carlsbad, CA). All primers and oligonucleotides were commercially
synthesized at Hokkaido System Sciences (Sapporo, Japan). All other
reagents were of the highest grade commercially available.

2.2. Cells and culture conditions

The human hepatoma cell line HepG2 and human colon
carcinoma cell line Caco-2 were obtained from American Type
Culture Collection (Manassas, VA). Human adenocarcinoma of the
cervix of uterus cell line HeLa was obtained from RIKEN BioResource
Center (Ibaraki, Japan). Hela cells were cultured in Dulbecco’s
modified Eagle's medium (DMEM) (Nissui Pharmaceutical, Tokyo,
Japan) supplemented with 10% fetal bovine serum (FBS) (Invitro-
gen). HepG2 and Caco-2 cells were cultured in DMEM supplemented
with 10% FBS and 0.1 mM nonessential amino acids (Invitrogen). The
cells were maintained at 37 °C under an atmosphere of 5% CO,.

2.3. Real-time reverse transcription (RT)-polymerase chain reaction
(PCR) analysis

Total RNA was extracted using RNAiso (Takara Bio, Shiga, Japan)
and cDNA was synthesized from total RNA using ReverTra Ace
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Table 1
Sequences of oligonueleotide used in the present study.

Oligonucleotide Sequence

For real-time RT-PCR

CESTAL S 5.atgtggeteegtgect-3
CES1A1 AS? 5'-tcttcacaaagctecatggt-3/
CES2 SP 5-aacctgtctgectgtgaccaagt-3
CES2 AS? 5/.acatcagcagcgttaacattttctg-3'
HO-1 §° 5/-atagagcgaaacaageaga-3’
HO-1 AS® 5'-tagagctgtttgaacttgg-3'
GAPDH §° 5(_ccagggetgcttttaacte-3/
GAPDH AS¢ 5/-gctecccectgeaaatga-3

For SOE-PCR
pGL3:S 5'-tagcaaaataggetgteeec-3’
pGL3-AS 5'-tcgatatgtgeatctgtaaaa-3’ :
ARE2 mt-A 5'-atctaaggcaaattTICTTGTCAgctcatt-3'
ARE2 mt-B 5'-aatgagcTGACAAGAAaatttgecttagat-3/
ARE3 mt-A 5’-acagcaactcaatgTTAAAGTCAgaaccag-3’
ARE3:mt-B 5'-ctggttcTGACTTTAAcattgagttgctgt-3'
ARE4 mt-A 5'-cccgtgagattaat TITGTCTCAcgatett-3
ARE4 mt-B 5'-aagatcgTGAGACAAAattaatctcacggg-3

For ChIP assays
CES1AT1 -2178S
CES1A1 -1855 AS
CES1A1 —1274 S
CES1A1 —-956'AS

5'-gaccttaggcaatcectect-3
5'-tggctgtaatcttgtcagigtetc-3
5i-tetttgtgtacaagettttgtg-3°
5'-cacaaggaagtcactcaaag-3’
CES1A1 —-958 S 5'-gtgtccccageagettgtaa-3’
CES1A1 —666 AS 5'-aaaatgaactecgtececce-3'
For electrophoresis mobility shift assays
CARE® ' §'.gatcttttatgctgagtcatggttt-3'
CES1AT ARE4 5/-atttaagatcgTGAGACAGCattaatcte-3
CES1A1-ARE4mt 5'-atttaagatcgTGAGACAAAattaatcte-3/
CES1A1 ARE6 5'-taggggaatt GCTGGGTCAtatggaaactc-37
CES1A1 ARE6mt 5'-taggggaatt TITGGGTCAtggaaactc-3"

The core ARE is indicated by capital letters and mutated nucleotides are underlined.
2 From Fukumi et al. [10].
b From Sanghani et al. {23).
€ From Nakamura et al. [24].
4 From Tsuchiya et al. [22].
¢ From Balogun et al. [12].

(TOYOBQ, Osaka, Japan) according to the manufacturer’s protocol.
Human GAPDH mRNA was quantified by real-time RT-PCR using
the Smart Cycler (Cepheid, Sunnyvale, CA) as described previously
[22]. CES1A1, CES2 and HO-1 mRNA levels were quantified under
the same condition. PCR was performed with the following primer
sets: CES1A1, CES1A1 S and CES1A1 AS; CES2, CES2 S and CES2 AS;
HO-1, HO-1 S and HO-1 AS (Table 1).

2.4. Immunoblot analysis

The expression of CES1A protein was measured by SDS-
polyacrylamide gel electrophoresis and immunoblot analysis
according to Laemmli [25]. For the preparation of cell homo-
genates, HepG2 cells were suspended in TGE buffer (10 mM Tris—
HCI (pH 7.4), 20% glycerol, 1 mM EDTA) and disrupted by freeze-
thawing three times. The protein concentrations were determined
according to Bradford [26]. Cell homogenates (30 ug) were
separated on 7.5% polyacrylamide gels and electrotransferred
onto polyvinylidene difluoride membrane, Immobilon-P (Milli-
pore, Billerica, MA). The membranes were probed with polyclonal
rabbit anti-human CES1A (Abcam, Cambridge, MA), and IRDye680-
labeled anti-rabbit IgG and an Odyssey infrared imaging system
(LI-COR Biosciences, Lincoln, NE) were used for detection. The
relative expression level was quantified using ImageQuant TL
Image Analysis software (GE Healthcare, Buckinghamshire, UK).

2.5, Imidapril hydrolase activity

The imidapril hydrolase activity was determined according to
the method described previously with a slight modification [27]. A
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typical standard reaction mixture {total volume, 0.2 ml) contained
HepG2 cell homogenates (1 mg/ml), 100 mM Tris-HCl buffer (pH
7.4) and 100 uwM imidapril. The final concentration of the organic
solvent in the reaction mixture was <1.0%. The reaction was
initiated by the addition of imidapril after 2 min of preincubation
at 37 °C. After 30 min of incubation, the reaction was terminated by
adding 100 p.l of ice-cold acetonitrile. After the removal of protein
by centrifugation at 9500 x g for 5 min, a 10 pl portion of the
supernatant was subjected to liquid chromatography-tandem
mass spectrometry with an Inertsil ODS-3 analytical column
(2.1 mm x 100 mm; GL Science, Tokyo, Japan). The mobile phase
consisted of acetonitrile/10 mM ammonium formate (20:80). The
mass/charge (m/fz) ion transitions were recorded in the multiple
reaction monitoring mode: mfz 378.2 and 206.3 for imidaprilat.

2.6, Construction of reporter plasmid

A pGL3 plasmid containing two copies of the consensus ARE (2 x
¢ARE) in the human NQO-1 gene (5'-gatcagtcacagtgactcagcagaatct-
3, which was previously constructed in our laboratory {24], was
used as a positive control. The PCR fragments of the 5'-flanking
region (—3207 to —1bp) in the CESIAI gene amplified using
genomic DNA samples were cloned into the pGL3-basic vector
(Promega, Madison, MI) after treatment with Klenow Fragment
(Takara) and digestion with Xho 1. This plasmid (—3207 to —1 bp)
was used for construction of the other reporter plasmids (1531 to
—1, and 833 to —1 bp) by digestion and subcloning. Throughout
this article, base A in the initiation codon ATG is denoted +1 and the
base before A is numbered —1. Three reporter plasmids containing
ARE(s), the —3041 to —2891 bp plasmid that contained ARE1, the
2365 to —1989 bp plasmid that contained ARE2, ARE3 and ARE4,
and the —1310to —1170 bp plasmid that contained ARES5 and ARE6
were constructed by PCR and subcloning. The plasmids mutated at
the AREs (ARE2 mt, ARE3 mt and ARE4 mt) were constructed by
splicing with overlap extension (SOE)}-PCR [28]. The regions
around the nucleotides to be mutated were amplified using primer
pairs pGL3 S and mt-A (PCR 1), or mt-B and pGL3 AS (PCR 2)
(Table 1). The following SOE-PCR was performed with the primer
pair pGL3 S and pGL3 AS, combining the PCR products 1 and 2. The
SOE-PCR products were digested with the appropriate restriction
enzymes and subcloned into the pGL3-tk vector. The nucleotide
sequences were confirmed by DNA sequence analysis (Long-Read
Tower DNA sequencer; GE Healthcare).

2.7. Transfection and luciferase assay

For siRNA transfection, HepG2, Caco-2 and Hela cells were
transfected with 30 pmol siRNA by using lipofectamine RNAIMAX
(Invitrogen). After incubation for 24 h, the cells were treated with
80 WM tBHQ, 10 uM SEN or 0.1% dimethyl sulfoxide (DMSO) for
24 h. For the luciferase assays, HepG2 cells were seeded into 24-
well plates at 1 x 10° cells/well. Transfection was performed using
Tfx-20 reagent (Promega). The transfection mixtures consisted of
200 ng of pGL3 plasmid, 10 ng of phRL-TK plasmid (Promega), and
100 ng of human Nrf2 expression plasmid [24] or pTARGET empty
plasmid as a control. The cells were harvested 48h after
transfection and lysed to measure the luciferase activity using a
Dual Luciferase Reporter Assay System {Promega). The relative
luciferase activities were normalized with the Renilla luciferase
activities.

2.8. Electrophoretic mobility shift assay (EMSA)
Double-stranded  oligonucleotides were labeled with

[y-32P]JATP using T4 polynucleotide kinase (TOYOBO) and purified
by Microspin G-50 columns (GE Healthcare). The oligonucleotide

sequences are shown in Table 1. The labeled probe (40 fmol,
~20,000 cpm) was applied to each binding reaction in 25 mM
HEPES-KOH (pH 7.9), 0.5 mM EDTA (pH 8.0), 10% glycerol, 50 mM
KCl, 0.5 mM dithiothreitol, 0.5 mM (p-amidinophenyl)methane-
sulfony! fluoride, 1 g of poly(dI-dC), 5 wg of salmon sperm DNA,
and 8 wg of the nuclear extracts from 0.1% DMSO- or 10 .M SFN-
treated HepG2 cells prepared using NE-PER Nuclear and cyto-
plasmic extraction reagents (Pierce, Rockford, IL) with a final
reaction volume of 15 pl. To determine the specificity of the
binding to the oligonucleotides, competition experiments were
conducted by co-incubation with 5-, 25-, and 50-fold excesses of
unlabeled competitors. For supershift experiments, 2 g of anti-
Nrf2 antibodies (C-20 and H-300) or normal rabbit IgG were
preincubated with the nuclear protein on ice for 30 min. The
reactions were incubated on ice for 15 min and then loaded on 4%
acrylamide gel in 0.5x Tris-borate EDTA buffer. The gels were
dried and exposed to film for 24 h. The DNA-protein complexes
were detected with a Fuji Bio-lmaging Analyzer BAS 1800 (Fuji
Film, Tokyo, Japan).

2.9. Chromatin immunoprecipitation (ChIP) assay

When HepG2 cells reached 60% confluence in 60-mm dishes,
they were treated with 0.1% DMSO or 10 wM SFN. After 24 h
incubation, ChIP assays were performed using a ChIP assay kit
(Upstate, Lake Placid, NY) according to the manufacturer’s
protocol. Rabbit anti-Nrf2 antibodies (C-20 and H-300) and normal
rabbit IgG were used for immunoprecipitation of the protein-DNA
complexes. PCR was performed with the following primer sets:
region 1, CES1A1 —2178 S and CES1A1 —1855 AS; region 2, CES1A1
—~1274 S and CES1A1 —956 AS; region 3, CES1A1 -956 S and
CES1A1 —666 AS (Table 1). The PCR conditions were as follows:
after initial denaturation at 94 °C for 3 min, the amplification was
performed by denaturation at 94 °C for 25 s, annealing at 58 °C
(region 1), 54 °C (region 2) or 60°C (region 3) for 25s, and
extension at 72 °C for 30s for 30 cycle. The PCR products were
electrophoresed on a 2% agarose gel and visualized by ethidium
bromide.

2.10. Statistical analysis

Data are expressed as mean £ SD. Statistical significance
between two groups was determined by two-tailed Student’s t-test.
Statistical significance between multiple groups was determined by
ANOVA followed by Dunnett or Tukey test. A value of P < 0.05 was
considered statistically significant.

3. Results
3.1. Induction of CES1A in cultured cells

The effects of tBHQ and SFN on the expression of CESTAT mRNAin
HepG2, Caco-2 and HeLa cells were examined (Fig, 1). By treatment
with 80 M tBHQ and 10 .M SFN, the expression of CES1A1 mRNA
was significantly increased in HepG2 (2.6- and 3.4-fold, respec-
tively), Caco-2 (3.4- and 4.4-fold) and Hela cells (3.4~ and 3.0-fold).
Under the same condition, the level of HO-1 mRNA, which is already
known to be induced by Nrf2, was also significantly induced in all cell
lines. In contrast, the level of CES2 mRNA was not changed in any of
cell lines. The CES1A protein expression and enzyme activity were
measured to examine whether they were increased by the induction
of CES1A1 mRNA expression by tBHQ and SFN in HepG2 cells,
Immunoblot analysis revealed that the expression of CES1A protein
was clearly increased up to 1.73- and 2.12-fold in HepG2 cells by
tBHQ and SFN, respectively (Fig. 1B). In Caco-2 and HeLa cells, itwas
difficult to detect CES1A protein by immunoblot analysis due to the
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Fig. 1. (A) Effects of tBHQ and SFN on the CES1A1, CES2 and HO-1 mRNA expression in HepG2, Caco-2, and Hela cells. The cells were treated with 80 M tBHQ, 10 wM SFN or
DMSO vehicte (0.1%) for 24 h, The expressions of CES1A1, CES2 and HO-1 mRNA were determined by reat-time RT-PCR and normalized with the GAPDH mRNA levels. Effects
of tBHQ and SFN on the expression of CES1A protein (B) and the imidapril hydrotase activity (C) in HepG2 cells. The cells were treated with 80 M tBHQ, 10 1M SFN or DMSO
vehicle (0.1%) for 24 h. The expression of CES1A protein was determined by immunoblot analysis. Each colurnn represents the mean + SD of three independent experiments.

P < 0.05; P < 0.01 compared with control (vehicle).

low expression level. Imidapril hydrolase activity, which is
specifically catalyzed by CES1A, was also significantly increased in
HepG2 cells by tBHQ and SFN (from 3.4 +0.23 to 4.13 + 0.23 and
531 + 0.15 pmol/min/mg protein, respectively) (Fig. 1C). These results
indicate that the induction of CESTA1 mRNA expression by tBHQ and
SEN led to increases in CES1A protein expression and enzyme activity.

3.2. Effect of Nrf2 knockdown on the induction of CES1A1
by tBHQ and SFN

To investigate whether Nrf2 is responsible for the induction of
CES1A1 by tBHQand SFN, the endogenous Nrf2 was knockdowned in
HepG2, Caco-2 and Hela cells (Fig. 2). It was confirmed that the Nrf2
mRNA expression was decreased 79%, 82%, and 88% by siRNA-Nrf2
transfection in HepG2, Caco-2, and HeLa cells, respectively. In all cell
lines, tBHQ and SFN mediated induction of CESTA1 mRNA was
completely suppressed by the knockdown of Nrf2, In HepG2 and
Caco-2 cells, the basal expression level of CESTAT mRNA was not
changed by siRNA-Nrf2 transfection, whereas it was significantly
decreased in Hela celis. These results suggested that Nrf2 plays a
critical role in the induction of CES1A1 by tBHQ and SFN.

3.3. Identification of Nrf2 binding site in the 5'-flanking region
of the CES1A1 gene

A computer-assisted homology search identified six putative
AREs within —3200 bp of the CES1AT gene (Fig. 3). These AREs at
-2971, 2323, —2203, —-2025, —1283, and —1218 bp were termed

ARE1,AREZ, ARE3, ARE4, ARE5 and ARES, respectively. To investigate
whether AREs in the CES1A1 gene were functional in Nrf2-dependent
transactivation, luciferase assays were performed using reporter
plasmids containing the 5'-flanking region of the CES1AI gene
(—3207 to —1, —1531 to -1, and ~833 to —1 bp) in HepG2 cells
(Fig. 4A). The transcriptional activity of 2x cARE used as positive
control was increased up to 2.2-fold by the overexpression of Nrf2.
Unexpectedly, the overexpression of Nif2 did not activate the
transcriptional activities of any plasmids. Then, we constructed
three reporter plasmids containing ARE-neighboring regions and
luciferase assays were performed (Fig. 4B). The transcriptional
activities of the —2365 to —1989 bp plasmid that contained ARE2,
ARE3 and ARE4 were increased up to 2.0-fold by the overexpression
of Nrf2. In contrast, Nrf2 did not activate the transcriptional
activities of the 3041 to —2891 bp plasmid that contained ARE1
and the ~1310to —1170 bp plasmid that contained ARES and ARE6.
To further confirm the functional ARE, a mutation was introduced
into each ARE of the —2365 to —1989 bp plasmid. The Nrf2-
dependent transcriptional activation with the —~2365 to —1989 bp
plasmid was completely abolished by introducing the mutation in
ARE4 (Fig. 4C). These results suggest that the ARE4 works as a
functional Nrf2 response element in the CESTAT gene.

3.4. Nrf2 directly binds to the ARE at —2025 of the CES1A1 gene
To examine whether Nrf2 directly binds to ARE4, EMSA was

performed using the nuclear extract prepared from DMSO- or SFN-
treated HepG2 cell and 3?P-labeled ARE4 as a probe (Fig. 5). When
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the probe was incubated with the nuclear extracts from the SFN-
treated HepG2 cells, the shifted band was clearly observed. The
band density was diminished with both anti-Nrf2 antibodies (C-20
and H-300), although the supershifted band was observed only
with the anti-Nrf2 antibody (C-20). These results indicate that the
shifted band contained Nrf2 complexes. Moreover, the shifted
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Fig. 3. Schematic diagram of putative AREs in the 5'-flanking region of the human
CES1AT gene. Numbers indicate the nucleotide position when the A in the initiation
codon ATG is denoted +1 and the base before A is numbered —1. The core ARE
sequence is indicated by an arrow. The nucleotides that are consistent with the
consensus ARE are shown with capital letters.

band was competed out by excess amounts of unlabeled cARE or
ARE4, but not by the mutant ARE, ARE4 mt. These results suggested
that Nrf2 binds to the ARE located at —-2025 in the 5'-flanking
region of the CES1A1 gene.

To further examine whether Nrf2 binds to ARE4 in intact cells,
ChlIP assays were performed using DMSO- or SFN-treated HepG2
cells (Fig. 6). PCR was performed with primers designed to amplify
the —2178 to —1855 bp (region 1) containing ARE4, the —1274 to
—956 bp (region 2) containing ARE6 and the —958 to —666 bp
(region 3) containing no AREs. Normal rabbit [gG was used as a
negative control of immunoprecipitation for ChIP assays. As shown
in Fig. 6, the immunoprecipitants of SFN-treated HepG2 celis
obtained with anti-Nrf2 antibody (C-20) generated a distinct PCR
product for region 1, but those obtained with anti-Nrf2 antibody
(H-300) or normal rabbit IgG did not. Using primer sets for region 2
and region 3, no PCR products were obtained with any antibodies.
These results suggest that Nrf2 binds to the ARE located at —2025
in the 5'-flanking region of the CES1A7 gene in intact cells.

4. Discussion

In this study, we demonstrated that human CES1A1 is induced
by Nrf2. The human CES1A1 gene and CESIA3 pseudogene are
inverted and duplicated genes. Our recent study demonstrated
that the CES1A2 gene is a variant of the CES1A3 pseudogene [10]. In
the present study, we demonstrated that the ARE4 in the CES1A1
gene was the key element of Nrf2-mediated induction, but the
sequence of the region corresponding to ARE4 in the CES1A1 gene
exists in the CES1A2 gene. Therefore, it is conceivable that CES1A2
mRNA derived from the CES1A2 gene is also induced by Nrf2. The
copy numbers of the CES1IA2 gene and CES1A3 pseudogene were
investigated for HepG2, Caco-2 and HeLa cells according to Fukami
et al. [10] (data not shown). HepG2 and Caco-2 cells had two copies
of the CES1A3 gene, but Hela cells had one copy each of the CES1A3
and CES1A2 genes. However, in Hela cells, CESTA2Z mRNA was not
detected (data not shown), thus the induction of CES1A2 by Nrf2
could not be further investigated. Since the expression of CES1A2
mRNA is much lower than that of CESTA1 mRNA in human liver
{10], the Nrf2-mediated induction of CES1A2 would have a minor
effect on the CES1A enzyme activity.

NQO1, HO-1, and UGT1A1 are well known to be induced by
tBHQ and SFN via Nrf2 [11-13]. Recently, these inductions have
attracted attention as biomarkers of the electrophilic stress caused
by the formation of reactive metabolites because they serve as a
cellular defense against electrophiles and oxidative stress products
[29]. It is plausible that CES1AT1 is also a possible biomarker of
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Fig. 4. Relative promoter activity of constructs containing putative ARE(s) in the 5'-flanking region of the CES1A7 gene and the effect of the overexpression of Nrf2 in HepG2
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electrophilic stress because it was demonstrated in this study that
CES1A1 is induced by Nrf2, tBHQ and SFN are also known as ligands
of AhR [30,31]. NQO1, HO-1, and UGT1A1 are induced by AhR as
well as by Nrf2 [32-34]. In the present study, CES1A1 induction by
tBHQ and SFN was completely suppressed by knockdown of Nrf2.
In addition, it was reported that CES1A mRNA is not induced by
omeprazole, a potent ligand of AhR, in human hepatocytes {20].
These results indicate that only Nrf2 but not AhR would be
involved in the CES1A1 induction by tBHQ and SFN. Interestingly,
in Hela cells, the basal expression level of CESTA1 mRNA was
significantly decreased by the knockdown of Nrf2. This result
indicates that Nrf2 regulates the basal expression of CES1A1 in
Hela cells. Similarly, it was reported that the basal expression level
of carboxylesterase in lung and small intestine is decreased in Nrf2
knockout mice [35,36]. In addition to Sp1 and C/EBP [19], Nrf2
might also regulate the basal expression level of CES1A1.
Generally, the genes induced by Nrf2 are involved in
detoxification {18]. Because CES1A expression was induced by
Nrf2, it was conceivable that CES1A is also involved in detoxifica-
tion. It was reported that carboxylesterase in human lung
microsomes, in which CES1A is highly expressed, is involved in
the detoxification of vinyl carbamate [37]. To our knowledge, this
is the only report suggesting the involvement of CES1A in the

detoxification of reactive intermediates and carcinogens. It
appears that CES1A is associated with lipid elimination in the
liver [4-6]. Oxidative stress is one of the causal factors for hepatic
steatosis, which leads to liver injury [38]. Although there were no
reports about the relevance of CES1A to hepatic steatosis, CES1A
may be involved in the defense of the cells against hepatic
steatosis.

As shown in Fig, 4B, the transcriptional activities using the
plasmid containing sequence —2365 to —1989 in the 5/-flanking
region of the CES1AI1 gene were increased up to 2.0-fold by
overexpression of Nrf2, and it was demonstrated that the ARE4
works as a functional Nrf2 response element in the CES1A1 gene.
Although we analyzed the transcriptional activity using plasmids
containing the sequences —3207 to —1, ~1531 to —1, and —833 to
-1 bp in the 5’-flanking region of the CES1A1 gene, the activity was
not increased by the overexpression of Nrf2 (Fig. 4A). This result
was similar to that in our previous study in which a significant
increase of the transcriptional activity by Nrf2 overexpression was
not observed using plasmids containing the sequences —2191 or
—1408 to —7 in the 5'-flanking region of the UGT2B7 gene {24]. It is
assumed that the plasmid containing the long sequence resultsin a
complicated conformation, which makes it difficuit for Nrf2 to bind
to the target ARE,
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ARE4 mit

Fig. 5. Electrophoretic mobility shift assays of Nif2 binding to ARE4 in the CESIAT
gene. Oligonucleotide probes of CES1A1 ARE4 labeled with *P were incubated with
nuclear extracts prepared from HepG2 cells treated with 10 pM SFN or DMSO
vehicle (0.1%). The sequences of the oligonucleotides are shown in Table 1. Cold
oligonucleotides were used as a competitor at 5-, 25-, and 50-fold molar excess. For
supershift analyses, 2 pg of anti-Nrf2 antibodies (o-Nrf2) or normal rabbit IgG (1gG)
were preincubated with the nuclear extracts on ice for 30 min. The lower arrow
indicates the position of the Nrf2-dependent shifted band, and the upper one
indicates the supershifted complex by anti-Nrf2 antibodies.

EMSA and ChIP assays revealed that Nrf2 binds to the 5'-
flanking region in the CES1A1 gene (Figs. 5 and 6). In EMSA, the
supershifted band was observed only with the anti-Nrf2 antibody
(C-20) but not with the anti-Nrf2 antibody (H-300). This result is
consistent with our previous study [24]. In ChIP assays, the

ARE 1 234 56
-3.200 —O {}é—{} {}{} [cEsiar,/
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Fig. 6. ChIP assays of Nrf2 binding to the CESIAT gene in HepG2 cells. Schematic
diagram of the CESIAT gene is shown at the top. ChIP assays were performed as
described in Section 2. HepG2 cells were treated with 10 uM SFN or DMSO vehicle
(0.1%) for 24 h. Rabbit anti-Nrf2 antibodies (C-20 and H-300) and normal rabbit IgG
were used for immunoprecipitation of protein-DNA complexes. DNA fragments
amplified by PCR were analyzed on 2% agarose gel.

immunoprecipitants of SFN-treated HepG2 cells obtained with
anti-Nrf2 antibody (C-20) generated PCR products for region 1
containing functional ARE, but those obtained with anti-Nrf2
antibody (H-300) or normal rabbit IgG did not. Anti-Nrf2 antibody
(C-20) recognizes the C-terminal of Nrf2, whereas anti-Nrf2
antibody (H-300) recognizes the N-terminal. This difference in
the recognition sites between anti-Nrf2 antibodies (C-20 and H-
300) may affect the results in EMSA and the ChIP assays.

Deng et al. [39] and Wu et al. [40] reported that the cholesterol-
lowering drug probucol induces HO-1 via oxidative stress. Aburaya
et al. [41] reported that Nrf2 is activated by non-steroidal anti-
inflammatory drugs {(NSAIDs), such as indomethacin, diclofenac,
ibuprofen and aspirin. Moreover, isothiocyanates such as SFN and
phenethyl isothiocyanate are found broadly distributed among
cruciferous vegetables, e.g., cabbage and broccoli. It was reported
that the intake of cruciferous vegetables for 2 weeks lowers serum
bilirubin concentrations (from 15.73 to 14.02 wmol/L) by up-
regulating UGT1A1 activity [42]. In human skin, NQO1 activity is
induced up to 1.5-fold by sulforaphane-containing broccoli sprouts
[43]. Because CES1A is involved in the metabolism of a number of
clinically used drugs and prodrugs, the combined use of drugs or
dietary foods that activate Nrf2 might affect the drug response,

In conclusion, we found that Nrf2 transcriptionally activates
CES1A1 through binding to the ARE in the 5'-flanking region. This is
the first study to demonstrate the molecular mechanism of the
inducible regulation of human CES1A1.
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ABSTRACT: Glucuronidation catalyzed by UDP-glucuronosyltransferase (UGT)
enzymes is an important pathway in the metabolism of drugs as well as environmental
chemicals. In this study, protein—protein interactions between human UGT2B7 and
UGT1As and their effects on the enzymatic activities were investigated using double
expression systems in HEK293 cells (UGT2B7/UGT1AL, UGT2B7/UGT1A4, UGT2B7/
UGT1AS8, and UGT2B7/UGT1A9). Native-PAGE analysis clearly revealed that UGT2B7
forms homo-oligomers. Furthermore, hetero-oligomers of UGT2B7 with UGT1As were
observed by native-PAGE analysis. Immunoprecipitation assay revealed associations of
UGT2B7 with UGT1A1l, UGT1A4, UGT1A6, and UGT1A9. The thermal stability of
UGT2B7 was significantly increased by the coexpressed UGT1A1, UGT1A4, UGT1AS6,
and UGT1AS9, indicating an interaction between UGT2B7 and the UGT1As. To examine
the effects of the protein-protein interactions on the enzymatic activities, kinetic
analyses were performed. Coexpression of the UGT1As significantly decreased K,
and increased V.. of zidovudine O-glucuronidation by UGT2B7. Coexpression of
UGT2B7 also affected the kinetics of estradiol 3-O-glucuronidation by UGT1A1, imi-
pramine N-glucuronidation by UGT1A4, serotonin O-glucuronidation by UGT1A6, and
propofol O-ghucuronidation by UGT1A9. In conclusion, it was clearly demonstrated that
human UGT2B7 interacts with UGT1A enzymes, affecting their kinetics. That such
interactions might occur in human liver microsomes underscores the complexities in
glucuronidations in human liver. © 2009 Wiley-Liss, Inc. and the American Pharmacists
Association J Pharm Sci 99:442-454, 2010

Keywords: hepatic metabolism; enzyme kinetics; phase II enzymes; glucuronosyl-
transferases (UGT); metabolic clearance

INTRODUCTION

UDP-Glucuronosyltransferases (UGTs) catalyze
the conjugation of endogenous and exogenous
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compounds with UDP-glucuronic acid (UDPGA).!
Human UGTSs are classified into three subfami-
lies, UGT1A, UGT2A, and UGT2B, based on
evolutionary divergence.? The human UGTIA
gene cluster located on chromosome 2q37 contains
multiple unique first exons for each UGT1A, with
exons 2-5 in common,’® encoding nine kinds of
functional UGT1As. The UGT2A and UGT2B
genes are located on chromosome 4q13, encoding
three and seven functional proteins, respectively.
UGT2A1 and UGT2A2 are formed by differential
splicing of variable first exons and the common
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INTERACTIONS BETWEEN HUMAN UGT2B7 AND UGT1A ENZYMES

exons 2-6, likely the UGTIA gene. However,
UGT2A3 and each UGT2B are encoded by
individual genes. Human UGTs are expressed
in a tissue-specific manner.* Previous studies
using reverse transcription-polymerase chain
reaction (PCR) revealed that UGT1A1, UGT1AS,
UGT1A4, UGT1A6, UGT1A9, UGT2B4, UGT2BY7,
UGT2B10, UGT2B11, UGT2B15, and UGT2B17
are expressed in human liver.*®

Mammalian UGTs are located on the endoplas-
mic reticulum membrane and most of their mass
is in the luminal side. That UGTs form homo- or
hetero-oligomers was revealed by a variety of
techniques including gel permeation chromato-
graphy,” radiation inactivation analysis,®® a
cross-linking study,'® SDS-PAGE,'! two-hybrid
analysis,'? a heterologous expression study,'®*
immobilized metal-chelating chromatography,'®
and fluorescence resonance energy transfer
method.'® Using the heterologous expression
technique, we demonstrated that human UGT1A1L,
UGT1A4, UGT1A6, and UGT1A9 interact with
each other via heterodimerization. The hetero-
dimerization of these UGT1A enzymes caused
diverse changes of enzyme activities depending
on the UGT isoforms and substrates.!”® In the
present study, we expanded our examination of
UGT2B7, because UGT2BY7 is the most important
isoform for the metabolism of clinically used drugs
such as morphine, zidovudine, and valproic acid®’
and is expressed in various tissues including
liver, intestine, and kidney. Kurkela et al.*! has
reported that coexpressed UGT1A6 decreased the
activity of UGT2B7, but their interaction was not
directly proven. Furthermore, there is no infor-
mation on the interactions between UGT2B7 and
the other human UGT1As. In this study, to
understand the interactions between UGT2B7
and UGT1A enzymes, we established double
expression systems of UGT2B7/UGT1A1, UGT2B7/
UGT1A4, UGT2B7/UGT1A6, and UGT2B7/UGT1A9
in HEK293 cells. By native-PAGE analysis,
immunoprecipitation assay, and thermal stability
assay, we evaluated the significance of the inter-
actions between UGT2B7 and UGT1A enzymes.
Finally, the effects of the interactions on their
enzyme activities were assessed.

MATERIALS AND METHODS

Chemicals and Reagents

UDPGA, alamethicin, estradiol, and estradiol
3-glucuronide were purchased from Sigma—Aldrich

DOI 10.1002/jps
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(St. Louis, MO). Zidovudine, imipramine, seroto-
nin, propofol, and G418 were from Wako Pure
Chemicals Industries (Osaka, Japan). Zidovudine
O-glucuronide was obtained from Toronto Research
Chemicals (Toronto, Canada). Rabbit anti-human
UGT1A polyclonal antibody, rabbit anti-human
UGT1Al polyclonal antibody, vrabbit anti-
human UGT2B7 polyclonal antibody, and human
liver microsomes from 11 individuals were
obtained from BD Gentest (Woburn, MA). Rabbit
anti-human UGT2B polyclonal antibody (H-300)
and goat anti-human UGT2B polyclonal antibody
(F-17) were purchased from Santa Cruz Biotech-
nology (San Diego, CA). Mouse anti-KDEL mono-
clonal antibody was obtained from Stressgen
Biotechnologies (San Diego, CA). Perfect NT Gel
M was purchased from DRC (Tokyo, Japan).
Primers were commercially synthesized at Hok-
kaido System Sciences (Sapporo, Japan). All other
chemicals and solvents were of analytical grade
or the highest grade commercially available.

Stable Single and Double UGT Expression Systems
in HEK293 Cells

Expression vectors for human UGT1A1, UGT1A4,
UGT1A6, and UGT1A9 were previously con-
structed.’® Human UGT2B7 (accession number
NM_001074) ¢cDNA was prepared by a reverse
transcription-PCR technique from human liver
total RNA with sense and antisense oligonucleo-
tide primers (§-ATT GCA CCA GGA TGT CTG-3
and 5-CTT GCA TCA CAA TCT TTC TTG
CTG-3). The PCR products were subcloned into
pTARGET Mammalian Expression Vector (Pro-
mega, Madison, WI) and the DNA sequences of the
inserts were determined using a Thermo Seque-
nase Cy5.5 Dye Terminator Cycle Sequencing kit
(GE Healthcare Bio-Science, Piscataway, NJ)
with a Long-Read Tower DNA sequencer (GE
Healthcare Bio-Science). HEK293 cells (American
Type Culture Collection, Manassas, VA) were
grown in Dulbecco’s modified Eagle’s medium
containing 4.5g/L glucose, 10 mM HEPES, and
10% fetal bovine serum with 5% COq at 37°C. Two
micrograms of the UGT expression vector were
transfected into HEK293 cells in 6-well plates
with Lipofectamine (Invitrogen, Carlsbad, CA).
For the double expression systems, the expression
vector for UGT2B7 was simultaneously trans-
fected into the cells with each UGT1A expression
vector (UGT1AL, UGT1A4, UGT1A6, or UGT1A9)
at the ratio of 1:1. Stable transfectants were
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selected in medium containing 800 ug/mL G418
and several clones were isolated.

SDS-PAGE or Native-PAGE and
Immunoblot Analysis

To determine the expression levels of UGT2B7
and UGT1As in the constructed recombinant
systems, SDS-PAGE and immunoblot analysis
were performed using anti-UGT2B and anti-
UGT1A antibodies and an Odyssey infrared
imaging system (Li-COR Biosciences, Lincoln,
NE). Since the titer of the rabbit anti-UGT2B
antibody was higher than that of the rabbit anti-
UGT2B7 antibody, the rabbit anti-UGT2B anti-
body was used. Although it was confirmed that
UGT enzymes are expressed in microsomes
fraction, total cell homogenates prepared as
described previously*® were used for convenience
in this study. The total cell homogenates (10 ug of
protein) were subjected to 10% SDS-PAGE and
transferred to a PVDF membrane Immobilon-P
(Millipore, Bedford, MA). The membrane was
washed with phosphate buffered saline (PBS) two
times and blocked with Odyssey Blocking Buffer
(Li-COR Biosciences) for 1h. The membrane was
probed with the primary antibody diluted (1:500)
with Odyssey Blocking Buffer containing 0.1%
Tween-20 for 1h. The membrane was washed
with PBST (PBS containing 0.1% Tween-20) four
times and incubated with IRDye680-labeled goat
anti-rabbit secondary antibody diluted (1:5000)
with PBST for 1 h. The densities of the bands were
determined using the Odyssey infrared imag-
ing system. Although the expression levels of
UGT2B7 and UGT1As cannot be simply compared
because the primary antibodies are different,
the relative expression levels of UGT2B7 and
UGT1A1 were defined based on standard curves
using their single expression systems (1 U/1 mg of
cell homogenates) for convenience.

To determine the expression levels of UGT2B7
and UGT1A1 proteins in human liver microsomes,
SDS-PAGE and immunoblot analysis were per-
formed using anti-UGT2B7 and anti-UGT1Al
antibodies. For the quantification, the UGT2B7
and UGT1A1 single expression systems were used
to make the standard curves as described above.

Native-PAGE analysis was performed to detect
monomer and oligomer formations of UGTs as
described previously'? with slight modifications.
Ten to 100 pg of total cell homogenates were lysed
in solubilizing buffer (0.5% NP-40, 0.25% sodium
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deoxycholate, 50 mM Tris—HCI (pH 7.5), 150 mM
NaCl, and 1mM EDTA) on ice for 2h. After
centrifugation at 13,000g for 30 min, 1 wL of 60%
glycerol containing 0.2% bromophenol blue was
added to a 20-pL portion of the supernatant. The
samples were applied to Perfect NT Gel M (5—-20%
gradient) and the electrophoresis was carried out
at 10mA for 5h at 4°C in Tris—glycine electro-
phoresis buffer (25 mM Tris-base, 192mM gly-
cine, and 0.1% SDS). The separated proteins were
transferred to a PVDF membrane and probed with
the anti-UGT2B and anti-UGT1A antibodies as
described above.

Immunoprecipitation

Rabbit anti-human UGT1A antibody (BD Gentest)
or rabbit anti-human UGT1AC antibody®? against
common carboxyl-terminal region of UGTI1A
was cross-linked with protein-Sepharose CL-4B
(GE Healthcare Bio-Sciences) as described pre-
viously.'® The beads were resuspended in solubi-
lizing buffer (0.5% NP-40, 0.25% deoxycholate,
50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1mM
EDTA). Cell homogenates (500 ug) were solubi-
lized with the solubilizing buffer in a final
concentration of 1.0 mg/mlL at 4°C for 2h. After
centrifugation at 13,000g for 30 min at 4°C, the
supernatants were incubated with the beads at
4°C for 14 h. The beads were washed three times
with the solubilizing buffer. The bound proteins
were eluted with 2M guanidine hydrochloride
for 6h at room temperature. The eluates were
subjected to SDS-PAGE followed by immunoblot
analysis with anti-UGT1A, rabbit or goat anti-
UGT2B, and anti-KDEL antibodies.

Glucuronide Formation

Zidovudine O-glucuronide formation was deter-
mined according to a method by Court et al.?® with
slight modifications. A typical incubation mixture
(200 pL total volume) contained 50 mM phosphate
buffer (pH 7.4), 5mM MgCl,, 5mM UDPGA,
0.2mg/mL total cell homogenates, alamethicin
(50 pg/mg of protein), and 0.25-1.2mM zidovu-
dine. The reaction was initiated by the addition of
UDPGA following a 2 min preincubation at 37°C.
The incubation mixture was incubated at 37°C for
60 min, since it was confirmed that the zidovudine
O-glucuronide formation was linear over 90 min.
After the incubation, the reaction was terminated
by the addition of 10 uL of 30% perchloric acid.
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The reaction mixture was centrifuged at 7,000g
for 10min, and 60 uL of the supernatant was
subjected to HPLC. The analytical column was
an Inertsil ODS-3 (4.6 mm x 250 mm; 5 um) (GL
Sciences, Tokyo, Japan). The mobile phase was
10% acetonitrile/1I0 mM potassium phosphate
buffer (pH 2.3) and the flow rate was 1.0mL/
min. The column eluate was monitored at 267 nm.
The retention times of zidovudine O-glucuronide
and zidovudine were 10.4 and 15.0 min, respec-
tively. The quantification of zidovudine O-glucur-
onide was made by comparing the HPLC peak
height to that of the authentic standard.

For the study of thermal stability, reaction
mixtures containing the cell homogenate were
treated at 47°C for 15min in the presence of
UDPGA. Then, zidovudine was added to the
mixture at a final concentration of 250 pM and
the mixture was incubated at 37°C for 60 min to
determine the residual enzyme activity.

Estradiol 3-O-glucuronide formation, imipramine
N-glucuronide formation, serotonin O-glucuronide
formation, and propofol O-glucuronide formation
were determined as described previously.'®

Kinetic parameters were estimated from the
fitted curve using a computer program (Kaleida-
Graph, Synergy Software, Reading, PA) designed
for nonlinear regression analysis. The following
equations were used:

Michaelis—Menten equation

V(5]
V“m+ﬂ

Hill equation

Vimax[S]"

V=27
Sgo + (5]

Substrate inhibition equation

Vmax [S }
K +[S] + [SI*/K;

where V is the velocity of the reaction, S
the substrate concentration, K,, the Michaelis—
Menten constant, Vi, the maximum velocity,
S50 the substrate concentration showing the half
Vmax, 7t the Hill coefficient, and K; the substrate
inhibition constant. For the Michaelis—Menten
kinetics and the substrate inhibition kinetics, the
intrinsic clearance (CL;,) was calculated as the
Vmax/Knm. For sigmoidal kinetic data, the max-
imum clearance (CLyy,,), which has been proposed
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as an appropriate parameter instead of the
intrinsic clearance,?**® was calculated by the
following equation:

Vi (n—1)

CLipay = 2% 72
max 850 n(n B 1)1/11

Statistical Analyses

Data are expressed as mean4SD of three
independent determinations. The statistical sig-
nificance of the kinetic parameters was deter-
mined by analysis of variance (ANOVA) followed
by Dunnett’s test. A value of P<0.05 was
considered statistically significant.

RESULTS

Establishment of Single and Double Expression
Systems of UGT2B7 and UGT1As in HEK293 Cells

To investigate whether human UGT2B7 interacts
with UGT1A enzymes, stable single expression
systems (UGT2B7, UGT1A1, UGT1A4, UGT1AS,
and UGT1A9) and double expression systems
(UGT2B7/UGT1A1, UGT2B7/UGT1A4, UGT2B7/
UGT1A6, and UGT2B7/UGT1A9) in HEK293 cells
were constructed. The expression levels of UGT
protein were determined by immunoblot analysis
(Fig. 1A). The expression levels of UGT2B7 and
UGT1ALl in the single expression system were
defined as 1.00U/mg. Based on the expression
level of UGT1A1 in the single expression system,
the UGT1A4, UGT1AB, and UGT1A9 levels in
single expression systems were estimated as 0.18,
0.13, and 0.35U/mg protein, respectively. In
two clones of the double expression system for
UGT2B7/UGT1Al1, the expression levels of
UGT2B7 (0.10 and 0.14U/mg) and UGTI1A1l
(0.51 and 0.12U/mg) resulted in a 2B7/1A ratio
0.2 and 1.2. In two clones of the double expression
system for UGT2B7/UGT1A4, the expression
levels of UGT2B7 (0.12 and 0.27U/mg) and
UGT1A4 (0.79 and 0.24 U/mg) resulted in a 2B7/
1A ratio 0.2 and 1.1. In two clones of the double
expression system for UGT2B7/UGT1AS6, the
expression levels of UGT2B7 (0.22 and 0.12U/
mg) and UGT1A6 (0.57 and 0.09 U/mg) resulted in
a 2B7/1A ratio 0.4 and 1.3. In two clones of the
double expression system for UGT2B7/UGT1A9,
the expression levels of UGT2B7 (0.10 and 0.19 U/
mg) and UGT1A9 (0.22 and 0.07 U/mg) resulted in
a 2B7/1A ratio 0.5 and 2.7.
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Figure 1. Immunoblot analysis of human UGT2B7 and UGT1As in the single and

double expression systems as well as human liver microsomes. The total cell homo-
genates from the HEK293 expression systems (10 g protein) were subjected to 10%
SDS-PAGE and the membranes were probed with the anti-human UGT2B and anti-
human UGT1A antibodies (A). For the analysis of UGT2B7 and UGT1A1 in human liver
microsomes, 5- and 2-ug protein of human liver microsomes, respectively, were applied
and the membranes were probed with anti-human UGT2B7 and anti-human UGT1A1
antibodies (B). The rightmost lane in the membranes shows the UGT2B7 single
expression system (5pg protein) and the UGT1Al single expression system (2pg
protein). The expression levels of UGT2B7 and UGT1As were defined based on standard
curves using the UGT2B7 and UGT1ALl single expression systems (1U/1mg of cell
homogenates). Columns are the mean & SD of three independent determinations.

Expression Levels of UGT1AT and UGT2B7 Proteins
in Human Liver Microsomes

To investigate how similar the UGT2B7/UGT1A
ratios in our expression systems were to those
in human liver microsomes, we determined the
expression levels of UGT2B7 and UGT1A1 protein
in human liver microsomes by immunoblot
analyses. Since human liver microsomes express
multiple UGT isoforms, the specific antibodies
against UGT2B7 or UGT1Al1 were used. The
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expression levels were quantified using standard
curves of the UGT2B7 and UGT1Al single
expression systems in HEK293 cells. The expres-
sion level of UGT2B7 and UGT1A1 proteins in 11
individual human liver microsomes ranged from
0.49 to 1.53 and 1.36 to 4.20 U/mg of protein,
respectively (Fig. 1B). The UGTZB7/UGT1Al
ratios ranged from 0.2 to 0.9. These results
suggest that the ratios of UGT2B7/UGT1A in
our expression systems were similar to the ratios
of UGT2B7/UGT1A1 in human liver microsomes.
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Native-PAGE Analysis of Single and Double
Expression Systems

Native-PAGE analysis was performed to investi-
gate the oligomerizations of human UGT2B7 and
UGT1As. First, we confirmed that UGT enzymes
were efficiently solubilized with the solubilizing
buffer (data not shown). When the total cell
homogenate of the single expression system of
UGT2B7 was separated, three bands were
observed at about 50, 100, and 130kDa (Fig. 2,
arrows 1-3, respectively). These three bands were
also observed in the double expression systems of
UGT2B7 and UGT1As, but not in Mock cells and
the single expression systems of UGT1As. The
lower (arrow 1) and middle (arrow 2) bands would
correspond to monomers and homodimers, respec-
tively, The upper band (arrow 3) might be an
oligomeric form of UGT2B7 that is greater than
the dimer. In our previous study,'” when the
double expression system of UGT1A1/UGT1A4
was applied for the native-PAGE analysis, a
unique band corresponding to a heterodimer
was observed. Interestingly, several bands were
detected at around 150-250kDa in the double
expression of UGT2B7 and UGT1As, but not in
the single expression system of UGT2B7. There-
fore, these unique bands might represent hetero-
oligomers of UGT2B7 and UGT1As. To further

8 10 53 53 53 36 B 8 B e

g of protein

250 kDa
150 kDa
100 kDa
15 kDa
S0kDa
37kDa

o 2 2
ASANASANAN
w - v . e

2 N

Figure 2, Native-PAGE analyses of UGT2B7 and
UGT1As in the single and double expression systems.
As the double expression systems, the 2B7/1A1-2, 2B7/
1A4-2, 2B7/1A6-2, and 2B7/1A9-2 clones were used.
Solubilized total cell homogenates were subjected to
gradient gel (5-20%). After electrophoresis at 4°C, the
proteins were transferred to a PVDF membrane and
immunoblotted with rabbit anti-human UGT2B anti-
body. Arrows 1-3 represent the bands corresponding to
monomer, homodimer, and homo-oligomers of UGT2B7,
respectively.
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investigate the hetero-oligomerizations between
UGT2B7 and UGTI1As, coimmunoprecipitation
and thermal stability assay were performed.

Coimmunoprecipitation of UGT2B7 with
Anti-Human UGT1A Antibody

To investigate the association between UGT2BY7
and the UGT1A enzymes, immunoprecipitation
analysis was carried out using anti-human
UGT1A antibody (Fig. 3A). Using the single
expression systems, it was confirmed that the
anti-human UGT1A antibody specifically immu-
noprecipitated the UGT1As. When the double
expression systems were used, UGT2B7 protein
was coimmunoprecipitated by the anti-human
UGT1A antibody, although the band density of
the UGT2B7 from the double expression system
for UGT2B7/1A1 was weaker than those of the
other double expression systems. Glucose-regu-
lated protein 94 (GRP94) and GRP78 that are
expressed in endoplasmic reticulum were not
detected in the immunoprecipitants, indicating
the specific interaction between UGT2B7 and the
UGT1As. When the anti-human UGT1AC anti-
body was used for immunoprecipitation, UGT2B7
protein was coimmunoprecipitated from the
double expression systems (Fig. 3B). Especially,
the band density from the double expression
systems for UGT2B7/1A4 and UGT2B7/UGT1A9
was substantial. It was confirmed that UGT1As
were immunoprecipitated by the anti-human
UGT1AC antibody, and that GRP94 and GRP78
were not detected in the immunoprecipitants. The
results suggest that UGT2B7 specifically inter-
acts with the UGT1A enzymes.

Effects of Coexpression of UGTTA on Thermal
Instability of UGT2B7

Thermal instability is a useful tool for analyzing
protein—protein interactions.'® As a specific activ-
ity for UGT2B7, zidovudine O-glucuronidation
was measured, since we confirmed that UGT1A1l,
UGT1A4, UGT1A6, and UGT1A9 could not cata-
lyze this reaction (data not shown). The enzymatic
activities in the single and double expression
systems were normalized with the UGT2B7
protein levels by immuncblot analysis. Zidovu-
dine O-glucuronide formation by the UGT2B7
single expression system was decreased to 5% of
control by heat treatment at 47°C for 15min
(Fig. 4), indicating that UGT2B7 is thermally
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Figure 3. Coimmunoprecipitation of UGT2B7 by anti-human UGTI1A antibody
using the double expression systems of UGT2B7/UGT1As. Rabbit anti-human UGT1A
antibody from BD Gentest (A) or rabbit anti-human UGT1AC antibody prepared
by Ikushiro et al.*? (B) were used for immunoprecipitation. The input proteins and
coimmunoprecipitants were subjected to SDS-PAGE followed by immunoblot analysis
using anti-human UGT1A, anti-human UGT2B. Anti-KDEL antibodies detected GRP94

and GRP78 only in the input proteins.

instable. UGT2B7 in the double expression
systems of UGT2B7/UGT1As showed tolerability
to the heat treatment. The results suggest that
UGT2B7 interacted with UGT1A1, UGT1A4,
UGT1A6, and UGT1A9 in the double expression
systems.

Kinetic Analyses of Zidovudine, Estradiol,
Imipramine, Serotonin, and Propofol
Glucuronide Formations

To investigate the effects of the coexpression of
UGT1A enzymes on the enzymatic activity of
UGT2B1, kinetic analysis of zidovudine O-glueur-
onide formation was carried out using the single
and double expression systems. It was confirmed
that any UGT1A enzymes did not show a
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detectable zidovudine O-glucuronide formation
(data not shown). The zidovudine O-glucuronide
formation by the single expression system of
UGT2B7 in HEK293 cells fitted to the Michaelis—
Menten kinetics (Fig. 5A) with K, =282 + 16 uM,
Vinax = 449 + 16 pmol/min/U, and CLiyw=1.6=%
0.1 wL/min/U (Tab. 1). The kinetic parameters
were reproducible in another clone of the UGT2B7
single expression system (data not shown). By the
coexpression of UGT1Al, the Viax and Cliy
values were significantly increased (Fig. 5A and
Tab. 1). By the coexpression of UGT1A4, the Ky,
value was significantly decreased and the Vi
and CLi, values were significantly increased
compared with those values in the UGT2B7 single
expression system (Fig. 5B and Tab. 1). A
significant decrease of K,, and increases of the
Vinax and CLi, values were also observed in the
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Figure 4. Effect of heat treatment on the enzymatic
activities of UGT2B7 in the single and double expres-
sion systems. After the preincubation of the total cell
homogenates at 47°C for 15min in the presence of
UDPGA, zidovudine O-glucuronide formation was mea-
sured with 250 uM of substrate. Each column shows the
residual activity after the heat treatment. Data are
the mean 4+ SD of three independent determinations.
"P<0.05 and ™P <0.01 compared with the UGT2B7
single expression system.

double expression systems with UGT1A6 and
UGT1A9 (Fig. 5C and D and Tab. 1).

The effects of the coexpression of UGT2B7 on
the enzymatic activities of UGT1Al, UGT1A4,
UGT1A6, and UGT1A9 were investigated. It was
confirmed that the estradiol 3-O-glucuronide,
imipramine N-glucuronide, serotonin O-glucuro-
nide, and propofol O-glucuronide formations
were specifically catalyzed by UGT1A1, UGT1A4,
UGT1A86, and UGT1A9, respectively (data not
shown). The estradiol 3-O-glucuronide formation
by the single expression system of UGT1Al in
HEK293 cells followed the Hill equation (Fig. 5E),
yielding Sz =175+ 3.3 1M, Vipax= 0.8+ 0.0nmol/
min/U, Hill coefficient (n) = 1.4 + 0.2, and CL o =
27.0 £ 2.8 uL/min/U (Tab. 2). These kinetic para-
meters were consistent with those of our previous
study.'® By the coexpression of UGT2B7, the
Sso was significantly decreased and the n value
and Cl,., values were significantly increased
(Tab. 2). The imipramine N-glucuronide forma-
tion by the single expression system of UGT1A4
in HEK293 cells showed substrate inhibition
at substrate concentrations >1.5mM (Fig. 5F).
When the kinetics were analyzed by fitting to
the Michaelis~-Menten kinetics with substrate
concentrations up to 1.0mM, the K,,, Viax, and

DO} 10.1002/jps

CLin values were 0.6 +0.03mM, 1.4+ 0.1 nmol/
min/U, and 2.3+0.1ul/min/U, respectively
(Tab. 2). By the coexpression of UGT2B7, the
K., and V.., values were significantly increased.
The serotonin O-glucuronide formation by the
single expression system of UGT1A6 fitted to
the Michaelis—-Menten kinetics (Fig. 5G) with
Kn=76+20mM, Vg..=2.7+0.7nmol/min/U,
and CLi,;=0.4+0.1pL/min/U (Tab. 2). By the
coexpression of UGT2B7, the Vi and CLj,
values were increased. The propofol O-glucuro-
nide formation by the single expression system of
UGT1A9 fitted to the substrate inhibition kinetics
(Fig. 5H) with K,=67.7+5.2uM, V., =43.7+
3.7nmol/min/U, K;=1.0+0.1mM, and CLy, =
0.7 +0.0 uL/min/U (Tab. 2). The V. and Cly,
values in the clone 2B7/1A9-1 were significantly
increased. These results suggest that UGT2B7
affected the UGT1A1, UGT1A4, UGT1A6, and
UGT1A9 activity, and vice versa. It was confirmed
that mixing of each single expression system
did not influence the kinetics of the enzymatic
activities (data not shown). Taken together, it is
suggested that the coexpressed UGT isoforms
functionally interacted with each other in the
double expression systems.

DISCUSSION

Accumulating evidence has revealed that UGTs
form oligomers.?® Qur previous studies demon-
strated that human UGT1A enzymes interact each
other via heterodimerization, resulting in changes
of the enzymatic properties.!” ! We expanded out
study to investigate whether UGT2B7, one of the
major UGT isoforms expressed in human liver,
interacts with UGT1As, and to determine the
effects of the interaction on the enzymatic
activities.

The homo-oligomerizations of human UGT1A
enzymes has been demonstrated,'®*¢ but it has
never been determined whether human UGT2B7
forms homo-oligomers. Previously, we reported
that native-PAGE analysis is a useful technique to
detect oligomers'” and we could show the homo-
dimerization of UGT1A1, UGT1A4, and UGT1AS6.
In the present study, the native-PAGE analysis
clearly demonstrated the homo-oligomerizations
of UGT2B7 (Fig. 2). The results suggested the
possibility that UGT2B7 may have the ability
to form hetero-oligomer with UGT1A enzymes.
Interestingly, bands of hetero-oligomers were also
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