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Abstract

DNA microarray technology was developed as a tool for simultaneously measuring a number of gene expression changes, and has
been applied for investigations of toxicity assessments of chemicals. In this study, we used a typical hepatotoxicant, thioacetamide
(TA), to find correlations between the extent of hepatotoxicity and certain gene expression patterns or specific gene expression
profiles. TA was intraperitonealy administered at high (400 mg/kg), medium (150 mg/kg) or low (50 mg/kg) dose (four rats per
group) and then the serum and liver were collected at the indicated time (6, 12, 24, 36 and 48 h). Serum biochemical markers were
measured and hepatic mRNA expression profiles were analyzed by a DNA microarray. Serum aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) were increased by TA-administration in a dose-dependent manner and reached the maximum
at 24 h. Hierarchical clustering analysis of all dosage groups revealed in 2 major clusters, distinguished by an early (6 and 12 h) and
a late (24, 36 and 48 h) phase. The early and late phase clusters were sorted in time- and dose-dependent manners. The major gene
expression profile obtained by quality-threshold (QT) clustering analysis showed the same maximal toxic time as that estimated
by the serum biochemical markers. The individual expression profiles of the candidate genes selected in our previous studies and
the simultaneous gene expression patterns measured by five typical hepatotoxicants including TA also reflected the hepatotoxicity
of TA. These findings suggest that the potential toxic effects appearing as gene expression changes are independent of the dosage
of TA. This study suggested that the major gene expression profile estimated by QT clustering would be a sensitive marker of
hepatotoxicity.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Gene expression profiles; Hepatotoxicity; DNA microarray

1. Intreduction rapidly developed. Microarrays are available to assess
both known and unknown genes in the experimental

The prediction of chemical-induced adverse effects materials. Microarrays are also available to assess simul-
on an organism is one of the aims of toxicology. In taneously the effects of various factors on the gene
the past several years, a microarray technology has expression of all known sequences including expression

sequence tags (ESTs) at the RNA level.
T Comemondi hor Tel: +81 76 2344407 For microarray data assessment, several clustering
orresponaing author. lel.: + 440 M .
fax: +81 76 234 4407, methods are often used. Clustering places the data
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geneous groups or clusters [1]. For example, there is
hierarchical clustering expressed by a dendrogram,
K-means clustering [2], and quality-threshold (QT)
clustering {3]. These clustering methods are useful
ways to extract and visualize one-to-one correlations.
Microarray technology can be used as a tool for clar-
ifying the mechanisms of chemical-induced toxicity,
forecasting the adverse effects of drug candidates and
improving the process of risk assessment and safety
evaluation.

The liver is one of the first organs to be exposed when
chemicals are administered perorally or via the portal
vein. Chemical concentrations in the liver are often much
higher than the peak plasma concentration. The liver is
also the major site for metabolizing xenobiotics and these
chemicals can lead to the formation of active metabolites.
Thus, the liver is one of the primary targets for various
types of chemical-induced toxicity. Therefore, investi-
gating the gene expression changes and comparing the
gene expression profiles to the extent of liver toxicity are
useful for the assessment of liver toxicity.

To construct an animal model of liver toxicity, we
chose thioacetamide (TA) as a potent hepatotoxicant
thatrequires metabolic activation by mixed-function oxi-
dases. TA is metabolized by cytochrome P450 (CYP) 2B,
CYP2E]1 and flavin-containing monooxygenase (FMOs)
to its toxic metabolites |4,5] and these intermediate
metabolites might bind to cellular proteins by the for-
mation of acetylimidolysine derivatives |6]. The reac-
tive metabolites responsible for TA hepatotoxicity are
the radicals derived from thioacetamide-S-oxide and the
reactive oxygen species derived as subproducts in the
process of microsomal TA oxidation, both of which
deplete reduced glutathione leading to oxidative stress
{7-11].

The purpose of the present study is to determine the
correlations between biochemical markers for hepato-
toxicity and hepatic gene expression profiles at various
doses of TA-administration in rats, and then to extrapo-
late the DNA microarray data for predicting hepatotoxic
chemicals.

2. Materials and methods
2.1. Animals and chemicals

Male Sprague-Dawley rats (5-week old, 130-150 g) were
obtained from SLC Japan (Hamamatsu, Japan). Animals were
housed in the institutional animal facility in a controlled envi-
ronment (temperature 25 =& 1 °C, humidity 50+ 10% and 12h
light/12 h dark cycle) with access to food and water ad libitum.
Animals were acclimatized for a week before use. Animal
maintenance and treatment were conducted in accordance with
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the National Institutes of Health Guide for Animal Welfare of
Japan, as approved by the Institutional Animal Care and Use
Committee of Kanazawa University. TA (CAS No. 62-55-5)
was obtained from Wako Pure Chemical Industries (Osaka,
Japan). ISOGEN, RNA extraction reagent, was purchased
from Nippon Gene (Tokyo, Japan). CodeLink™ Expression
Assay Reagent kit, Manual Prep and streptavidin-Cy5 were
from GE Healthcare Amersham Biosciences (Bucking-
hamshire, UK). The QIAquick PCR purification kit and a
RNeasy mini kit were from Qiagen (Hilden, Germany). NEN
Blocking Reagent and Biotin 1 1-UTP were from Perkin-Elmer
Life Sciences (Boston, MA). ReverTra Ace (Moloney Murine
Leukemia Virus Reverse Transcriptase RnaseH Minus) was
from Toyobo (Tokyo, Japan). Random hexamer and SYBR®
Premix Ex Taq™ (perfect real time) were from Takara
(Osaka, Japan). All primers were commercially synthesized at
Hokkaido System Sciences (Sapporo, Japan). Other chemicals
were of the highest grade commercially available.

2.2. TA-administration and assessment of liver injury

Sixty-four rats were assigned to 16 groups (four rats/group).
Rats received a single dose of TA dissolved in saline by
intraperitoneal injection. The dosing solutions were prepared
to deliver a volume of 2ml/kg as follows; 400 mg/kg high
dose, 150mg/kg medium dose, 50 mg/kg low dose. At the
indicated time (6, 12, 24, 36, and 48 h after the administra-
tion), blood samples were collected from the atrium, and then
the rats were sacrificed and the liverscollected. Four typical
biochemical markers for hepatotoxicity (aspartate aminotrans-
ferase, AST; alanine aminotransferase, ALT; lactate dehy-
drogenase, LDH; bilirubin) were measured by SRL (Tokyo,
Japan).

2.3. RNA isolation

Total hepatic RNA was isolated using ISOGEN. Approx-
imately 100 mg of whole liver were lysed with 1.0ml of the
reagent. Chloroform (200 pl) was added and vortexed vigor-
ously for 15s. The mixture was centrifuged at 15,000 x g for
15 min at 4 °C. The aqueous phase was transferred carefully to
a new tube, and the RNA was precipitated with 0.5 ml of iso-
propyl alcohol for 10 min at room temperature. The mixture
was centrifuged at 15,000 x g for 10 min. After washing with
75% ethanol, the pellet was dissolved in diethylpyrocarbonate-
treated water. Equal amounts of total mRNA from sam-
ples of each administration were pooled and used for
the microarray analysis and real-time reverse transcriptase
(RT)-PCR.

2.4. Microarray analysis

Microarray experiments were performed using a
CodeLink™ Bioarray Perfect System according to the
manufacturer’s protocol (GE Healthcare Amersham Bio-
sciences). In this experiment, we used Codelink™ Uniset Rat
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I Bioarray (GE Healthcare Amersham Biosciences) consisting
of 9936 genes including ESTs. Processed slides were scanned
with an Agilent G2565BA Microarray Scanner using Agilent
Scan Control Software (Agilent Technologies, Palo Alto, CA)
with the laser set to red (633nm) and the photomultiplier
tube (PMT) value to 70%. The scanned images for each slide
were analyzed using the CodeLink™ Expression Analysis
Software (GE Healthcare Amersham Biosciences). The
microarray data quality control was as follows: present, no
flags (neither marginal nor absent); marginal, low quality
spots judged by analysis software; absent, low signal density
spots.

2.5. Real-time RT-PCR

Rat Vla arginine vasopressin receptor (Avprla), cyclin G1
{Ccngl), growth arrest and DNA-damage-inducible 45alpha
(Gadd45a), heme oxygenase 1 (Hmoxl), L-3-hydroxyacyl-
Coenzyme A dehydrogenase (Hadhsc), lysozyme (Lyz), sulfo-
transferase 1a2 (Sultla2), T-cell death associated gene (Tdag)
and GAPDH were quantified by real-time RT-PCR. Primer
sequences used in this study were as follows: Avprla: 5-TAC
GTG ACC TGG ATG ACC AG-3' and 5'-AGC AAC GCC
GTG ATT GTG AT-3' [12}], Cengl: 5'-CCT TCC AAT TTC
TGC AGCTC-3 and 5'-CTT GGA AACAAG CTCTTG CC-
3/ [13], Gaddd5a: 5-AAG ATC GAA AGG ATG GAC ACG-3'
and 5'-GTA GCA ACA GCT CTG CCA GC-3’ {14}, Hmox:
5'-ATA GAG CGA AAC AAG CAG A-3' and 5'-TAG AGC
TGT TTG AAC TTG G-3, Hadhsc: 5'-TGC AGA TCA CAA
ACA TAG CC-3' and 5'-TCC AGT CCA ACA TAG TCA AG-
3,Lyz: 5-CTC AAA CCA ACA GGG CTTTC-3 and 5'-CCC
AAG ATC AACTCG TCT CC-3' [15], Sultla2: 5-TCA TTG
AGTGGA CTTTGCCTT-3 and 5-CACTTT TCCAGCTTT
GAA CTG-3, Tdag: 5-CCA AGC AGG TAC AAC ATC AG
-3’ and 5-TTC TGC CTC GTA GACTTG AC-3’, GAPDH: 5'-
GTT ACCAGG GCT GCCTTCTC-3' and 5'-GGG TTT CCC
GTT GAT GAC C-3'. For RT process, total RNA (4 ug) and
150 ng random hexamer were mixed and incubated at 70°C
for 10 min. The RNA solution was added to a reaction mix-
ture containing 100 units of ReverTra Ace, reaction buffer and
0.5 mM dNTPs in a final volume of 40 p.l. The reaction mixture
was incubated at 30 °C for 10 min, 42 °C for 1 h and heated at
98 °C for 10 min to inactivate the enzyme. Real-time PCR was
performed using the Smart Cycler® (Cepheid, Sunnyvale, CA)
with Smart Cycler® software (Ver. 1.2b). The PCR mixture
contained 1 pl of template cDNA, SYBR® Premix Ex Tag™
solution and 10 pmol of sense and antisense primers. The PCR
condition for Cengl, Sultla2 and GAPDH was as follows: after
an initial denaturation at 95 °C for 30s, the amplification was
performed by denaturation at 94 °Cfor4 s, annealing and exten-
sion at 64 °Cfor 20 sfor 45 cycles. The PCR condition for other
six genes was as follows: after an initial denaturation at 95°C
for 20s, the amplification was performed by denaturation at
95 °Cfor 5 s, annealing at 55 °C for 10 s and extension at 72 °C
for 15 s for 45 cycles. The amplified products were monitored
directly by measuring the increase of the dye intensity of the
SYBR® Green L.
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2.6. Data management

Microarray data management was performed with Gene-
Spring software (Agilent Technologies). Comparison of
present genes, fold change determinations, experiment nor-
malization and various clustering analyses were performed.
The gene expression values for each array were normalized
to their respective median value. All clustering analyses were
performed using standard correlations. Fold change filters
included the requirement that the genes be present in at least
200% of controls for up-regulated genes and lower than 50%
of controls for down-regulated genes.

3. Results
3.1. Assessment of liver toxicity

The serum biochemical markers in the TA-
administered groups were measured at 6, 12, 24, 36 and
48 h after administration (Fig. 1). The AST activities of
all dosage groups were significantly high at 24h. The
changes of ALT activities were similar to those of the
AST activities. The LDH activity increased significantly
in the medium dose- and the high dose-administered
groups at 24 h, but not in the low dose-administrated
groups. No significant change of the unconjugated
bilirubin was observed in any of the groups (data not
shown), whereas conjugated bilirubin increased only in
the 24 h high-dose group (0 h: O mg/dl, 24 h: 0.3 mg/d}).
Taking these results into consideration, the maximal
toxic times of each TA dosage were estimated as
24h.

3.2. Two-way hierarchical clustering of gene
expression profiles in TA-induced hepatotoxicity in
rats

The mRNA expression profiles in the three dosage
and five time points were determined using the data from
the DNA microarray. Two-way hierarchical clustering
was performed based on the expression profiles of the
genes with a significant variation in the expression level
across all the experiments. After cutting off the absent
and marginal flags, 7978 out of 9936 genes were present
in this experiment. The results are shown in a color-
coded matrix (Fig. 2) where samples are ordered on the
horizontal axis and genes on the vertical axis on the basis
of the similarity of their expression profiles.

The administered groups were sorted into two large
clusters that extensively differed with respect to an early
phase (6 and 12 h; left cluster) or a late phase (24, 36 and
48 h; right cluster) (Fig. 2A). In the early phase cluster,
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Fig. 1. Changes of AST, ALT and LDH in serum of TA-administered
rats. TA was administered at high dose (400 mg/kg weight), medium
dose (150 mg/kg weight) and low dose (50 mg/kg weight). Blood sam-
ples were collected at 6, 12, 24, 36, 48 h after administration. Data are
expressed as mean = S.E. from four rats. Significantly different from
NT group (*p<0.05, **p<0.01). NT; non-treated.
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Table 1
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Classification of genes those expression were significantly changed in
all TA-administered groups

Category Total®  Present®  Up (%) Down (%)
Apoptosis regulator 33 25 4(16.0) 0(0)
Cancer 51 28 3(10.7) 0(0)
Cell cycle regulator 25 19 2 (10.5) 1(5.3)
Chaperone 33 19 1(5.3) 2 (10.5)
Enzyme 852 657 24 (3.7)  100(15.2)
Immunity protein 42 31 0(0) 2 (6.5)
Microtublar protein 16 8 0(0) 1(12.5)
Nucleic acid binding 175 126 12 (9.5) 6 (4.8)
Other groups 102 71 2(2.8) 1(1.4)
RNA 2 1 0(0) 0(0)
Signal transducer 201 124 7 (5.6) 9(7.3)
Storage 3 2 0(0) 0(0)
Structural protein 181 116 7 (6.0) 12 (10.3)
Transport 313 208 10 (4.8) 26 (12.5)
Total 2029, 1435 72 (5.0) 160 (11.1)

Up-regulated gene showed more than 200% expression of control.
Down-regulated gene showed less than 50% expression of control.

2 Gene number those category were defined.

b Gene number showing enough spot density.

the 12 h-groups were sorted into small hierarchies. On
the other hand, the late phase cluster groups were sorted
in a dose-dependent manner except for the 24 h-group.
Especially, all dosages in the 24 h-groups were catego-
rized at the same level.

We also performed hierarchical clustering based on
each dosage (Fig. 2B). The clusters were sorted in a sim-
ilar pattern as shown in Fig. 2A. The distance between
the early (6 and 12 h) and the late (24, 36 and 48 h) phase
was increased in a time-dependent manner as shown
in the dendrogram of each group (above the matrix,
Fig. 2B).

3.3. Category classification of genes in TA-induced
hepatotoxic Rats

To evaluate the gene expression pattern on the basis
of gene function, we classified the genes whose expres-
sions were significantly changed atall dosagesinthe 24 h
groups (Table 1). Based on each gene annotation, 13 cat-
egories were classified. Based on the percentage and the
gene numbers categorized by gene annotation, the genes
in the apoptosis regulator and the nucleic acid binding
category were typically up-regulated and the genes in the
enzyme, structural protein and transport category were
down-regulated (Table 1).
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Fig. 2. Two-way hierarchical clustering analyses of hepatic gene expression profiles. Hierarchical clustering of all groups (A) and each dosage
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overall similarities in gene expression profiles. H: high dose (400 mg/kg); M: medium dose (150 mg/kg); L: low dose (50 mg/kg).

3.4. OT clustering analysis based on the dose of TA

QT clustering analysis was performed in order to esti-
mate the major gene expression profiles based on the TA
dosage (Fig. 3). In this process, we used GeneSpring QT
clustering algorism. In all dosage groups, we selected
the highest correlation coefficient that identified both
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the up- and the down-regulated types of cluster. The
analysis setting for the minimal cluster size was 1000
genes and the minimal correlation coefficients of the
6, 12, 24, 36, and 48 h groups were 0.82, 0.92, 0.91,
0.88 and 0.86, respectively. The probe sets used in this
clustering were the same as those used in the hierarchi-
cal clustering (7978 of 9936 genes). In the up-regulated
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Fig. 3. QT clustering analyses based on the dose of TA. Groups at 6, 12, 24, 36, and 48 h after administration were evaluated and expressed as
average (left) or median (right) values. Analysis settings are described in Section 3. Minimal correlation coefficients selected in this analysis were
as follows: 6 h, 0.82; 12 h, 0.92; 24 h, 0.91; 36 h, 0.88; 48 h, 0.86. H: high dose; M: medium dose; L: low dose.

cluster, the gene numbers of each time group were as
follows: 6h, 1028; 12h, 1010; 24 h, 1003; 36h, 1008;
48 h, 1000. In the down-regulated cluster, the gene num-
bers of each time group were as follows: 6 h, 1903; 12 h,
1724;24h, 1546; 36 h, 1533; 48 h, 1513. The expression
changes of these genes in each dosage group are shown
as average and median values (Fig. 3). As a result, both
the average and the median of the gene expression pro-
files before 12 h showed no difference between the three
dosage groups. However, the gene expression profiles
after 24 h of administration changed in a dose-dependent
manner.

3.5. OT clustering analysis based on the time after
TA-administration

QT clustering analysis was performed in order to
estimate the major gene expression profiles based on the
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time after TA-administration (Fig. 4). In the low-limited
correlation analysis, we selected the highest correlation
coefficient that identified the up- and down-regulated
type of clusters. The low-limited analysis setting for the
minimal cluster size was 1000 genes and the minimal
correlation coefficients of the low-, medium- and high-
dose groups were 0.68, 0.58, and 0.47, respectively. The
probe sets used in this clustering were the same as those
used in the hierarchical clustering (7978 of 9936 genes).
In the up-regulated type cluster, the low-, medium- and
high-dose groups contained 1021, 1003 and 1000 genes,
respectively (Fig. 4A). The down-regulated type cluster
of the low-, medium- and high-dose groups contained
2129,2050 and 1606 genes, respectively (Fig. 4B). In the
high-limited correlation analysis, we selected the highest
correlation coefficient that identified only one dominant
cluster (Fig. 4C). The high-limited correlation analysis
setting for the minimal cluster size was 1000 genes and
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Fig. 4. QT clustering analyses based on the time after TA-administration. Groups at 6, 12, 24, 36, and 48 h after administration were evaluated with
low (A and B)- and high (C)-limited correlation coefficients. Analysis settings are described in Section 3. Data are expressed as average or median
values of these clusters. The minimal correlation coefficients selected in this analysis were as follows: low-limited correlation: high dose, 0.68;
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the minimal correlation coefficients of the low-, medium-
and high-dose groups were 0.79, 0.84 and 0.81, respec-
tively (Fig. 4C). In the down-regulated type cluster, the
low-, medium- and high-dose groups contained 1016,
1002 and 1016 genes, respectively (Fig. 4C). Both the
average and median values of the QT clustering and the
expression profiles of almost all dosage groups demon-
strated peak values at 24 h after administration, which
was the same as the maximal toxic time. Independently
of the extent of toxicity, the major gene expression pro-
files based on the time after TA-administration showed
almost the same pattern. However, the changes of the up-
and down-regulated genes occurred in a dose-dependent
manner.
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3.6. Toxicity marker analysis

Previously, in rats we identified potential hep-
atotoxic marker genes from five hepatotoxicants
(acetaminophen, bromobenzene, carbon tetrachloride,
dimethylnitrosamine and TA) by using cDNA microar-
ray [ 16]. The up- and down-regulated groups consisted of
nine and seven genes, respectively (Fig. 5). In the present
study, changes in the expression of potential hepatotoxic
marker genes were demonstrated. As shown in Fig. 5, the
maximal up- or down-regulated time points in almost all
the individual gene expression profiles reflected the max-
imal toxic time. In addition, the individual gene expres-
sion profiles of each dosage showed similar patterns. In
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caspase 3, apoptosis related cysteine protease (ICE-like cysteine protease) mRNA; Cengl, NM_012923, cyclin G1 mRNA; Cxcl10, U22520,
interferon inducible protein 10 (IP-10) mRNA, complete cds; Dia4, NM_017000, diaphorase (NADH/NADPH) mRNA; Gadd45a, NM_024127,
growth arrest and DNA -damage-inducible 45 alpha mRNA; Hmox1, NM_012580, heme oxygenase (decycling) 1 mRNA; Lyz, NM_012771, lysozyme
mRNA; Tdag, NM_017180, T-cell death associated gene mRNA; Txnrd1, NM_031614, thioredoxin reductase 1 mRNA; Avprla, Z11690, mRNA for
V la arginine vasopressin receptor; Hadhsc, NM_057186, L-3-hydroxyacyl-coenzyme A dehydrogenase, short chain mRNA ; Nme3, NM_053507,
expressed in non-metastatic cells 3, protein (nucleoside diphosphate kinase) mRNA; Rbl, D25233, mRNA for retinoblastoma protein, partial
sequence; Ste, NM_012883, sulfotransferase, estrogen preferring mRNA; Sultla2, NM.031732, sulfotransferase family 1A, member 2 mRNA;
Tgfbli4, NM._013043, transforming growth factor beta 1-induced transcript 4 mRNA.
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Fig. 6. Real-time RT-PCR analysis of the expression of the representative genes. Total RNA samples from four rats were pooled and used for
real-time RT-PCR analysis. This figure shows the representative five up-regulated and three down-regulated genes as shown in Fig. 5. Official gene
names are described in Fig. 5.
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order to confirm the gene expression changes found in
the DNA microarray analysis, real-time RT-PCR analy-
sis was performed in eight representative genes (Fig. 6).
The expression profiles and extent of these eight gene
expressions were almost the same as those of the DNA
microarray.

4. Discussion

Gene expression changes have been used to provide
specific mechanistic information concerning the mode of
action of toxicants. Toxicogenomics is an approach that
applies microarray technology to toxicological evalua-
tion paradigms. Toxicogenomic gene expression studies
have been facilitated by the recent development of high-
density microarrays.

In our previous study [16], the relationship between
the hepatic gene expression profiles and hepatotoxicity
was investigated in rats using in five typical hepatotox-
icants. The mRNA of TA (400 mg/kg weight) adminis-
tered rats was analyzed. Finally, 17 possible potential
hepatotoxicity markers were proposed. In the present
study, in order to evaluate the gene expression for hep-
atotoxicity in detail, we evaluated the effects of three
dosages of TA, which causes zone-3 necrosis {17}, by
using a 9936 gene-spotted microarray slide. The dosage

was selected according to a previous report [17]. The
~ high-, medium-, low-dose administration was expected
to cause severe toxicity, low toxicity and no toxicity,
respectively. In this study, we compared between the
extent of toxicity and the changes of gene expression
in detail.

Previously, the effects of 300, 400 or 500 mg/kg
weight of TA-administration in rats were reported
[5,11,16]. The maximal point of TA toxicity estimated
from the serum AST and ALT activities was 24 h after
the administration. The present results were the same as
those of previous reports. In the present study, the uncon-
jugated bilirubin was notincreased by TA-administration
but the conjugated bilirubin was increased at 24 h by the
high dosage of TA. These data confirmed that the toxicity
model of TA-administration was successfully conducted
in the present study. Additionally, the toxic time points
of each dosage were estimated as 24 h.

Hierarchical clustering was performed to examine the
gene expression data derived from the microarray anal-
ysis. All groups were extensively sorted into the early
phase (6 and 12h) or in the late phase (24, 36 and
48 h). In the early phase, the clusters were sorted in a
time-dependent manner. Previously, Bulera et al. {18},
reported in a comparison between low dose (40 mg/kg)
and high dose (500mg/kg) at early times (low dose:
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3 and 6h; high dose: 8h) after the administration in
rats using a microarray method, reported that all three
groups were sorted into a the similar cluster. This result
was similar to that of early phase in the present experi-
ment (Fig. 2A). On the other hand, the late phase cluster
was clustered in a dose-dependent manner (Fig. 2A).
Therefore, we report here that the hierarchical clustering
analysis demonstrated that the gene expression patterns
were changed dose independently in the early phase of
hepatotoxicity, but in dose dependently in the late phase
of hepatotoxicity. Furthermore, hierarchical clustering
at different dosages showed the same result as shown in
Fig. 2B. The hierarchical distance between the early and
the late phase were separated in a dose-dependent man-
ner as shown by the dendrograms (Fig. 2B), suggesting
that there was a certain relationship between the extent
of hepatotoxicity and the gene expression pattern.

QT clustering based on the time after TA-
administration was performed. This method can estimate
the majority of gene expression profiles as previously
reported {16]. As shown in Fig. 3, this result confirmed
our finding from the hierarchical clustering analysis.
Moreover, the hierarchical clustering and QT clustering
based on the time after TA-administration also suggest
thatthere was a dose dependency in the extent of the gene
expression changes after the hepatotoxicity appeared.

QT clustering based on the TA dosage was also
performed (Fig. 4). The profiles of both the average
and median values from the QT clustering reflected
the changes in biochemical markers. This result con-
firmed those of our previous study [16}. Furthermore,
the present study indicated that the changes of the gene
expression inthe QT clustering became distinct in a dose-
dependent manner. Taking these results into considera-
tion, in this study, we demonstrated that the hepatic genc
expression profiles are independent of the TA dosage and
reflect the changes in the serum biochemical markers.

Category classification of the genes affected by
TA-administration showed that the numbers of down-
regulated genes were greater than those of the up-
regulated genes, as reported previously {16].

Bulera et al. [18] reported the gene expression data
after 24h of TA-administration (500 mg/kg). In their
study, expression changes were analyzed in 1600 genes
and they showed that 133 genes were up-regulated and
163 genes were down-regulated. The microarray slides
used in the present study spotted 49 of their 133 up-
regulated genes (36.8%) and 68 of their 163 down-.
regulated genes (41.7%). In total, 117 of the 296 genes
(39.5%) were spotted. In the present study, 39 of the
49 genes (79.6%) were up-regulated and 64 of the 68
genes (94.1%) were down-regulated (data not shown).
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For example, FMOI, which metabolizes TA to a toxic
metabolite, was down-regulated (<0.1-fold). In a total of
103 of 117 genes (88.0%), the expressions were similar
to those reported by Bulera et al. [18].

In the previous study, using five traditional hepa-
totoxicants including TA we performed simultaneous
measurements using other microarray slides (Rat Drug
Response Chip, Hitachi) | 16]. Most of the genes showed
similar expression profiles to those of the present study.
The expression profiles were confirmed in eight rep-
resentative genes by real-time RT-PCR, which showed
almost the same profile as that of the DNA microarray.
This result suggested that our candidate genes could be
sensitive markers for hepatotoxicity. However, the rela-
tionship between these genes was not clarified.

In summary, the present study demonstrated that
there are distinct gene expression differences between
pretoxic- and toxic-periods (Fig. 2), there is a dose
dependency in the extent of the major gene expression
changes after toxicity appears (Fig. 3), the major gene
expression profiles reflect the biochemical marker activ-
ities (Fig. 4), and the candidate genes identified in our
previous microarray analysis could be used as sensi-
tive markers for hepatotoxicity (Fig. 5). In conclusion,
the potential toxic effects appearing as gene expres-
sion changes are independent of the dosage of TA. The
major gene expression profiles estimated by QT cluster-
ing analysis would be a sensitive marker for predicting
potential hepatotoxicity.
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Cytochrome P450 (CYP) 1B1, which catalyzes 17B-estradiol 4-hydroxylation, is expressed
in steroid-related tissues including ovary, testis, and adrenal gland. Generally, the
expressions of steroidogenic CYPs are transcriptionally regulated by steroidogenic
factor-1 (SF-1) and cAMP response element (CRE) binding protein (CREB). In the present
study, we examined the possibility that the human CYPIB1 gene might be regulated by
SF-1 and CREB. Gel shift analyses revealed that in vitro translated SF-1 can bind to the
putative SF-1 binding sites, SF-1a (at ~-1722) and SF-1b (at -2474), on the CYP1BI gene.
In vitro iranslated CREB barely binds to the putative SF-1 binding sites. Luciferase anal-
ysis revealed that a reporter plasmid, pGL3 (-2623/+25), containing the SF-1a and SF-1b
elementsis transactivated by the concomitant co-expression of SF-1 and proteinkinase A
(PKA). However, the transcriptional activity is induced by PKA alone. Mutations in the
SF-1a and SF-1b elements did not affect the luciferase activity. Thus, the binding of SF-1
to the putative SF-1 binding sites of the human CYP1BI gene might not be essential for
transcriptional regulation. Interestingly, deletion and mutation analyses indicated that
the PKA signaling pathway is involved in the xenobiotic responsive element (XRE)-
mediated transactivation of the human CYPI1BI gene.

Key words: CREB, CYP1B1, gene regulation, PKA; SF-1.

Abbreviations: AhR, aryl hydrocarbon receptor; ARNT, AhR nuclear translocator; CRE, cAMP response
element; CREB, CRE binding protein; CYP, cytochrome P450; PKA, protein kinase A; SF-1, steroidogenic

factor-1; TCDD, 2,3,7,8-tetrachloredibenzo-p-dioxin; XRE, xenobiotic responsive element.

Cytochrome P450 (CYP)s comprise a multigene family
of constitutive and inducible enzymes involved in the
oxidative metabolic activation and detoxification of many
endogenous and exogenous compounds (I, 2). Human
CYP1B1 is mainly expressed in lung, kidney, ovary,
uterus, breast, prostate, and adrenal gland (3, 4). Its
function involves not only the metabolic activation of a
variety of procarcinogens and promutagens, including
polycyclic aromatic hydrocarbons (PAHs) and aryl amines
(4), but also the hydroxylation of the endogenous substrate
17f-estradiol in human (5, 6).

In rat, CYP1IB1 expression has been reported to be
increased by adrenocorticotropic hormone (ACTH) and
cAMP (7, 8). In addition, Zheng et al. (9, 10) recently
reported that the transcriptional regulation of the rat
CYPIBI1 gene is mediated by steroidogenic factor-1
(SF-1) and cAMP response element binding protein
(CREB). SF-1 is a member of the orphan nuclear receptor
family. SF-1 is expressed in adrenal cortex, testis, ovary,
pituitary gonadotrope cells, and hypothalamus (11, 12), and
is essential for adrenal development and sexual differen-
tiation (13, 14). SF-1 is activated by the cAMP-dependent
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protein kinase A (PKA) and plays an important role in
regulating the expression of various steroidogenic genes,
such as steroidogenic acute regulatory protein (I5),
CYP11A1 (16), CYP11B1 (17), CYP17 (I18), and CYP19
(18). In the 5'-flanking region of these target genes, SF-1
binds to a consensus sequence (PuPuAGGTCA or
PyCAAGGPyPy) as a monomer and enhances the tran-
scriptional activation (20).

CREB is a member of the leucine zipper family, which is
also activated by the PKA signaling pathway, and recog-
nizes the cAMP response element (CRE) core sequence
(TGACGTCA) of the target gene (21). SF-1 is involved in
cAMP-regulated gene expression, since SF-1 interacts with
CREB mediated by the PKA pathway (22, 23).

In the rat CYP1BI gene, four SF-1 binding sites and two
potential CREs have been identified at -5298 to —5110
(Far Upstream Enhancer Region, FUER) (9, 10). Although
the corresponding FUER rat homolog does not exist in the
human CYPI1BI gene, we found two putative SF-1 binding
sites at —1722 and —2474 in the human CYP1B1 gene. This
prompted us to investigate the possibility that human
CYP1B1 expressed in steroidogenic tissues might also be
controlled by SF-1 and CREB. In the present study, we
examined the binding of SF-1 or CREB to the putative
SF-1 binding sites on the 5-flanking region of the
human CYPI1BI gene by gel shift analyses. In addition,

© 2006 The Japanese Biochemical Society.
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luciferase analyses were performed using various reporter
constructs containing the 5'-flanking region of the human
CYP1BI1 gene to investigate the involvement of these
factors in the transcriptional regulation.

MATERIALS AND METHODS

Chemicals and Reagents—The pGL3-basic plasmid and
luciferase reporter assay system were from Promega
(Madison, WI). The pCMV-CREB and pCMV-PKA
plasmids, which contain the full-length ¢cDNA of human
CREB and the catalytic subunit of human PKA, respec-
tively, were purchased from BD Biosciences Clontech
(Palo Alto, CA). The pRe¢/RSV-SF-1 plasmid containing
bovine SF-1 ¢cDNA and rabbit anti-bovine SF-1 antiserum
were kindly provided by Dr. Ken-Ichirou Morohashi
(National Institute of Basic Biology, Okazaki, Japan).
[v-*?P]ATP was from Amersham (Buckinghamshire, UK).
All primers and oligonucleotides were commercially
synthesized by Hokkaido System Sciences (Sapporo,
Japan). The mouse anti-human CREB monoclonal anti-
body was from Santa Cruz Biotechnology (Santa Cruz,
CA). All other chemicals and solvents were of the highest
grade commercially available.

In Vitro Transcription/translation and Gel Shift
Analyses—One microgram of the pTNT-SF-1 plasmid
and pTNT-CREB plasmid were incubated at 30°C for
90 min with the T7 TNT quick-coupled transcription/
translation system (Promega) in the presence of methionine.
The in vitro synthesized products were then subjected to
gel shift analyses. Synthetic oligonucleotides were labeled
with [y-*2P]ATP using T4 polynucleotide kinase (Toyobo,
Osaka, Japan). The oligonucleotide sequences are shown in
Table 1. The sequence of the consensus SF-1 binding site
(¢SF) was from the bovine CYPI1BI gene (20) and the
sequence of the consensus cAMP response element
(CRE) was provided by Santa Cruz Biotechnology. The
reaction mixture contained 1 pl of the in vitro translated
product, 2 ug of poly [dI-dC], 1 pg of salmon sperm DNA,
and 30 fmol of radiolabeled probe (~20,000 c¢pm) with
binding buffer {25 mM Hepes-KOH (pH 7.9), 0.5 mM
EDTA, 50 mM KCl, 10% glycerol, 0.5 mM dithiothreitol,
0.5 mM (p-amidinophenyl) methanesulfonyl fluoride] in a
final volume of 15 pl. The binding reaction was performed
at 25°C for 30 min. To determine the specificity of the
binding to the oligonucleotides, competition experiments
were conducted by co-incubation with excess amounts of
unlabeled competitors. For super-shift analyses, rabbit
anti-bovine SF-1 antiserum or anti-human CREB mono-
clonal antibody were pre-incubated with the in vitro
translated product on ice for 15 min, and then each
radiolabeled probe was added. DNA-protein complexes
were separated under nondenaturing conditions in 4%
polyacrylamide gels with 0.5x TBE as the running buffer.
The gels were dried, and then the DNA-protein complexes
were detected and quantified with a Fuji Bio-Imaging
Analyzer BAS 1000 (Fuji Film, Tokyo, Japan).

Plasmid Constructs—The pTNT-SF-1 plasmid was
constructed by cloning the full-length bovine SF-1 ¢cDNA
digested with Sacll and Xbal from the pRc/RSV-SF-1
plasmid into the Xhol and Xbal-digested pTNT vector
(Promega). The pTNT-CREB plasmid was constructed
by cloning the full-length human CREB ¢cDNA digested

115

Y. Tsuchiya et al.

with EcoRl and Mlul from the pCMV-CREB into
the EcoRI and Mlul-digested pTNT vector. A series of
pGL3-basic plasmids containing the 5'-flanking region of
the human CYPIBI gene (-2299/+25, -1652/+25, ~1022/
+25, —910/+25, and -732/+25) and mutated plasmids
(-910/XRE3 mt, —910/XRE2 mt, and -910/Spl-like mt)
were constructed in our previous study (24). A plasmid
containing the 5-flanking region of the human CYPIBI
from —2623 to +25 was constructed as follows: a DNA
fragment containing the sequence from -2623 to —869
was amplified by PCR using the forward primer adapted
to include a Mlul site at the & end, 5'-CGC GTA TCT AAG
TTC CCC ATC ATG-3, and the reverse primer, 5-GAA
AGT CGG CTC CAG TCA TAT CC-3'. After digestion
with EcoRI, the PCR product was cloned into the Mlul
and EcoRI-digested pGL3-basic (—2299/+25) plasmid. The
orientation of the construct was verified by restriction
enzyme digestion or the nucleotide sequence was
confirmed by DNA sequencing analysis. Mutated plasmids
(—2623/SF-1a mt, -2623/SF-1b mt, and ~2623/SF-1a/b mt)
were constructed by site-directed mutagenesis with a
QuikChange® site-directed mutagenesis kit (Stratagene,
La Jolla, CA). For the —2623/SF-1a mt construct, the
forward and reverse mutagenic primers were 5-GGT
CTC GAA CTC CTG AAA TCA AGT GAT CCG CCC
GC-3' and 5-GCG GGC GGA TCA CTT GAT TTC AGG
AGT TCG AGA CC-3, respectively (mutated sites are
underlined). For the -2623/SF-1b mt construct, the
forward and reverse mutagenic primers were 5-GGT
GGA TCA CCT GAA ATC AGG AGT TTG AGA CCA
GCC-3' and 5'-GGC TGG TCT CAA ACT CCT GAT TTC
AGG TGA TCC ACC-3/, respectively. Nucleotide sequences
were confirmed by DNA sequencing analysis. The p0.2
plasmid containing the 0.2 kb proximal promoter region
of the rat CYPIB1 gene and the pFUER/0.2 plasmid
containing the far upstream enhancer region (FUER)
from —5298 to —5188 of the rat CYPIBI gene in addition
to the 0.2 kb proximal promoter region were previously
constructed (9).

Cells Culture and Luciferase Assay—The human ovarian
granulosa-like tumor cell line KGN (25) and the mouse
adrenal tumor cell line Y-1 were obtained from Riken
Gene Bank (Tsukuba, Japan) and American Type Culture
Collection (Rockville, MD), respectively. KGN cells
were cultured in a 1:1 mixture of Dulbecco’s modified
Eagle’s medium (DMEM) and Ham’s F-12 medium (Nissui
Pharmaceutical, Tokyo, Japan) supplemented with 10%
(v/v) fetal bovine serum (FBS) (Invitrogen). Y-1 cells
were cultured in DMEM supplemented with 10% FBS.
These cells were maintained at 37°C under an atmosphere
of 5% CO3-95% air. For the luciferase assays, cells were
seeded into 24-well plates (8 x 10* cells/well) and incubated
for 24 h before transfection. KGN cells were transfected
with 400 ng of CYP1B1/luc reporter gene plasmid and
50 ng of pR¢/RSV-SF-1 plasmid or pRe/RSV vector in the
presence of 50 ng of pCMV-PKA plasmid or pCMV vector
using Superfect Transfect Regents (QIAGEN, Hilden,
Germany) at a reagent:DNA ratio of 3:1 in 200 pl of
serum-free culture medium. After incubation at 37°C for
3 h under an atmosphere of 5% COy-95% air, growth
medium was added to the cells. Y-1 cells were transfected
with the same plasmids as above using Tfx-20 reagent
(Promega) at a reagent:DNA ratio of 2.5:1 in 200 pl of
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Fig. 1. Gel shift analyses of the putative SF-1 binding sites on
the human CYPIBI gene with SF-1. Radiolabeled cSF (A), SF-1a
(B}, and SF-1b (C) were used as probes and each cold oligonucleotide
was used as a competitor at 200-, 500-, and 1,000-fold molar
excesses. For super-shift analyses, rabbit anti-bovine SF-1 serum
was pre-incubated with in vitro translated SF-1 protein on ice for

serum-free culture medium. After incubation at 37°C for
1 h under an atmosphere of 5% CO2-95% air, growth
medium was added to the cells. After 48 h, the cells
were resuspended in passive lysis buffer, and then the
luciferase activity was measured with a luminometer
(WALLAC, Turku, Finland) using a luciferase reporter
assay system (Promega). Protein concentrations were
determined using the Bradford protein assay regent
(Bio-Rad, Hercules, CA) with bovine y-globulin as the
standard. The luciferase activity was normalized to the
protein content.

Statistical Analyses—Data are expressed as mean * SD
of triplicate determinations. Statistical significance was
determined by analysis of variance and Scheffe’s test.
A value of P < 0.05 was considered statistically significant.

RESULTS

Binding of SF-1 to the Putative SF-1 Binding Sites on
the Human CYPIBI Gene—A computer-assisted homology
search revealed two putative SF-1 binding sites, SF-1a at —
1722 and SF-1b at -2474, in the 5'-flanking region of the
human CYPIBI gene. The SF-1a and SF-1b sequences are
different from the consensus SF-1 binding sequence
(PuPuAGGTCA) in one base. To determine whether SF-1
can bind to the SF-1a or SF-1b sequence on the human
CYPIBI gene, gel shift analyses were performed (Fig. 1).
Oligonucleotides used for the gel shift analyses are shown
in Table 1. Using an oligonucleotide containing the
consensus SF-1 binding sequence (¢SF) as a probe,
we confirmed that the in vitro translated SF-1 binds to
c¢SF (Fig. 1A). A super-shifted band was observed with
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15 min, and then the radiolabeled probe was added. DNA-protein
complexes were separated under nondenaturing conditions in 4%
polyacrylamide gels. The lower arrow indicates the position of the
SF-1-dependent shifted band and the upper arrow indicates the
super-shifted SF-1 complex.

Table 1. Oligoprobes used for gel shift analyses.

Probe Sequence Position

SP-1a 5'-CGAACTCCTGACCTCAAGTGA- -1737/-1708
TCCGCCCGC-3'

S¥-1b 5-GTGGATCACCTGAGGTCAGGA- -2491/-2462
GTTTGAGAC-3'

cSF 5-ACATACCCAAGGTCCCCTTT-3 -337/-318

cCRE 5'-AGAGATTGCCTGACGTCAGA- Artificial

GAGCTAG-3'

Sequence and position of SF-1 binding sites in the human CYPIBI
gene are listed. Each core region is underiined. SF-1a is actually
the reverse complement of the SF-1 binding site. The consensus
SF-1 binding site (eSF) sequence is that of the bovine CYPI1B1
gene. The consensus CRE (cCRE) sequence was created by Santa
Cruz Biotechnology.

anti-SF-1 antiserum. However, the super-shifted band
was not observed with normal rabbit IgG (data not
shown). The band density was decreased by a cold cSF
competitor. In contrast, the competition with the cold com-
petitors of SF-1a and SF-1b was weak. Using SF-1a or SF-
1b as a probe, the shifted band was also observed with SF-
1, although the intensity was weak (Fig. 1, B and C). The
shifted bands were abolished with anti-SF-1 antiserum,
and excessive cold ¢SF competitors robustly diminished
the DNA-protein complexes for SF-la and SF-1b. In
contrast, the competition with cold competitors of SF-1a
and SF-1b was weak. These results indicate that SF-1
binds to the putative SF-1 binding sites on the human
CYPI1B1 gene.

Binding of CREB to the Putative SF-1 Binding Sites on
the Human CYPIB1 Gene—The sequences of SF-1a and
SF-1b resemble that of the cAMP response element
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Fig. 2. Gel shift analyses of the putative SF-1 binding sites on
the human CYPIBI gene with CREB. Radiolabeled ¢cCRE (4),
SF-1a (B), and SF-1b (C) were used as probes and each cold oligo-
nucleotide was used as a competitor at 200-, 500-, and 1,000-fold
molar excesses. For super-shift analyses, mouse anti-human CREB
antibodies were pre-incubated with in vitro translated CREB

(CRE: TGACGTCA), suggesting possible binding of CREB.
To investigate whether CREB can bind to the SF-1a or SF-
1b sites on the human CYPIBI gene, gel shift analyses
were performed (Fig. 2). Using an oligonucleotide contain-
ing the consensus CRE sequence (cCRE), it was confirmed
that the in vitro translated CREB binds to the sequence
(Fig. 2A). A super-shifted band was observed with anti-
CREB antibody. In contrast, no super-shifted band was
observed with normal mouse IgG (data not shown). The
band was competed out by cCRE when used as a cold com-
petitor, but not by cold competitors of SF-1a and SF-1b.
Using SF-1a or SF-1b as a probe, a shifted band was also
observed with CREB (Figs. 2B and 2C). The shifted band
was abolished with anti-CREB antibody, although no
super-shifted band was observed. Thus, CREB barely
binds to the putative SF-1-binding sites on the human
CYPIiBI gene.

Transcriptional Activities of the Human CYPIBI
Gene with the Co-Expression of SF-1 and PKA in KGN
Cells—SF-1-dependent tiranscriptional regulation is
known to be activated by PKA. To investigate whether
SF-1 is involved in the transcriptional activation of the
human CYPIBI gene via the putative SF-1 binding
sites, luciferase assays were performed (Fig. 3). A
luciferase reporter plasmid containing the &'-flanking
region from -2623 to +25 of the human CYPI1BI gene
was transiently transfected into KGN cells co-
transfected with pRc¢/RSV-SF-1 plasmid, pCMV-PKA
plasmid or in combination. Although the transcriptional
activity was not affected by the co-expression of SF-1, it
was significantly (5.9-fold) increased by the concomitant
co-expression of SF-1 and PKA. However, the
co-expression of PKA alone also produced similar trans-
criptional activation (6.7-fold). Using the mutated
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protein on ice for 15 min, and then the radiolabeled probe
was added. DNA-protein complexes were separated under
nondenaturing conditions in 4% polyacrylamide gels. The lower
arrow indicates the position of the CREB-dependent shifted
band and the upper arrow indicates the super-shifted CREB
complex.

plasmids pGL3 (-2623/SF-1a mt), pGL3 (-2623/SF-1b
mt), and pGL3 (~2623/SF-1a/b mt), the role of the putative
SF-1 binding sites in the transcriptional activities was
determined. The mutations did not affect the transcriptional
activities in either the basal or PKA-dependent activities.
These results suggest that the SF-1a and SF-1b sequences
do not function in the transcriptional regulation of the
human CYPIBI gene.

A series of deleted pGL3 plasmids were transfected into
KGN cells co-transfected with the SF-1-expression vector
in the absence or presence of the PKA-expression vector
(Fig. 3). Using the pGL3 (-1652/+25), pGL3 (-1022/+25),
and pGL3 (-810/+25) plasmids, stimulation of the tran-
scriptional activities by PKA was observed in each plasmid
(6.0-, 4.0-, and 4.9-fold, respectively), although no effects of
the co-expression of SF-1 were observed (Fig. 3). Further
deletion to —732 abolished the PKA-dependent trans-
activation. When CREB was co-expressed instead of
SF-1 for each reporter construct, similar results were
obtained (data not shown). These results suggest that
the transcription of the human CYPIBI gene is regulated
by PKA in the region -910 to-732.

Comparison of KGN Cells and Y-1 Cells in the
Transcriptional Activities of the CYP1B1 Gene with the
Co-Expression of SF-1 and PKA-—As described above, SF-1
failed to transactivate the human CYPIBI gene. To inves-
tigate the responsiveness of SF-1 in KGN cells, a reporter
plasmid containing the enhancer region of the rat CYPIB1
gene (pFUER/0.2), which is known to be transactivated by
SF-1 (10), was transfected (Fig. 4A). In contrast to the
plasmids containing the human CYPIBI gene, the reporter
activity of pFUER/0.2 was slightly increased by the
co-expression of SF-1 (7.1-fold). Furthermore, the concomi-
tant co-expression of SF-1 and PKA produced a maximum

JJ. Biochem.
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the human CYPIB1I gene in KGN
cells. A series of reporter constructs
containing the &'-flanking region of
the human CYP1BI gene were tran-
siently transfected into KGN cells
with pRe/RSV-SF-1 plasmid (SF-1),
pCMV-PKA plasmid (PKA), or in
combination. To adjust the total
amount of transfected plasmid, an
empty vector (pR¢/RSV or pCMV)
was transfected as a control. After
48 h, luciferase activity and protein
content were determined for the
harvested cellular extracts. Relative
luciferase activities are expressed
as luciferase activity per mg
protein. Each column represents
the mean t SD of three independent
experiments *P < 0.05, compared
with control (pRe/RSV and pCMV
vector co-transfection).
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Fig. 4. Transcriptional activity of the human or rat CYP1B1
gene in KGN or Y-1 cells. The reporter plasmids were pGL3
(—2623/+25) and pGL3 (-910/+25) containing the 5'-flanking region
ofthe human CYPIB1 gene, as well as pFFUER/0.2 and p0.2 contain-
ing the 5'-flanking region of the rat CYPIBI gene. These reporter
plasmids were {ransiently transfected into KGN cells (A) and Y-1
cells (B) with pRe/RSV-SF-1 plasmid (SF-1), pCMV-PKA plasmid
(PKA), or in combination. To adjust the total amount of transfected

transcriptional activation of 697-fold. The reporter activity
of the p0.2 construct was not affected by the co-expression
of SF-1. These results suggest that SF-1 can function in
KGN cells.
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plasmid, an empty vector (pRe/RSV or pCMV) was transfected as a
control. After 48 h, the luciferase activity and protein content were
determined for the harvested cellular extracts. Relative luciferase
activities are expressed as luciferase activity per mg protein. Each
column represents the mean + SD of three independent experiments
*P < 0.05, compared with control (pRc¢/RSV and pCMV vector
co-transfection).

Mouse adrenal tumor Y-1 cells are frequently used for
the examination of SF-1-regulated transactivation of tar-
get genes. Therefore, the SF-1-dependent transactivation
of the human CYPIBI gene was investigated using Y-1
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Fig. 5. Effects of mutations of XRE3, XRE2, and the Spl-like
motifin the 5'-flanking region of the human CYPIBI gene on
the transcriptional activity by PKA. A series of reporter
plasmids were transiently transfected into KGN cells with the
pCMV-PKA plasmids. To adjust the total amount of transfected
plasmid, the pCMV vector was transfected as a control. After
48 h, the luciferase activity and protein content were determined

cells (Fig. 4B). In accordance with the previous report (10),
the reporter activity of pFUER was increased by the co-
expression of SF-1 (2.9-fold) and concomitant co-expression
of SF-1 and PKA (15-fold). In contrast, reporter plasmids
containing the human CYP1BI gene were not transacti-
vated by the co-expression SF-1 or PKA in Y-1 cells. These
results suggest that the regulation of the rat and human
CYP]BI1 genes by SF-1 is not similar.

PKA-Dependent Transactivation Is Mediated by XRE—
The CYPIB1 gene is well known to be regulated by a
ligand-activated aryl hydrocarbon receptor (AhR) vie the
xenobiotic responsive element (XRE). In our previous study
(24), it was demonstrated that two XRE sequences at -853
and —834 on the 5'-flanking region of CYP1BI gene coop-
eratively regulate the constitutive and ligand-inducible
transcriptional regulation of ACYP1BI1 with the Spl-like
motif at ~824. To examine the possibility that the PKA-
dependent transactivation is associated with these ele-
ments, luciferase analyses with mutated reporter con-
structs were performed (Fig. 5). The constitutive
activities of the mutated reporter plasmids pGL3 (-910/
Spl-like mt), pGL3 (-910/XRE3 mt), and pGL3 (-910/
XRE2 mt) were 56%, 52%, and 30% that of wild-type
pGL3 (-910/+25), respectively. The reporter activities of
pGL3 (-910/+25) and pGL3 (-910/Spl-like mt) were
induced 4.4-fold and 3.0-fold by the co-transfection of
PKA, respectively. In contrast, mutations in XRE3 and
XRE2 significantly reduced the PKA-dependent transacti-
vation to 2.2-fold and 1.3-fold, respectively, and the PKA-
dependent transactivation was not observed with the pGL3
(~732/+25) plasmid (1.4-fold). These results suggest that
the PKA-dependent transcription of the human CYPIBI
gene is mediated by XRE3 and XRE2.

DISCUSSION

Steroidogenic CYPs such as CYP11A1 (16), CYP11B1 (17),
CYP17 (18), and CYP19 (I9) possess a common cAMP
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for the harvested cellular extracts. Relative luciferase activities are
expressed as luciferase activity per mg protein. Constitutive and
PKA-inducible transcriptional activities were demonstrated (left
panel), and fold induction by PKA over control in each reporter
construct was demonstrated (right panel). Each column represents
the mean * SD of three independent experiments *P < 0.05,
compared with pGL3 (-910/+25).

responsive enhancer region in the 5'-flanking region of
the genes. These are regulated by SF-1 and/or CREB
(26). It has been reported that PKA directly phosphorylates
SF-1 (27). 1t was recently reported that PKA phosphory-
lates mitogen-activated protein kinase phosphatase-1
(MKP-1), which dephosphorylates SF-1 (28). Although
the functions of the phosphorylation and/or dephosphory-
lation of SF-1 are controversial, the involvement of PKA in
the activation of SF-1 would be plausible. CREB can bind to
the target gene after the phosphorylation by PKA, which is
activated by cAMP (29). CYP1B1 is also highly expressed
in steroidogenic tissues such as ovary and adrenal gland,
and acts in the metabolism of 178-estradiol. It has been
reported that rat CYP1B1 is regulated by SF-1 and CREB
(9, 10). In the present study, we investigated the possibility
that SF-1 or CREB might be involved in the transcriptional
regulation of the human CYPIBI gene.

The binding of SF-1 and CREB to two SF-1 binding sites
(SF-1a and SF-1b) on the human CYP1BI gene was demon-
strated by gel shift analyses. However, luciferase analyses
revealed no transactivation of the human CYPIBI gene
with SF-1. A similar phenomenon has been reported for
human CYP11B2, aldosterone synthase, expressed in
adrenal zona glomerulosa (30). Although SF-1 binds to
the Ad4 sequence on the promoter region of the
CYP11B2 gene, SF-1 does not stimulate the transcriptional
activity. Thus, if the binding affinity of SF-1 and CREB to
DNA is low, these factors might be unable fo transactivate.

In the rat CYPIB1 gene, two potential CREs to which
CREB can bind were identified at —-5122 and -5255 (9).
Furthermore, four SF-1 binding elements to which SF-1
can bind were identified at -5298 to -5110 (Far Upstream
Enhancer Region, FUER) of the rat CYPIBI gene (10).
Zheng and Jefcoate (10) also reported that SF-1 and
CREB cooperatively transactivate the rat CYPIBI gene.
In the present study, the SF-1- and PKA-dependent trans-
activation of the rat CYPIBI gene, but not the human
CYPIBI1 gene, was observed in both KGN cells and Y-1
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cells. When the sequences of the human and rat CYP1BI
genes are compared, the homology is greater than 90% in
the 5'-flanking region —1058 to —802 containing XRE. Since
both the human and rat CYPI1BI genes are up-regulated by
AhR via XRE, this region is critical for human and rat
CYPIB1 gene regulation. However, far from ~1 kbp in
the 5'-flanking region, the homology between the human
and rat CYP1BI genes decreases prominently, and the
corresponding FUER rat homolog (-5298/-5110) is not
found in the human CYPIBI gene. In the present study,
we focused on two putative SF-1 binding sites at -1722 and
—2474 in the hCYPIBI gene. Although rat FUER has mul-
tiple binding regions for SF-1 and CREB in a short
sequence (189 bp), the SF-la and SF-1b sites in the
human CYPIBI gene exist separately. Thus, the dissim-
ilarity in the sequences in the regulatory regions of the
human and rat CYP1B1 genes might be the cause of the
low contribution of SF-1 to the regulation of the human
CYP1BI gene. Taking our present data into consideration,
SF-1 would not be a major regulator of human CYP1B1
expression. However, we cannot exclude the possibility
that SF-1 might act indirectly if SF-1 modifies another
transcriptional factor(s) that regulates human CYP1B1.

We found that PKA activates the transcription between
-910 to ~732 on the 5'-flanking region of the human
CYPIBI gene (Fig. 3). This region includes two XRE
sites and an Spl-like motif, which play roles in the regula-
tion of CYP1BI in constitutive and AhR-ligand dependent
expression (24). It is well known that AhR binds to XRE
after heterodimerization with AhR nuclear translocator
(ARNT) (31, 32). Interestingly, mutations in XRE3 at
-853 and XRE2 at -834 inhibit the PKA-dependent
activation (Fig. 5). As shown in Fig. 4, this PKA-
dependent transactivation of the human CYPIBI gene
was observed in KGN cells, but not in Y-1 cells. In KGN
cells, AhR mRNA is expressed and ean induce the CYP1B1
mRNA in the presence of ligands (data not shown).
In contrast, AhR mRNA is not expressed in Y-1 cells (9).
Thus, AhR is likely to be involved in PKA-dependent
transactivation. A number of early studies reported the
phosphorylation of AhR; especially, the phosphorylation
of AhR via protein kinase C (PKC) is well known to be
essential for the binding of AhR to XRE (33, 34). Until
now, the association of PKA with the phosphorylation of
AhR activation was unknown. However, it has been
reported that PKA augments the transactivation potential
of ARNT, a partner of AhR (35). The findings of our study
suggest that the PKA signaling pathway is partially
involved in the transcriptional regulation of the human
CYP1BI gene via XRE, although further studies are
necessary.

In conclusion, we demonstrated the binding of SF-1 and
CREB to the putative SF-1 binding sites of the human
CYPIBI gene, but these factors do not activate
transcription. Thus, SF-1 and CREB might not be essential
for the regulation of the human CYPIBI gene.
Interestingly, it was found that PKA signaling is involved
in the XRE-mediated transactivation in the human
CYP1BI gene.
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