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SUMMARY

In Syrian hamster liver, treatment with 3-methylcholanthrene
(3-MC) markedly induces an isozyme of cytochrome P450
(CYP), CYP2A8. To elucidate the mechanism of this induction,
we studied the effect of okadaic acid (OA), an inhibitor of serine
threonine protein phosphatases 1 and 2A, on 3-MC-induced
CYP2A8 expression in primary cultures of Syrian hamster
hepatocytes. The addition of OA to the cultured hepatocytes at
a concentration of 1 nm potentiated 3-MC- (0.1 and 1 um)
induced expression of mMRNA and protein of CYP2A8 and its
associated coumarin 7-hydroxylase activity. In addition, OA not
only induced c-fos and jun-D mRNA, components of transcrip-
tion factor activator protein-1 (AP-1), with an increase in AP-1
binding activity in the nucleus, but also activated AP-1-depen-
dent gene transcription in the hepatocytes. The dose-depen-
dent effect of OA on 3-MC-induced CYP2A8 expression cor-

responded to that of OA on c-fos and jun-D mRNA induction
and on the activation of AP-1-dependent gene transcription.
The expression of c-fos and jun-D mRNA induced by OA pre-
ceded the expression of CYP2A8 mRNA potentiated by co-
treatment with 3-MC and OA. Treatment with anisomycin and
cycloheximide also potentiated 0.1 um 3-MC-induced couma-
rin 7-hydroxylase activity, induced c-fos and jun-D mRNA ex-
pression, and activated AP-1-dependent gene transcription in
the hepatocytes. Furthermore, 3-MC-induced CYP2A8 expres-
sion was potentiated in the hepatocytes transfected with c-Jun
expression plasmid. These results suggest that AP-1, inducible
by serine threonine protein kinase, may be one of the compo-
nents of the signal transduction system from 3-MC to CYP2A8
gene expression.

CYP represents a multigene family of hemoproteins that
catalyze the oxidative biotransformation of structurally and
chemically diverse compounds of both an endogenous and an
exogenous nature (1). Of the 12 gene families characterized
in mammals (2), several subfamily proteins are inducible by
specific drugs and chemicals (1, 2). A number of studies have
been devoted to elucidation of the mechanisms involved in
the regulation of various constitutive and inducible CYP
genes. Of the genes studied, CYPIA1I has been relatively well
characterized regarding the induction mechanism by PAHs,
such as 3-MC, and HAHs, such as TCDD, in mice and rats.
The mechanism by which the CYP1A1 gene is transcription-
ally activated involves the binding of ligand to AhR (3). Then,
the ligand-bound AhR translocates to the nucleus (4), where

This work was supported by a Grant-in-Aid for Cancer Research from the
Ministry of Health and Welfare, Japan, and by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Culture and Science, Japan.

it associates with enhancer elements in the 5'-flanking re-
gion of the CYP1A1 gene, which are referred to as dioxin-
responsive element or xenobiotic-responsive element (5). Al-
though both CYP1Al and CYPIA2 are transcriptionally
activated by PAHs and HAHs concomitantly in mice and
rats, they are controlled by different modes of regulation
because the 5’-flanking sequence of the CYP1A1 gene is quite
different from that of CYP1A2 gene (6), and 3-MC induces
only CYP1A1 mRNA, not CYP1A2 mRNA, in several cell
types (2). Recent studies by Quattrochi et al. (6, 7) have
shown that an xenobiotic-responsive element-like sequence,
AP-1 binding sites, and a conserved TATA box, all of which
are located in the 5'-flanking region of the CYP1A2 gene, and
the ligand-bound AhR were important for the overall expres-
sion of the CYP1A2 gene by 3-MC.

In addition to these mechanisms of transcriptional activa-
tion by PAH and HAH, recent studies identified a critical role

ABBREVIATIONS: CYP, cytochrome P450; AhR, aryl hydrocarbon receptor; AP-1, activator protein-1; HAH, halogenated aromatic hydrocarbon;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 3-MC, 3-methylcholanthrene; NF, naphthoflavone; OA, okadaic acid; PAH, polycyclic
aromatic hydrocarbon; PBS, phosphate-buffered saline; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; EGTA, ethylene glycol-bis(8-aminoethyl

ether)-N,N,N',N'-tetraacetic acid.
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for specific signal transduction pathways in the control of
3-MC- and TCDD-induced CYP gene expression. Notably,
protein phosphorylation seems to be a determinant not only
in the regulation of TCDD-induced CYP gene expression (8,
9) but also in the final expression of many overt toxicities and
lethalities by TCDD (10). Furthermore, cAMP-dependent
protein kinase and growth hormone receptor-associated pro-
tein kinase were reported to affect the expression of the
CYP2B and CYP2C gene families (11, 12).

We previously demonstrated that 3-MC induced the
CYP2A8 and CYPIA2 genes, but not the CYP1AI gene, in
Syrian hamster liver (13, 14), whereas Sagami et al. (15)
reported that the CYP1AIl gene was induced by 3-MC in
extrahepatic tissues, such as the lung, in Syrian hamsters. In
the livers of mice and rats, 3-MC induces the CYPIAI and
CYP1A2 but not the CYP2A gene family (1). This suggests
that the molecular mechanism by which the expression of the
CYP2AS8 gene is controlled in hamster liver is quite different
from that of CYP1A1 and CYP2A gene expression in other
species. However, no studies have been done on the mecha-
nism by which 3-MC induces CYP2A8 gene expression in
Syrian hamster liver. Because protein kinases have been
reported to be involved in PAH- and HAH-induced gene ac-
tivation, as mentioned above (8-10), protein phosphorylation
may play an important role in the signal transduction system
from 3-MC to CYP2A8 gene expression.

OA, a polyether fatty acid isolated from marine sponges,
has been shown to be a potent tumor promoter (16). Instead
of activating protein kinase C like phorbol ester tumor pro-
moters, OA specifically inhibits serine threonine phosphopro-
tein phosphatases 1 and 2A, leading to an increase in the
phosphorylation state of many cellular proteins (16). Inter-
estingly, OA treatment mimicked the effects of several
growth hormones and cytokines whose intracellular signal-
ing systems involved the protein kinase-mediated cascade
an.

In the current study, we sought to elucidate the mechanism
by which 3-MC induced CYP2AS8. We first established a pri-
mary culture system of Syrian hamster hepatocytes that faith-
fully reproduced 3-MC-induced CYP2AS8 expression as observed
in vivo. Then, we examined the effect of OA on the induction of
the CYP2A8 gene by 3-MC using this culture system to deter-
mine whether any factors related to protein phosphorylation
are involved in the induction mechanism. We found for the first
time that OA was capable of potentiating 3-MC-induced
CYP2AS8 gene expression in the hepatocytes, and we obtained
results suggesting that the transcription factor AP-1 may be
involved in the mechanism of 3-MC-induced CYP2A8 gene
expression.

Experimental Procedures

Animals and materials. Female Std:Syrian hamsters (8-10
weeks old; Nippon SLC, Hamamatsu, Japan) were used for the
preparation of primary cultures of hepatocytes. Waymouth’s MB
752/1 media, OPTI-MEM I reduced serum media, Lipofectin reagent,
and TRIZOL reagent were obtained from GIBCO BRL (Gaithers-
burg, MD), and transferrin, selenium, and insulin were from Boe-
hringer-Mannheim Biochemica (Mannheim, Germany). Collagen-
coated plastic dishes were obtained from Toyobo Engineering
(Osaka, Japan). Dexamethasone, 3-MC, OA, forskolin, and collage-
nase were purchased from Wako Pure Chemicals (Osaka, Japan).
Anisomycin was purchased from Sigma Chemical (St. Louis, MO).
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CYP2A8 cDNA probe was prepared as described previously (18).
Oligonucleotide probes of mouse and rat c-fos, and murine jun-D
were purchased from Oncogene Science (Uniondale, NY).
[a-2P}dCTP (110 TBg/mmol) and [y-*2PJATP (185 TBg/mmol) were
purchased from Amersham International (Buckinghamshire, UK).
Poly(dI-dC)/poly(dI-dC) was purchased from Pharmacia (Uppsala,
Sweden). AP-1 consensus sequence synthetic oligonucleotide (5'-
CGCTTGATGAGTCAGCCGGAA-3') and mutant AP-1 consensus se-
quence synthetic oligonucleotide (5'-CGCTTGAGTCAGACGCCG-
GAA-3’') were purchased from Trevigen (Gaithersburg, MD) and
Greiner Japan (Tokyo, Japan), respectively (19). Rabbit polyclonal
anti-hamster CYP2A8 antibody was prepared as described previ-
ously (20). Renaissance Western Blot Chemiluminescence Reagent
was purchased from DuPont-New England Nuclear (Boston, MA).
AP-1-dependent reporter gene, -73 Col-LUC, was kindly provided by
Dr. M. Karin and Dr. F.-X. Claret (University of California, San
Diego), and c-Jun expression plasmid, pRSV-c-Jun, was kindly pro-
vided by Dr. H. Iba (University of Tokyo, Tokyo, Japan) and Dr. T.
Curran (St. Jude Children’s Research Hospital, Memphis, TN) (21,
22). pRSV-2 vector was prepared from pRSV-c-Jun (21). pSV-g8-
galactosidase control plasmid was purchased from Promega (Madi-
son, WI).

Isolation and culture of hepatocytes. Syrian hamster hepato-
cytes were isolated according to the method described for rat hepa-
tocyte preparation using EGTA and collagenase (23). The cells were
dispersed in Waymouth’s MB752/1 medium containing bovine serum
albumin (2%), insulin (0.5 mg/liter), transferrin (0.5 mg/liter), sele-
nium (0.5 pg/liter), and dexamethasone (1 nM) (24) and seeded onto
collagen-coated plastic dishes at a density of 2 X 10° cells/4 mV/
60-mm dish. The cultures were maintained at 37° in a CO,-humid-
ified incubator, and the medium was renewed every day. Cells were
treated with 3-MC and OA, dissolved in dimethylsulfoxide, 72 hr
after the onset of the culture. The final concentration of dimethyl-
sulfoxide in the culture medium was 0.1%. Control plates received
dimethylsulfoxide alone at the same concentration.

Measurement of coumarin 7-hydroxylase activity. At 24 hr
after treatment with the chemicals, cells were washed with ice-cold
PBS, scraped, and homogenized by ultrasonication in 50 mM
Tris-HCl, pH 7.4, 0.154 M KCl, and 1 mM EDTA. Microsomal frac-
tions from cell homogenates were prepared as described previously
(25); suspended in 50 mM Tris-HCI, pH 7.4, 0.154 M KCl, 1 mm EDTA,
and 20% glycerol; and stored at —75° until use. Coumarin 7-hydrox-
ylase activity in microsomal fractions was determined as described
by Lu et al. (26). Protein concentrations were measured using the
Pierce protein assay kit (Pierce Chemical, Rockford, IL) with bovine
serum albumin as a standard.

Western blotting. Microsomal proteins of hepatocytes (10 ug of
protein) were electrophoresed on 10% polyacrylamide gels in the
presence of sodium dodecyl sulfate according to the method of Lae-
mmli (27), and resolved proteins were transferred onto polyvinyli-
dene difluoride membranes. After blocking of the nonspecific binding
sites, the membrane was incubated with anti-CYP2A8 antibody in
PBS with 0.05% Tween-20/bovine serum albumin (1%) for 1 hr. After
washing, the membrane was incubated with peroxidase-labeled sec-
ondary antibody for 1 hr in PBS with 0.05% Tween-20/bovine serum
albumin (1%). After additional washing, antibody binding proteins
were visualized using Renaissance Western Blot Chemilumines-
cence Reagent.

Northern hybridization. Extraction of total RNA from the
whole cells was done using TRIZOL reagent according to the manu-
facturer’s instruction. For the preparation of cytosolic RNA, cells
were washed with PBS, scrapped, and collected. Then, cells were
suspended in 0.14 M NaCl, 1.5 mm MgCl,, 10 mM Tris'-HCI, pH 8.6,
0.5% Nonidet P-40, 1 mM dithiothreitol, and 1000 units/ml RNase
inhibitor and remained on ice for 56 min to extract the cytosolic RNA.
After centrifugation, the supernatant was treated with proteinase K
(50 pug/ml) for 30 min at 37°. The proteins in the solution were
extracted with phenol/chloroform, and the RNA in the aqueous phase
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was precipitated with isopropanol. The total RNA (10 ug) was dena-
tured by heating at 65° for 5 min in 20 mM 3-N-morpholino propane-
sulfonic acid, pH 7.0, containing 2.2 M formaldehyde and 50% (v/v)
formamide. The RNA was electrophoresed on a 1% agarose gel con-
taining 2.2 M formaldehyde. Resolved RNA was transferred onto a
nylon membrane in 20X standard saline citrate (1X = 0.15 M sodium
chloride with 15 mM sodium citrate). After UV cross-linking, the
membrane was subjected to hybridization under the conditions de-
scribed by Church and Gilbert (28). The hybridization was done at
60° for the CYP2A8 cDNA probe and at 50° for the c-fos and jun-D
oligonucleotide probes. The membrane was then washed with 2x
standard saline citrate containing 0.1% sodium dodecyl sulfate at 65°
(CYP2A8) or at 55° (c-fos and jun-D) for 30 min. The membrane was
exposed to X-ray film for autoradiography for 1-2 days.

Transfection and reporter gene assays. Transient DNA trans-
fections were performed according to the lipofection method. First, we
examined the optimal conditions for transfection in the hepatocytes
using pRSV-Luc, luciferase expression plasmid. We found that trans-
fection efficiency depended on the concentration of Lipofectin reagent in
the medium. The best transfection efficiency was obtained when the
Lipofectin/DNA complex was prepared with 10 ul of Lipofectin and 50
pg of DNA in 2 ml of medium (4-fold and 3-fold increase compared with
the use of 2 ul and 20 pl of Lipofectin, respectively). Therefore, we
prepared the Lipofectin/DNA complex with 10 ul of Lipofectin reagent.
The hepatocytes were cultured for 48 hr and washed with PBS three
times before changing of the medium to 2 ml of OPTI-MEM I medium
containing Lipofectin/DNA complex. Lipofectin/DNA complexes were
prepared according to the manufacturer’s instruction. Each dish re-
ceived 2 ug of the AP-1-dependent reporter gene, -73 Col-LUC, which
contained the AP-1 consensus sequence (29, 30), and 2 ug of pSV-g-
galactosidase control plasmid and/or 1 to 50 pg of c-Jun expression
plasmid, pRSV-c-Jun (21, 22). pRSV-2, which does not contain c-jun,
was transfected as a negative control for the c-Jun expression experi-
ments. The hepatocytes were exposed to the Lipofectin/DNA complex
for 16 hr, and then the medium was changed to Waymouth’s MB752/1
medium containing various concentrations of OA or other chemicals.
After an additional cultivation, reporter enzyme activities in the hepa-
tocytes were assayed or RNAs were extracted from the hepatocytes. The
luciferase (31) and B-galactosidase (32) assays were carried out as
described previously. All plasmids were prepared by equilibrium sedi-
mentation in CsCl gradients. To correct for differences in transfection
efficiencies between dishes within given experiments, the luciferase
activities in the cell extracts were normalized to the p-galactosidase
activity.

Nuclear extract preparation and gel mobility shift assay.
Nuclear extracts from primary cultures of the hepatocytes treated by
OA were prepared according to the procedure of Kadonaga and Tjian
(33). The extracts were dialyzed against 25 mM HEPES-KOH, pH
7.8, containing 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride, 10% glycerol (v/v), 50 mM KCl, and 0.5 mM EDTA. After
precipitates were removed by centrifugation, aliquots of the extracts
were stored at —75° until use. AP-1 consensus sequence synthetic
oligonucleotide was end-labeled with [y->PJATP by T4 polynucle-
otide kinase and purified using a Sephadex G-25 column. The labeled
oligonucleotide probes (20,000-30,000 cpm, 0.125 pmol) were mixed
with 2 ug of poly(dI-dC)/poly(dI-dC) and 1 or 4 ug of nuclear extract
proteins in a final volume of 20 ul of solution containing 256 mm
HEPES-KOH, pH 7.8, 5.0 mM MgCl,, 0.5 mM dithiothreitol, 0.5 mM
phenylmethylsulfonyl fluoride, 10% glycerol (v/v), 50 mm KCl, and
0.5 mM EDTA. The samples were incubated at room temperature for
30 min (19) and electrophoresed on 4% nondenaturing polyacryl-
amide gels using 50 mM Tris'HC], pH 8.5, 0.38 M glycine, and 2 mM
EDTA as a running buffer. Gels were dried under vacuum and were
exposed to X-ray film for autoradiography. Normal and mutant AP-1
consensus sequence synthetic oligonucleotides (25 pmol) were used
as cold competitors.

Results

Potentiation of 3-MC-induced coumarin 7-hydroxy-
lase activity by OA in primary cultures of hepatocytes.
We first studied the effects of 3-MC on the induction of
CYP2AS8 in primary cultures of Syrian hamster hepatocytes
grown in serum-free hormonally defined medium. The hepa-
tocytes, which had been precultured for 3 days, were treated
with 3-MC at various concentrations and incubated for an
additional 24 hr. Microsomes were then prepared from the
hepatocytes, and the activity of coumarin 7-hydroxylase, spe-
cific for CYP2A, was measured. As shown in Fig. 1, 3-MC
induced the coumarin 7-hydroxylase activity in a dose-depen-
dent manner at concentrations ranging from 0.1 nM to 0.1 uMm.

Second, we examined the effects of various chemicals on
3-MC-induced coumarin 7-hydroxylase. Cotreatment of 0.1
M and 1 um 3-MC with 1 nMm OA markedly increased cou-
marin 7-hydroxylase activity compared with the treatment
with 3-MC alone (Fig. 1), whereas OA alone did not induce
the activity, even at concentrations of 10 nM to 1 uM (data not
shown). Anisomycin (0.2 uM) and cycloheximide (0.1 um),
which are known to activate intracellular kinases (34), also
potentiated the induction of coumarin 7-hydroxylase activity
in cotreatment with 0.1 uM 3-MC (Fig. 1). On the other hand,
dexamethasone, which was reported to be an essential factor
for 3-MC-induced CYPIAZ2 gene expression in rat hepato-
cytes (35), and forskolin, which was shown to potentiate
phenobarbital-induced coumarin 7-hydroxylase activity in
mouse hepatocytes (36), failed to potentiate the coumarin
7-hydroxylase induction by 3-MC (Fig. 1).

Fig. 2 illustrates the dose-dependent effects of OA (0.1-30
nM) on the coumarin 7-hydroxylase activity of the hepato-
cytes in the presence of 0.1 uM 3-MC. OA was effective over a
narrow range of concentrations, with maximal activation of
the enzyme activity at 3 nM (Fig. 2), when measured at 24 hr
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Fig. 1. Effects of various chemicals on 3-MC-induced coumarin 7-hy-
droxylase activity in primary cultures of Syrian hamster hepatocytes.
Hepatocytes that had been precultured for 3 days were treated with
chemicals in the presence of different concentrations of 3-MC. Chem-
icals were added at the following concentrations: OA, 1 nm; anisomycin,
0.2 um; cycloheximide, 0.1 uMm; dexamethasone, 1 uMm; and forskolin,
0.1 mM. Microsomes were prepared from hepatocytes 24 hr after
treatment and subjected to the enzyme assay. Each value represents
the mean * standard error of three determinations.
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Fig. 2. Dose-dependent effects of OA on 3-MC-induced coumarin
7-hydroxylase activity in primary cultures of Syrian hamster hepato-
cytes. Hepatocytes that had been precultured for 3 days were treated
with OA at different concentrations in the presence of 0.1 um 3-MC.
Microsomes were prepared from hepatocytes 24 hr after treatment and
subjected to the enzyme assay. Each value represents the mean *
standard error of three determinations.

Coumarin 7-Hydroxylase Activity

after the additions of 3-MC and OA. OA treatment, at con-
centrations of >30 nM, effected morphological changes and
detachment of cells from the culture dish surface, which
might be attributed to the toxicity of OA.

Potentiation of 3-MC-induced CYP2A8 mRNA and
protein expression by OA in primary cultures of hepa-
tocytes. Fig. 3, A and B, shows the time-dependent effects of
3-MC alone (0.1 uM) and with OA (1 nM) on CYP2A8 mRNA
and protein levels in the hepatocytes that had been precul-
tured for 3 days. As shown in Fig. 3A, a strongly hybridizing
band was detected with an size of ~2.37 kb, which corre-
sponded to CYP2A8 mRNA. A band at 4.40 kb was also
detected with lesser intensity. We used the 5’ region of
CYP2A8 cDNA with 606 base pairs, which is specific for the
detection of CYP2A8 mRNA, as a hybridization probe and
3-MC-induced 4.40-kb band over the same time course as the
band at 2.37 kb (Fig. 3A). Furthermore, we detected only
2.37-kb band, not a 4.40-kb band, in the cytosolic RNA of
3-MC-treated hepatocytes (Fig. 3C). Therefore, we consid-
ered the 4.40-kb band to be a nuclear precursor mRNA for
CYP2A8. Treatment with 3-MC alone induced CYP2AS8
mRNA expression at 2 hr after the addition, and the level of
the mRNA attained its maximum at 8 hr, which was main-
tained for <16 hr. On the other hand, cotreatment of 3-MC
with OA induced CYP2A8 mRNA at 0.5 hr after the treat-
ment, and the maximal level of CYP2A8 mRNA, observed at
8 hr, was 7.8-fold higher than that obtained by the treatment
with 3-MC alone, as quantified with a densitometer (Fig. 3A).

We examined the time course changes in CYP2AS8 protein
expression in the hepatocytes using Western blotting analy-
sis. As shown in Fig. 3B, a significant band of CYP2AS8
protein was observed at 12 hr after 3-MC treatment, and the
intensity of the band increased up to 24 hr. However, cotreat-
ment with OA and 3-MC effected a significant increase in the
CYP2AS protein level at 6 hr after treatment and the maxi-
mal amount induced by OA and 3-MC was higher than that
obtained by treatment with 3-MC alone (Fig. 3B). The time
course changes in the protein expression paralleled those in
the mRNA expression (Fig. 3, A and B).

Effects of a- and B-NF on 3-MC-induced CYP2AS in
primary cultures of hepatocytes. o-NF is known to in-
hibit the induction of CYP1A1, functioning as an AhR antag-
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Fig. 3. Time course analysis of the effects of OA on 3-MC-induced
CYP2A8 mRNA expression (A) and CYP2A8 protein expression (B) in
primary cultures of Syrian hamster hepatocytes. Hepatocytes that had
been precultured for 3 days were treated with 0.1 um 3-MC alone or
cotreated with 1 nm OA and 0.1 um 3-MC. A, Total RNAs were prepared
from hepatocytes at indicated times, and CYP2A8 mRNA expression
was analyzed by Northem blot. Total RNA (10 n.g) was applied to each
lane. Arrow, CYP2A8 mRNA signal. Uniform RNA loading is demon-
strated by B-actin probe. B, Microsomes were prepared from hepato-
cytes at indicated times, and CYP2A8 protein expression was analyzed
by Western blot using anti-CYP2A8 antibody. Microsomal protein (10
ng) was applied to each lane. Arrow, CYP2A8 protein signal. C, North-
em blot analysis of whole-cell RNA and cytosolic RNA. RNAs were
prepared from whole-cell homogenate or cytosolic fraction, which were
treated with 0.1 um 3-MC for 8 hr. Hybridization probe was the same as
A.

onist, whereas B-NF is an inducer of CYP1A1l and CYP1A2,
functioning through the AhR (10). To study whether the AhR
is involved in 3-MC-induced CYP2A8 in hamster hepato-
cytes, we examined the effects of a- and B-NF on 3-MC-
induced CYP2AS8 protein expression in hamster hepatocytes.
Although the addition of 10 uM a-NF alone did not cause an
increase in CYP2AS8 in the hepatocytes, the addition of 10 uM
B-NF alone increased CYP2AS8, and the amount of CYP2A8
induced by B-NF was comparable to that was induced by 0.1
uM 3-MC (Fig. 4A). Pretreatment with 10 uM a-NF inhibited
the induction of CYP2A8 by 3-MC, but the pretreatment of
B-NF did not affect 3-MC-induced CYP2AS8 expression (Fig.
4A). Because the treatment of B-NF alone could induce
CYP2AS8, we next examined the effect of OA on B-NF-induced
CYP2AS8 expression. As a result, 1 nM OA potentiated p-NF-
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Fig. 4. Effects of a- and B-NF on 3-MC-induced CYP2A8 in primary
cultures of Syrian hamster hepatocytes. A, Hepatocytes that had been
precultured for 3 days were treated with 10 um a- or B-NF. After
cultivation for 3 hr, 0.1 um 3-MC was added. Microsomes were pre-
pared 24 hr after the final addition, and CYP2A8 protein expression was
analyzed by Western blot. B, Hepatocytes were treated with 10 um
B-NF alone or cotreated with 10 um B-NF and 1 nm OA. After cultivation
for 24 hr, microsomes were prepared, and CYP2A8 protein expression
was analyzed by Western blot.

induced CYP2A8 expression and affected 3-MC-induced
CYP2AS8 (Fig. 4B) in a similar manner. These data are con-
sistent with the idea that 3-MC-induced CYP2A8 was medi-
ated through the AhR and suggested that OA interacted with
AhR-mediated induction.

Induction of c-fos and jun-D mRNA by OA in primary
cultures of hepatocytes. Because OA has been reported to
stimulate gene transcription mediated by AP-1 (37, 38), we
investigated the possible involvement of the Fos and Jun
families, the components of AP-1, in the potentiation by OA
of 3-MC-induced CYP2A8 gene expression in the hepato-
cytes. We detected c-fos and jun-D mRNAs using rat and
mouse c-fos DNA probes and murine jun-D cDNA probe in
the hepatocytes. Fig. 5A shows time course changes in c-fos

. c-fos .. R
jun-D e =W
eacin R
Time(r) 0051 2 4 8

®) c-fos "
jun-D L)
B-Actin [ B

Concentration 0.103 1 3
(nM)

Fig. 5. Effects of OA on the induction of c-fos and jun-D mRNAs in
primary cultures of Syrian hamster hepatocytes. A, Hepatocytes pre-
cultured for 3 days were treated with 1 nm OA. Total RNAs were
prepared from hepatocytes at indicated times, and c-fos and jun-D
mRNA expression was analyzed by Northern blot. Total RNA (20 ug)
was applied to each lane. B, Hepatocytes were treated with different
concentrations of OA for 1 hr. Total RNAs were prepared from hepa-
tocytes, and c-fos and jun-D mRNA expression was analyzed by North-
ern blot. Total RNA (20 ug) was applied to each lane. Uniform RNA
loading is demonstrated by p-actin probe.

and jun-D mRNA expression in the hepatocytes treated with
1 nM OA. The levels of c-fos and jun-D mRNAs increased
significantly 0.5 and 1 hr after the OA treatment, respec-
tively, and declined immediately thereafter, which preceded
the OA-potentiated CYP2A8 mRNA expression (Fig. 3A). We
also studied dose-dependent effects of OA on c-fos and jun-D
mRNA induction in the hepatocytes (Fig. 5B). Marked in-
creases in c-fos and jun-D mRNA levels were observed with 1
and 3 nM OA at 1 hr after the treatment, and this dose-
dependent effect corresponded to that of OA on 3-MC-in-
duced coumarin 7-hydroxylase activity (Fig. 2). However, we
could not detect the expression of c-fos or jun-D mRNA with
3-MC treatment alone at the concentrations used in this
experiment (data not shown).

Induction of c-fos and jun-D mRNA by anisomycin
and cycloheximide in primary cultures of hepatocytes.
Because both anisomycin and cycloheximide potentiated
3-MC-induced coumarin 7-hydroxylase activity (Fig. 1), we
studied the effects of anisomycin and cycloheximide on c-fos
and jun-D mRNA expression in the hepatocytes. Anisomycin
at 0.2 uM markedly induced c-fos and jun-D mRNA expres-
sion 1 hr after treatment (Fig. 6). Cycloheximide (0.1 uM)
slightly increased c-fos and jurn-D mRNA levels (Fig. 6). The
dose-dependency of these chemicals on c-fos and jun-D
mRNA induction was almost the same as that observed in the
potentiation of 3-MC-induced coumarin 7-hydroxylase (data
not shown). We also examined the effects of dexamethasone
and forskolin on c-fos and jun-D mRNA levels 1 hr after
treatment but could not observe the induction of the mRNA
at any of the concentrations examined (Fig. 6).

Induction of AP-1 binding activity by OA in nuclear
extracts of hepatocytes. To investigate whether the induc-
tion of c-fos and jun-D mRNAs results in increased AP-1

c-fos .’

jun-D - ..

Fig. 6. Effects of various chemicals on the induction of c-fos and jun-D
mRNAs in primary cultures of Syrian hamster hepatocytes. Hepato-
cytes precultured for 3 days were treated with anisomycin (0.2 um),
cycloheximide (0.1 uM), dexamethasone (1 um), or forskolin (0. 1 mm) for
1 hr. Total RNAs were prepared from hepatocytes, and c-fos and jun-D
mRNA expression was analyzed by Northemn blot. Total RNA (20 ng)
was applied to each lane. Uniform RNA loading is demonstrated by
B-actin probe.
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Fig. 7. induction of AP-1 binding activity by OA in Syrian hamster
hepatocytes analyzed by gel mobility shift assay. Nuclear extracts were
prepared from untreated or OA-treated (1 nm for 1 hr) hepatocytes.
Nuclear extracts (1 and 4 ug of protein) were incubated with 32P-
labeled AP-1 consensus sequence. The nuclear extracts prepared from
OA-treated hepatocytes were incubated with labeled AP-1 in the pres-
ence of a 200-fold molar excess of unlabeled AP-1 mutant (/ane 5) and
in the presence of a 200-fold molar excess of unlabeled AP-1 (fane 6).
Arrow, major AP-1 binding activity.

binding activity, gel mobility shift assays were performed
with a radiolabeled DNA probe containing the AP-1 site
using nuclear extracts from untreated or OA-treated hepato-
cytes. Marked inductions of AP-1 complexes were obtained by
the treatment of hepatocytes with 1 nM OA for 1 hr (Fig. 7,
lanes 3 and 4), whereas a barely detectable complex was
present with nuclear extracts from untreated hepatocytes
(Fig. 7, lanes 1 and 2). The specificity of AP-1 complex was
examined in competition experiments by adding a 200-fold
excess of an unlabeled probe to the mixture (Fig. 7, lane 6).
Furthermore, the mutant AP-1 probe, which contains muta-
tions that interfere with the binding of AP-1, failed to bind to
the AP-1 complex (Fig. 7, lane 5).

Induction of AP-1-dependent transcriptional activ-
ity by OA in primary cultures of hepatocytes. Karin (39)
reported that changes in AP-1 protein levels did not mirror
the transcriptional activity of AP-1. Therefore, in addition to
the Northern blotting analysis for c-fos and jun-D mRNA and
gel mobility shift assay for AP-1, we measured the transcrip-
tional activity of an AP-1-dependent reporter gene in the
hepatocytes treated with OA (Fig. 8). The addition of OA
dramatically increased the transcriptional activity of an AP-
1-dependent reporter gene, and the dose-dependency of the
transcriptional activation was parallel to that of OA in po-
tentiation of the induction of the enzyme activity of CYP2A8
and mRNA level of c-fos and jun-D (Figs. 2, 5B, and 8). We
also observed that anisomycin and cycloheximide, but not
dexamethasone and forskolin, activated the transcription of
the AP-1-dependent reporter gene in the hepatocytes (Fig. 8).
We could observe neither the transcriptional activation of the
AP-1-dependent reporter gene by 3-MC alone nor the syner-
gistic effect of 3-MC and OA on the transcriptional activity in
the hepatocytes (Fig. 8).

Involvement of AP-1 in the potentiation of 3-MC-
induced CYP2AS8 expression in primary cultures of
hepatocytes. To confirm the possibility that AP-1 can po-
tentiate 3-MC-induced CYP2AS8 expression in hamster hepa-
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Fig. 8. Effects of various chemicals on AP-1-dependent transcriptional
activity in primary cultures of Syrian hamster hepatocytes. Hepatocytes
precultured for 2 days were transfected with the AP-1-dependent re-
porter gene, -73 Col-LUC reporter, and B-galactosidase expression
plasmid for 16 hr. Cells were treated with OA (0-3 nm), 3-MC (0.1 and
1 uMm), 3-MC (0.1 and 1 um) with OA (3 nM), anisomycin (0.2 um),
cycloheximide (0.1 um), dexamethasone (1 um), or forskolin (0.1 mwm) for
6 hr, and then luciferase and B-galactosidase activities were deter-
mined. Luciferase activities normalized by B-galactosidase activities
were calculated relative to the level of luciferase activity in nontreated
cells, which was given an arbitrary value of 1.0. Each value represents
the mean * standard error of three determinations.

tocytes, we examined the effect of c-Jun expression on 3-MC-
induced CYP2A8 mRNA expression. The expression of c-Jun
by pRSV-c-Jun, c-Jun expression plasmid, not only activated
AP-1-dependent gene transcription but also potentiated 0.1
uM 3-MC-induced CYP2A8 expression in hamster hepato-
cytes (Fig. 9, A and B). These effects of c-Jun expression
plasmid were dependent on the amount of expression plas-
mid (Fig. 9, A and B). The transfection with pRSV-2 that does
not contain c-jun did not affect AP-1-dependent gene tran-
scription or 3-MC-induced CYP2AS8 expression (Fig. 9, A and
B). The activation of AP-1-dependent reporter gene and po-
tentiation of 3-MC-induced CYP2AS8 expression in the hepa-
tocytes transfected with 50 ug of pRSV-c-Jun were compara-
ble to those with 1 nm OA (Figs. 3A, 8, and 9). However, c-Jun
expression did not affect low concentrations (0.1 and 1 nm) of
3-MC-induced CYP2A8 mRNA expressions (Fig. 9C). These
results were consistent with the result of OA-potentiated
CYP2A8 expression and strongly suggested that c-Jun, a
potent component of AP-1, might be involved in the potenti-
ation of 3-MC-induced CYP2AS8 expression in the hamster

hepatocytes.

Discussion

Except for the induction of the CYP1A1 gene by PAHs or
HAHs, the detailed molecular mechanism underlying the
induction of CYP genes is obscure. This might be in part due
to the absence of stable cell culture model systems in which
inductions of CYP genes can be demonstrated. In the current
study, we developed a primary culture system of Syrian
hamster hepatocytes that responded to 3-MC with CYP2A8
gene induction in a manner comparable to that reported in
the liver in vivo (13, 14) (Fig. 1). Using this culture system,
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Fig. 9. Effect of c-Jun expression on 3-MC-induced CYP2A8 expres-
sion in primary cultures of Syrian hamster hepatocytes. Hepatocytes
precultured for 2 days were transfected with c-Jun expression plasmid,
pRSV-c-Jun, at the indicated concentrations shown in the figure; AP-
1-dependent reporter gene; and p-galactosidase expression plasmid
for 16 hr. A, The media were changed, and the cells were cultivated for
an additional 8 hr. After harvest, luciferase and B-galactosidase activ-
ities were determined. Luciferase activities normalized by B-galactosi-
dase activities were calculated relative to the level of luciferase activity
in the cell without pRSV-c-Jun. pRSV-2 was transfected as a negative
control. Each value represents the mean *+ standard error of three
determinations. B, The media were changed, and cells were treated
with 0.1 um 3-MC. Total RNAs were prepared at indicated times, and
CYP2A8 mRNA expressions were analyzed by Northermn blot. pRSV-2
was transfected as a negative control. Uniform RNA loading is demon-
strated by p-actin probe. C, The cells were treated with 1 or 0.1 nm
3-MC. Total RNAs were prepared at indicated times, and CYP2A8
mRNA expressions were analyzed by Northern blot. Uniform RNA
loading is demonstrated by B-actin probe.

we investigated the components of the signal transduction
pathway and the nature of the transcription factors mediat-
ing 3-MC-induced CYP2A8 gene expression. The results of
the current work clearly demonstrate that OA potentiated
3-MC-induced CYP2AS8 gene expression (Figs. 1-3) and sug-
gest that the induction of CYP2A8 was mediated by AhR in
primary cultures of Syrian hamster hepatocytes (Fig. 4).

Although it has been reported that dexamethasone and phor-
bol ester affected the expression of CYP1A2 by 3-MC (35) and
of CYP1A1 by TCDD (9), respectively, this is the first report
that shows that OA potentiated the induction of CYP genes
by PAHs and HAHs.

We then studied the mechanism by which OA potentiated
3-MC-induced CYP2A8 expression. Because OA increased
the intracellular phosphorylation state of various proteins
(16), the results suggested that the protein phosphorylation
process was involved in the potentiation of the 3-MC-induced
CYP2AS8 gene expression. The identification of the proteins
that were responsible for the effects of OA is fairy difficult
because of the diversity of the substrates of serine threonine
protein phosphatases 1 and 2A (16). On the other hand, OA
has been reported to increase the levels of Fos and Jun via a
protein phosphorylation process in human T cells (40) and
rat phenochromocytoma PC12 cells (41). OA was also shown
to regulate the activity of AP-1 not only at the transcriptional
level but also at the post-translational level (39). For exam-
ple, protein kinase A and a novel family of kinases that are
structurally related to mitogen-activated protein kinase
phosphorylate c-Fos and activate its transcriptional activity
(39). Jun kinase and stress activating protein kinase, which
have been shown to be activated by OA, also phosphorylate
c-Jun and stimulate its ability to activate transcription (39).
In fact, Park et al. (38) reported that OA regulated the ex-
pression of MyoD1 negatively and inhibited myogenesis by
the activation and induction of AP-1. These reports led us to
examine the effects of OA on AP-1 expression in hamster
hepatocytes. As a result, we observed not only the expression
of c-fos and jun-D mRNAs with an increase in nuclear AP-1
but also the activation of AP-1-dependent gene transcription
by OA in the hepatocytes (Figs. 5, 7, and 8). More detailed
experiments have given evidence of the involvement of AP-1
in OA potentiation of CYP2A8 gene expression by 3-MC.
First, the concentrations of OA that potentiated the 3-MC-
induced coumarin 7-hydroxylase activity were identical to
those of OA that induced c-fos and jun-D mRNAs and acti-
vated the AP-1-dependent gene transcription (Figs. 2, 5B,
and 8). Second, low concentrations of anisomycin and cyclo-
heximide, which were capable of activating the Jun kinase/
stress activating protein kinase (34), potentiated the induc-
tion of CYP2A8 mRNA by 3-MC, induced c-fos and jun-D
mRNAs, and activated AP-1-dependent gene transcription
like OA did in the hepatocytes (Figs. 1, 6, and 8). However,
dexamethasone and forskolin, which had been reported to
affect the induction of CYP1A2 and Cyp2a-5, respectively
(35, 36), did not affect the CYP2A8 mRNA induction by
3-MC, the expression of c-fos and jun-D mRNA, or the acti-
vation of AP-1-dependent gene transcription in the hepato-
cytes (Figs. 1, 6, and 8). Third, the time course changes in
c-fos and jun-D mRNA expression induced by OA preceded
the changes in OA-potentiated CYP2A8 mRNA expression
(Figs. 3A and 5A). Fourth, 3-MC-induced CYP2A8 mRNA
expression was potentiated in the hepatocytes transfected
with c-Jun expression plasmid (Fig. 9). There is a possibility
that another transcription factor could be involved in the OA
action because OA can phosphorylate many proteins, includ-
ing other transcription factors. However, all of these results
strongly suggest that AP-1 may be involved in this response
as one of the factors that are affected by OA.

Three members of the Jun family, c-Jun, Jun-B, and
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Jun-D, have been identified (42), whereas the Fos family
includes c-Fos, Fos-B, Fos-B2, Fra-1, and Fra-2 (21). These
proteins seem to be expressed differently in various cell
types, can form heterodimers with each other, and bind to the
same DNA consensus sequence. They seem to have different
effects on cell functions, and the complex of c-Fos and c-Jun
has the most potent transcriptional activity (43). However,
we detected only c-fos and jun-D mRNASs in Syrian hamster
hepatocytes using mouse and rat probes. We could not detect
any other fos and jun families using mouse, rat, or human
probes, probably because these probes were not suitable for
the detection of hamster fos and jun. Nevertheless, we be-
lieve that OA might induce c-Jun as well as Jun-D in the
hepatocytes because OA stimulated AP-1 binding activity in
the hepatocyte nuclear extracts (Fig. 7).

We can speculate on various possible pathways in which
AP-1 could be involved in the mechanism of the OA-potenti-
ated induction of CYP2AS8 by 3-MC. It is possible that AP-1
could bind directly to the transcriptional regulatory region of
the CYP2AS8 gene. Puga et al. (44) found that HAH activated
protein kinase C, followed by the induction of c-Fos and
Jun-D in cultured murine hepatoma cells independent of
AhR, and predicted that the induction of AP-1 might lead to
the elucidation of the molecular basis of HAH-induced tumor
promotion. Therefore, there is a possibility that AP-1, which
may be induced by 3-MC and OA, directly induced CYP2A8
expression independent of AhR. For this reason, we mea-
sured the transcriptional activity of the AP-1-dependent re-
porter gene when 3-MC alone was added to the hepatocytes.
Our results indicated that 3-MC could not affect the AP-1-
dependent transcriptional activity in the hamster hepato-
cytes, which differed from HAH in murine hepatoma cells
(Fig. 8). Furthermore, OA alone could not induce CYP2AS8 in
the hepatocytes (Fig. 1). This result showed that the AP-1
alone could not induce the CYP2AS8 gene. Another possibility
is that AP-1 may increase 3-MC-dependent transcription fac-
tors, such as AhR. OA seems to interact with AhR-mediated
induction because the inductions by 3-MC as well as by B-NF,
another AhR agonist, were potentiated by OA (Fig. 4). In fact,
Moore et al. (9) reported that phorbor ester potentiated the
TCDD-induced CYP1A1 gene expression associated with the
increase of nuclear AhR levels and the binding of nuclear
extracts to dioxin-responsive element. According to this hy-
pothesis, OA would potentiate CYP2A8 expression at any
concentration of 3-MC. However, this possibility could be
ignored because OA potentiated the expression of CYP2A8
only when 3-MC was present at high concentrations (Fig. 1).
We then speculated that AP-1 and 3-MC-dependent tran-
scription factor, both of which might bind to the transcrip-
tional regulatory region of the CYP2AS8 gene, cooperated to
induce the CYP2A8 gene. According to this hypothesis, we
can understand why OA or expression of c-Jun potentiates
CYP2AS8 expression only when 3-MC is present at the two
highest levels, 0.1 and 1 uM (Figs. 1 and 9). A small amount
of AP-1 is present in the untreated (OA not added) hepato-
cytes (Fig. 7, lanes 1 and 2). We believe that the resting level
of AP-1 in the untreated (OA not added) hepatocytes is suf-
ficient to induce the small amount of CYP2AS8 observed after
the addition of low concentrations of 3-MC (<10 nM). Even if
OA induced high levels of AP-1 in the hepatocytes, this excess
AP-1 is not required to induce small amounts of CYP2AS.
Furthermore, we suppose that the resting levels of AP-1 in
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the untreated hepatocytes are not sufficient to induce large
amounts of CYP2AS8 corresponding to high concentrations of
3-MC. High levels of AP-1 induced by OA are required for the
induction of large amounts of CYP2AS8 in the hepatocytes
treated with high concentrations of 3-MC (0.1 and 1 um).
Therefore, we believe that AP-1 is necessary to trans-activate
the CYP2A8 gene mediated by a 3-MC-dependent transcrip-
tion factor, such as AhR.

In summary, we have shown that OA potentiated the
3-MC-induced CYP2AS8 gene expression associated with the
induction of AP-1 in Syrian hamster hepatocyte cultures. We
also showed that AP-1 might be one of the components of the
signal transduction system from 3-MC to CYP2AS8 gene ex-
pression. Further studies, especially involving the determi-
nation of transcriptional regulatory regions of the CYP2A8
gene, are required to understand completely the mechanism
of signal transduction by which 3-MC activates transcription
of the CYP2AS8 gene.
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