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ABSTRACT The family 3A cytochromes P-450, among the
most abundant members of this supergene family of microso-
mal hemoproteins expressed in animal and human liver, are
inducible by glucocorticoids but also by such antiglucocorti-
coids as pregnenolone 16a-carbonitrile (PCN). To investigate
the mechanism for this nonclassical glucocorticoid effect, we
analyzed the ability of 1.5 kilobases of DNA or of its successive
subsegments isolated from the 5’ flanking region of the rat
CYP3Al structural gene to modulate transcription of a reporter
gene consisting of a viral promoter coupled to the chloram-
phenicol acetyltransferase (CAT) structural gene (expression
vector pBLCAT?2) and transiently expressed in a homologous
cell system consisting of primary monolayer cultures of adult
rat hepatocytes in which CYP3A1 mRNA and protein are
inducible. The CAT activity measured after chimeric gene
constructions were transferred into the cultured rat hepato-
cytes by lipofection increased as much as 7.2-fold if the cells
were treated with dexamethasone (DEX). One CYP3A1 frag-
ment (positions —220 to —56; 164 base pairs), which does not
contain a traditional glucocorticoid responsive element, con-
ferred dose-dependent DEX responsiveness independent of its
orientation but not its position in pBLCAT?2. This construction
was activated by addition of PCN to the cultures and was
synergistically induced by PCN plus DEX. In contrast, induc-
tion of CAT activity in cultures containing MMTVCAT, a
plasmid containing the CAT gene controlled by the mouse
mammary tumor virus long terminal repeat, was unaffected by
PCN treatment, required lower concentrations of DEX for a
maximal response, and was inhibited by treatment with DEX
plus PCN. We conclude that a primary mechanism for induc-
tion of CYP3A1 is stimulated transcription through a pathway
activated by steroid hormones.

Cytochromes P-450 represent a supergene family of ubiqui-
tous microsomal hemoproteins that catalyze a variety of
important biological oxidations of endogenous substances
and also drugs, environmental chemicals, and other foreign
compounds.¥ Expression of many of these genes, promi-
nently in the liver, involves their selective induction by
groups of chemically or pharmacologically related agents
(reviewed in ref. 4). For example, the family 1A P-450 genes
are inducible by such polycyclic aromatic hydrocarbons as
3-methylcholanthrene and dioxin, some family 2B genes are
inducible by lipophilic drugs such as phenobarbital, and
family 3A genes are inducible by dexamethasone (DEX) and
other glucocorticoids. It would be reasonable to assume that
induction of the 3A genes by the glucocorticoids would be
controlled by the well known process in which the steroid
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hormone binds stereospecifically to the glucocorticoid recep-
tor (GCR), altering the conformation of this protein and
thereby permitting its interaction with glucocorticoid response
elements (GREs) in genomic DNA, in most instances increas-
ing the transcription of associated responsive genes (5).
However, several years ago we demonstrated that P-450p
(now called CYP3Al), a family 3A P-450 in rat liver, is
inducible by glucocorticoids to the exclusion of other steroid
hormones both in rats (6) and in primary cultures of adult rat
hepatocytes (7, 8). However, an extensive study of dose—
response and agonist/antagonist relationships indicated that
by comparison with classical glucocorticoid responsive
genes, induction of CYP3A1 (measured as rates of de novo
protein synthesis) required higher doses of glucocorticoids,
accepted a different rank order of potency of glucocorticoid
agonists, and, paradoxically, was enhanced synergistically
by pregnenolone 16a-carbonitrile (PCN), an antiglucocorti-
coid that blocks induction of typical glucocorticoid respon-
sive genes (7, 8). We interpreted these observations as
reflecting an unusual, nonclassical glucocorticoid receptor-
mediated process for induction of CYP3A1 and of a related
enzyme, digitoxigenin UDP-glucuronosyltransferase (9).
Verifying the presence of a nonclassical glucocorticoid
pathway by detailed molecular studies would require isola-
tion of cloned genomic DNA encoding the CYP3AlI gene, an
accomplishment that has eluded investigators to date. In
addition, it would be necessary to transfer cloned segments
of genomic DNA into primary monolayer cultures of adult rat
hepatocytes maintained on a reconstituted basement mem-
brane matrix (EHS gel) prepared from Engelbreth-Holms-
Swarm tumor and previously called matrigel (10), the only
reported culture system that responds appropriately to glu-
cocorticoid hormonal stimuli with transcriptional induction
of the cellular CYP3AI gene. Unfortunately, transfection of
DNA into these nonproliferating hepatocytes by the use of
such traditional protocols as incubation with calcium phos-
phate-precipitated DNA (11) produces toxicity and unaccept-
ably low levels of transfected DNA. We have overcome these
technical obstacles by successfully isolating a genomic clone
encompassing the 5’ regulatory region of the CYP3AI gene
and by devising an effective method for DNA transfer into
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cultured rat hepatocytes by lipofection.!| We now demon-
strate that glucocorticoids activate CYP3AI transcription by
a process that is synergistically enhanced by PCN, an an-
tiglucocorticoid that protects animals from the lethal (12) and
carcinogenic (13) effects of many toxic chemicals.

METHODS

Animals and Materials. Adult male Sprague-Dawley rats
(Dominion Laboratories, Dublin, VA) weighing 180-200 g
were maintained in pairs in wire bottom cages with free
access to animal chow and water for 2 weeks before use.
Collagenase (type I) was purchased from Cooper Biomedical;
Opti-MEM (minimal essential medium), Eagle’s MEM, Li-
pofectin reagent {N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium chloride}, and restriction enzymes were
from GIBCO/BRL; chloramphenicol and DEX were from
Sigma; acetyl coenzyme A was from Pharmacia; and
[1-*Clacetyl coenzyme A was from Amersham. Reagents for
oligonucleotide synthesis were from Millipore. EHS gel was
prepared as described (10, 14); PCN was a gift from John
Babcock (Upjohn); RU 486 was from Roussell Uclaf; pRS-
VCAT (15) was provided by Bruce Howard (National Insti-
tutes of Health, Bethesda, MD), pMMTVCAT (16) was
provided by R. Miksicke, and pBLCAT?2 (17) was provided
by G. Schutz (Institute for Cell and Tumorbiology, Heidel-
berg, F.R.G.). Oligonucleotides were synthesized with a
Biosearch Cyclone and HPLC purified as described (18).

Isolation of the Rat CYP3AI Gene. The 5' cDNA fragments
formed by endonuclease digestions of a full-length CYP3Al
cDNA (19) (kindly provided by Frank Gonzalez, National
Institutes of Health, Bethesda, MD) and an oligonucleotide
composed of the first 63 bases from its start site of translation
were used as hybridization probes to screen a library of rat
genomic DNA segments cloned in the phage vector EMBL3.
One clone, EMBL1-1-4, containing the first exon and 1.5
kilobases (kb) of 5’ flanking sequence of CYP3Al was iso-
lated for further analysis (see Fig. 1).

DNA Sequence Analysis. CYP3AI gene restriction frag-
ments were ligated into pGEM vectors for double-stranded
DNA sequencing by the chain-termination method (20) with
either modified T7 DNA polymerase (United States Bio-
chemical) or Tag DNA polymerase (Promega) and 32P-
labeled oligonucleotide primers according to the manufac-
turers’ instructions. Exonuclease III was sometimes used to
prepare unilateral deletions as described (Erase-a-Base sys-
tem; Promega). The GCG computer software package (21)
was used to perform DNA sequence alignments.

Northern Blot Analysis. Total hepatocellular RNA (10 ug)
isolated from five culture dishes was resolved by Northern
blot (10, 22) and hybridized with a [*?PlJdCTP radioactively
labeled cDNA specific for CYP3AI (pDEX 12) (23) or tyro-
sine aminotransferase (TAT) (24). The bands were visualized
by autoradiography.

Construction of Chimeric CYP3A1-pBLCAT2 Genes. A
1.47-kb Sal 1/BamHI fragment of the CYP3AI gene contain-
ing 5’ flanking sequences from —1525 to —56 base pairs (bp)
upstream of the transcription start site was ligated in the 5’ to
3’ orientation (forward) upstream of the thymidine kinase
(TK) promoter of the pPBLCAT?2 expression vector or into the
plasmid vector pPGEM3Z. Deletion mutants of 1.47CYP3A1-
pGEM3Z were prepared by digestions with exonuclease II1
or by use of CYP3A-specific primer pairs and the polymerase
chain reaction (PCR). Several DNA fragments generated by
exonuclease digestion [spanning positions —56 to —595 (539
bp; —595R TKCAT); —1265 to —56 (1209 bp; —1265 TK-

I'The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M86850).

Proc. Natl. Acad. Sci. USA 89 (1992)

CAT); —908 to —56 (852 bp; —908 TKCAT)] were ligated into
the upstream multiple cloning site of pPBLCAT2 (R, reverse
orientation; CAT, chloramphenicol acetyltransferase). Prod-
ucts of PCRs containing 1.47CYP3A1-pGEM3Z as a tem-
plate and primers spanning bp —70 to —56 and —220 to —206
of CYP3Al were subcloned into the multiple cloning site of
pBLCAT? in forward and reverse orientation to generate the
plasmids —220 TKCAT and —220R TKCAT, while primers
—631 to —614 and —285 to —269 were used to generate —631
to —269 TKCAT. DNA sequencing was used to confirm the
identity of all CYP3A1 fragments.

Hepatocyte Cultivation and Lipofection of Chimeric
CYP3A1-pBLCAT2 Genes. Primary cultures of adult rat
hepatocytes (10) were prepared by incubating hepatocytes
freshly isolated by collagenase perfusion of the livers of
untreated rats in a humidified atmosphere (35°C) of 95%
air/5% CO, in our standard medium (10), a modification of
Waymouth MB-752 medium containing insulin (0.1 uM) as
the only hormone. For transfection experiments, 1.3 x 10¢
hepatocytes were incubated in 3 ml of medium supplemented
with 5% fetal calf serum in Lux 5220 dishes (60 mm). The
medium was renewed on days 1 and 2 of culture with serum-
free Eagle’s MEM. On day 3, each dish of hepatocytes was
washed with 3 ml of Opti-MEM and then exposed to a mixture
formed by combining 30 ug of Lipofectin with 5 ug of DNA
(25). Control dishes were mock transfected in the same mix-
ture without DNA. In some experiments, we included dishes
transfected with pRSVCAT (15) to estimate transfection effi-
ciency or with pMMTVCAT (16) to monitor glucocorticoid
responsiveness. After 6 hr of incubation with the cells, the
Lipofectin/DNA mixture was removed and the cultures were
incubated with 3 ml of our standard Waymouth medium
supplemented with 50 ul of EHS gel per ml of medium. Drugs
were added to the medium in dimethyl sulfoxide. On day 4, the
medium was renewed as described above.

Assay of CAT Activity in Transfected Hepatocytes. On the
Sth culture day, 15 hr after the last addition of drugs, the
hepatocytes in a single dish were harvested for assay of CAT
activity as described by Sleigh (26). Duplicate CAT assays
performed on a given cell extract varied by <4%. The
average CAT activity in extracts from hepatocytes trans-
fected with TKCAT was 1332.0 = 134.5 dpm (n = 6). While
MMTVCAT (a plasmid containing the CAT gene controlled
by the mouse mammary tumor virus long terminal repeat)
demonstrated greater variation in basal CAT activity (849.3
+ 314.1 dpm) (n = 3) the -fold induction by 10 uM DEX was
45.6 £ 1.2 (n = 3).

RESULTS

We used a CYP3Al cDNA to screen a library of rat liver
genomic DNA cloned into the EMBL3 vector and isolated a
recombinant bacteriophage that contained 16 kb of inserted
DNA. A 1.8-kb digestion fragment of the genomic clone that
hybridized on Southern blots with the most 5’ part of the
CYP3A1 cDNA was ligated into a pGEM vector and its DNA
sequence was determined. The cloned genomic segment
contained the first exon of the CYP3Al structural gene plus
=1.5 kb of 5’ flanking DNA and part of intron 1 (Fig. 1). The
nucleotide sequence of the genomic clone exactly matched
that published for CYP3Al cDNA (19) from bp 15 (67 bp
upstream of the translational start site) to the intron-exon
border at bp 153 (Fig. 1). Moreover, the nucleotide sequence
of CYP3A1 within the first exon and intron is significantly
different from the recently identified CYP3A2 genomic clone
(27). Primer extension of mRNA isolated from the liver of
DEX-treated rats, carried out to establish the actual tran-
scriptional start site of the CYP3A! gene, produced several
minor products (data not shown). Because the longest prod-
uct (90 bp) had a purine nucleotide, G, typical of an RNA cap
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-1525
GTCGACCTAGTACAACGGATCTGGGAAAGCCCTTGCAAGGAGTCGTTTATAAGCATCTAATTTCTGGCCTTTGCCTGCTCAGCTTCATCTCCTGGCACCA

GGGCCCGCAAAACGTCTCGGTGAATCAGGTTCACGGGGGGCCAAGAATGACTGTGGAAAAGGAAGGAACAGGTACCTTCCTACGAGTGTbSCCTGGAGTC
-1265
TTCAGGATCTTGTGCACTTTTCTCCTCTGGTTTACAACCGTCATCTTTCTCTGACTTTCTTTGTTTCTTCCCCGTTGCTTTAGTCTTTGCAGAAGACGTG
CAAT-box (-) CAAT-box (-)
CTCGGTTGGCTAGACATCTGGCATTCCACTTCTTCCCITGGCTCCTCTGCACGCCCCTTCTTGCTTCCAGACGGCTCCATCTTGAATTTAGATGAGACCT

CCGAAAGAAAGTTCTCCTAGCTTCCCTTCCACAGGAGTCTTAGAGCTTCCCTGATGTTTGACTGTGGCTCTCTGTATCTCAGTTCCCCCACCTCTCTCTG
CACCC-Box CACCC-Box Octamer-factor (-) /CAAT-Box/CACCC-box GRE ?
TGTGGAATGAATTTCACCCCCCTCTWATCCCACCCCCGTAAACCTCAGTTCTTCCCTGCAAATCTTCTTCCCACATTCACGACTTGTTTCATGTTCCTAA
GRE ? (-) -908 ERE (-) CACCC-Box (-) -833
GGACATTATCTAGTGCCATGTGCGTGACTGTGAGTTTGGAAGCCTGCGGGTCACCAGIGGGTTCACAACTGAGTACAATTCCTCCTTCTCTCATTAGGCA
CAAT-box CACCC-Box (-)
GCAATGAGTGTCAGGCCCTGTCTCTTTCTCACTGGCACCAAAGGGTGGCAGGTGTTGAATTTTGGTGGATAGATATAGTAGAGGAATATTTCTTTTGAGT

CTGTGTCTTCCATATCCCAGGCTTGTCTCAAACACTCTATGTTGCTTTGAACTTTGTCTTTGAACTTTCTGATGCCCCTGCCTCTGGCTCTGTAAGTGCA
-595
GGATTGAGAAGTCTATTACTTATGATAGTACACTGGGGATAGAGCCAGAGTTCTGTGACTGCTAAGCAGAATGTCTCTCCACCAACTGATCCTTATCATT
-511 GRE ? (-) CACCC-Box (-)
ACTCCTAGCGTTTCTTTTTCTTTTTTCACAAAGAAGCACTCATCATGAGTCTGGACAGTTGCCTCAGGGGTTGAGTGGGCTTTTGCACTTCTGGAGAACT
-344
GGTGCTTGATTCCTAGACATTACAGTGGAGATATAGGTCCTTGAGCAGCTCCAGTATTTTTCAGTGAAGGAGAAAGTCCTTCTGTAATGGTGTGCAGATG
CAAT-Box (=) Octamer-factor/CAAT-box (-)
ACACAGITITIIGGCTTAATTTCATGAAGATTTGAATGAAGTCAGCCTTGGTGAGAGATTATTTTATATTATCGAATTITIGCTTGAATTTCTGATAGAAACAA
-220 GRE ? CACCC-Box ERE (-) /CAAT-box
ACTAAGAAACTTTGGTCTTACTTATATGGCACTGTIGTITCACTGACGCCACCCAGAATGTTAACTCAAAGGAGGTCAAAATAGGCTGTAGATGAACTTCA
=56 CACCC-Box TATA-box
TGAACTGTCTAGGGGAAGAGAGTACCAAAGTCCACGTGAGGCAGAGGTGATCCATCTACTGGCTGGATCCCTGGTGCCACCCATCTTTCCAGCATATAAG
+1 CAP site T G
TACTGCAGGCTGGCCTCAGTGCAGCGGTTGTGGGCAGAAAGGAAGCCCTGCAGAGCATCAGAGGCCCAGCTAGAGGGACAACACAGAGGAGTAATTTGCT
AA Exon 1 A T C |Intron 1
GACAGACCTGCAGGGATGGACCTGCTTTCAGCTCTCACACTGGAAACCTGGGTCCTCCTGGCAGTCGTCCTGGTGCTCCTCTACGG | GTGAGTAACTTCAG
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MetAspLeuLeuSerAlaLeuThrLeuGluThrTrpValLeuLeuAlaValValLeuValleuLeuTyr

FiG. 1.

Nucleotide sequence of the 5’ flanking region of the CYP3A1 gene. Nucleotides are numbered in negative numbers from the mRNA

start site indicated by +1. Numbers above the sequence indicate the beginning or end of fragments used for construction of chimeric genes (see
Table 1). The first exon, the deduced amino acid sequence, and the exon/intron border are indicated. Nucleotide symbols above the sequence
indicate positions with nucleotide mismatches between CYP3A1 and the CYP3A2 cDNA, a closely related family member (19). Putative GREs
are underlined and labeled. In addition, positions with similarity to consensus sequences for binding sites of transcriptional regulatory factors
are indicated. (—), Sequences found on the opposite strand. Nucleotides at —1336, —1335, and —1000 could not be resolved unambiguously even

after repeated sequencing at high temperatures.

site, this locus was designated as +1 (Fig. 1). Computer-
assisted sequence analysis of the 5’ flanking region revealed
a consensus sequence for a TATA box (—31 bp) (28), and the
presence of putative GREs on both strands similar to the
TGTYC (Y, pyrimidine) motif of the GRE consensus half-
palindrome (29), but none with the complete TGTYCT hex-
amer motif (5) or the consensus 15-bp palindrome (5) essential
for optimal response to glucocorticoids (Fig. 1). Two regions
(—936 to —797 and —219 to —146) both contain GRE-like
sequences in close proximity to sequences known to bind
transcription factors that interact with the GCR such as NF1
(30), octamer factor (31), and CACCC box binding factor (32)
(Fig. 1).

Next, we tested the ability of CYP3Al DNA segments to
modulate transcription of an artificial gene consisting of a
viral (TK) promoter coupled to the E. coli CAT structural
gene (expression vector pPBLCAT?) transiently expressed in
the intact rat hepatocyte. This approach excludes the possi-
bility that upstream CYP3Al elements require interaction
with the homologous CYP3A 1 promoter for mediating steroid
induction, although preliminary experiments with a related
gene, CYP3AS5, indicate that such induction occurs with
constructions containing either promoter (33). A 1.5-kb
CYP3Al fragment (—1525 to —56) was ligated upstream of the
TK promoter in pBLCAT2 (position —1525) (—1525 TK-
CAT). This recombinant vector was combined with the
cationic transfer agent Lipofectin and transfected into 3-day-
old primary cultures of rat hepatocytes (Table 1). The result-
ant hepatocellular CAT activity was lower than that in
control hepatocytes transfected with pPBLCAT2 (TKCAT)
containing no inserted CYP3Al DNA (Table 1). Plasmids
containing more proximal portions of the inserted 1.5-kb
CYP3Al fragment produced the expected amount of CAT
activity (—220R TKCAT) when transfected into hepatocyte
cultures (Table 1). To test for the presence of glucocorticoid
responsive regions in CYP3Al DNA, cultures harboring

these transfected chimeric gene constructions were treated
for 48 hr with DEX. In each instance, CAT activity increased,
as high as 7.2-fold (—1265 TKCAT; Table 1). One CYP3A
fragment (—220 to —56; 164 bp) conferred DEX responsive-
ness when it was ligated in pBLCAT?2 in both the forward
(—220 TKCAT; 4.6-fold) and reverse (—220R TKCAT; 4.2-
fold) orientations (Table 1). However, when a plasmid con-
taining —220 TKCAT ligated into the second multiple cloning
site of pPBLCAT2 (downstream of the CAT structural gene
and the simian virus 40 polyadenylylation site) was trans-
fected into hepatocyte cultures, no stimulation of CAT ac-
tivity occurred after DEX treatment of the cells (data not
shown). In this same set of experiments, we also tested the
effect of treating transfected hepatocyte cultures with PCN.

Table 1. CAT activity of chimeric CYP3AI-TKCAT genes

- CAT induction, relative

Baszlgt‘:: :ﬁ::‘s"ty’ units (untreated = 1.0)

Chimeric gene (TKCAT = 1.0) DEX PCN
—1525 TKCAT 0.3 = 0.1* 5.8 + 1.2F 2.3 +0.3%
—1265 TKCAT 0.4 0.1 7.2 = 0.6F 2.9
—908 TKCAT 0.5 = 0.3* 5.6 = 0.5t 1.3 = 0.2F
—511 TKCAT 1.5 = 0.1* 5.2 = 1.0t 1.3
—220 TKCAT 1.6 = 0.3* 46 1.7 2.1 =*1.0*
—220R TKCAT 0.8 = 0.4* 4.2 + 2.0t 2.9
—595R TKCAT 2.0 = 0.3* 2.5 = 0.2F NT
TKCAT 1.0 1.3 = 0.5* 1.5+ 0.4

Hepatocyte cultures were transfected with CYP3A1-pBLCAT2
plasmids and assayed for CAT activity. Left column indicates the
chimeric gene used for transfection. Basal CAT activity of dishes
without addition of drugs is expressed relative to the activity of the
vector pPBLCAT2. CAT induction by 10 uM DEX or 10 uM PCN is
expressed relative to the activity of untreated control dishes. NT, not
tested.

*Means = SD of three independent transfection experiments.
tAverages * range of two independent transfection experiments.
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This antiglucocorticoid consistently increased the CAT ac-
tivity (=2-fold) in cultures that received plasmids with the
longest (—1525 TKCAT) and the shortest (—220 TKCAT)
fragments of CYP3AI DNA, whereas no induction was seen
with some fragments of intermediate length (—908 TKCAT,
—511 TKCAT; Table 1) or with a 359-bp fragment spanning
positions —621 to —269 inserted into TKCAT (data not
shown). DEX treatment of cells containing the last plasmid
also failed to produce CAT induction, an important control
showing that inclusion of the —220 to —56 sequence is
essential for steroid hormone responsiveness. The possible
causes for the lack of effect of PCN on some of these partial
deletions were not further investigated. Additions of either of
these steroids to cultures transfected with pPBLCAT2 (Table
1) or with RSVCAT (data not shown) produced no important
change in CAT activity.

We recognized that this system offers a unique opportunity
to determine whether CYP3Al transcription is mediated by
the nonclassical GCR-mediated pathway for induction of
CYP3Al protein synthesis by steroids (7, 8). Accordingly, we
compared the effects of DEX, PCN, or RU 486, a potent and
well-characterized GCR antagonist (34), on the production of
CAT activity in cultured hepatocytes transfected with —220
TKCAT (Fig. 2B) or with MMTVCAT (Fig. 2A), a powerful
DEX-responsive promoter typical of GCR-regulated genes
(16). DEX produced dose-dependent increases in CAT ac-
tivity for both MMTVCAT and —220 TKCAT, although
maximal stimulation of MMTVCAT (50-fold) was observed
at a concentration of DEX (10 uM) (Fig. 2A) that stimulated
—220 TKCAT only 5.5-fold (Fig. 2B). The maximal response
of MMTVCAT was =9-fold greater than that of —220 TK-
CAT (Fig. 2B). DEX induction of MMTVCAT in the pres-
ence of equimolar to a 1000-fold excess of an antagonist was
either completely abolished (RU 486) or substantially re-
duced (PCN) as compared to cultures receiving DEX alone
(Fig. 2A). Additions of antiglucocorticoids alone gave no
effect on MMTVCAT. In contrast, PCN induced —220 TK-
CAT synergistically (5-fold induction) in the presence of low
concentrations of DEX (10 nM) that alone produced little, if
any, induction of —220 TKCAT (Fig. 2B). Unlike PCN, RU
486 attenuated the DEX response of —220 TKCAT, although
to a lesser extent than the antagonism of DEX induction of
MMTVCAT. Similar DEX dose-response curves were ob-
tained for the —164-bp fragment cloned in the reverse orien-
tation (data not shown).

In developing a protocol for efficient and consistent tran-
sient transfection of DNA into cultured rat hepatocytes, it
became necessary to modify the conditions of culture (e.g.,
addition of soluble EHS gel) as compared to our standard
method (10). To verify that the endogenous CYP3AI cellular
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F1G. 2. Comparison of the effect of PCN and RU 486 on DEX
induction of the chimeric gene MMTVCAT and —220 TKCAT.
MMTVCAT (A) and —220 TKCAT (B) were transfected into cultured
hepatocytes. DEX was added to the medium at the indicated
concentrations alone (0) or with 10 uM PCN (e) or 10 uM RU 486
(0), respectively, 6 hr after transfection on days 3 and 4. Control
dishes contained PCN (a) or RU 486 (a) in the absence of DEX. Cells
were harvested and CAT activities were assayed. Data were calcu-
lated as -fold induction relative to CAT activities obtained from
dishes without any drug addition.
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gene retained its glucocorticoid and PCN responsiveness
under the conditions we used for transiently transfecting
chimeric genes into primary hepatocytes, RNA was isolated
from steroid-treated and untreated transfected hepatocytes
and was analyzed on Northern blots probed with cDNAs for
TAT (24) and CYP3A1 (23). Under these culture conditions,
DEX treatment produced a dose-dependent increase in the
amounts of TAT mRNA and CYP3A1 mRNA (Fig. 3), al-
though half-maximal induction of CYP3A1 mRNA required
~100 times higher DEX concentration (Fig. 3). Moreover,
mirroring exactly the effects on rates of synthesis of CYP3A1
protein in cultured hepatocytes (7, 8), the present results
showed that PCN is an efficacious inducer of CYP3A1 mRNA
(Fig. 3), fails to increase TAT mRNA, and, when combined
with low concentrations of DEX, synergistically increases
CYP3A1 mRNA while inhibiting the induction of TAT mRNA.
This set of experiments confirms that, under the conditions
used for transfer of DNA into cultured hepatocytes by lipo-
fection, a parallelism is retained between expression of the
endogenous CYP3AI and TAT genes, as judged by accumu-
lation of their respective mRNAs, and transcriptional activa-
tion of the CYP3A1 gene and the classical glucocorticoid gene
MMTYV, as reflected in CAT activity.

DISCUSSION

Pharmacologic induction of CYP3A1 can involve many steps
apart from stimulation of gene transcription including
changes in the amounts or the translatability of CYP3Al
mRNA or the stability of CYP3Al protein or holocy-
tochrome. To analyze how glucocorticoid-responsive cy-
tochromes P-450 are induced selectively, we isolated the 5’
flanking region of the rat CYP3AI structural gene and ana-
lyzed its expression by developing a convenient means for
DNA transfer into a homologous cell system consisting of
primary monolayer cultures of adult rat hepatocytes. Unlike
culture-adapted cell lines derived from malignant liver, rat
hepatocytes cultured on EHS gel maintain highly differenti-
ated functions such as the inducibility of various cy-
tochromes P-450 including the class 3A family (10). Repro-
ducible results were achieved by transfection of hepatocytes
in an EHS gel-free environment followed by addition of
soluble EHS gel to the culture medium (35). Fortunately,
these manipulations did not impair inducible expression of
CYP3A1l inasmuch as treatments with DEX produced a
dose-dependent stimulation of CYP3Al transcription in cul-
tured hepatocytes (Fig. 2, Table 1) accompanied by accumu-
lation of CYP3A1 mRNA (Fig. 3) (10) and protein (7, 8). The
5- to 6-fold activation of CAT activity corresponds well with
reports of experiments in DEX-treated living rats where
transcription was assayed by less direct methods of measur-
ing CYP3A1 mRNA in intranuclear RNA and monitoring run
off of initiated nascent transcripts from isolated liver nuclei
(36). We were unable to compare our results from transfec-
tion analysis with those from a run off of nuclei from

— —-8-7-6-5-8-7-6-5-7-6-5 Log drug concentration, M
b

(&4 § DEX DEX/PCN(-5) PCN

FiG. 3. Induction of CYP3Al and TAT mRNAs by DEX and
PCN. Hepatocyte cultures were treated on day 3 with soluble EHS
gel, DEX, or PCN at the indicated concentrations, or with DEX plus
10 uM PCN (DEX/PCN). RNA isolated from the cells harvested on
day 5 was analyzed on Northern blots and hybridized with a cDNA
probe for either CYP3A1 (Upper) or TAT (Lower). CT, untreated
control.
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hepatocyte cultures because the values were too low to be
reliably quantified and because minor differences in tech-
nique for nuclear preparation seemed to produce qualitative
differences in outcome.

Stimulated CYP3A[ transcription appears to account, at
least in part, for two major characteristics of CYP3A1 protein
and mRNA induction that distinguish CYP3AI from classical
glucocorticoid responsive genes such as TAT and MMTV:
induction of CYP3Al requires higher than normal glucocor-
ticoid concentrations such as might be found under condi-
tions of stress (37), and CYP3A1 is induced, paradoxically,
by PCN, a synthetic steroid, that blocks DEX-mediated
induction of TAT and MMTYV. Another antiglucocorticoid,
RU 486, partially antagonized CYP3A 1 transcription in DEX-
treated cultures (Fig. 2), in contrast to PCN, which interacts
with DEX to induce CYP3Al transcription synergistically
(Fig. 2). A more expansive survey of other active antigluco-
corticoids in our system (7, 8) may provide insight into
structural requirements for CYP3A1 inducer agonists.

The smallest fragment of CYP3AI DNA we tested (the 164
bp cloned in —220 TKCAT) still conferred full DEX respon-
siveness when transiently expressed in cultured hepatocytes
(Fig. 2, Table 1). Nevertheless, the CYP3AI fragment in —220
TKCAT displays only limited (if any) sequence homology to
the 15-bp palindromic consensus nucleotide sequence for
GREs (5), although it does contain a DNA motif (TGT-
TCACT) related to a region in the tryptophan oxygenase
enhancer, which has been footprinted by the glucocorticoid
receptor (38). Lack of a high-affinity, GCR-binding GRE in
the CYP3AI gene might explain the shift to the right of the
dose-response curve for induction by DEX of CYP3Al as
compared to MMTV (Fig. 2) or TAT (Fig. 3). Another
possibility is that the CYP3AI gene does not bind the GCR
directly but rather is activated through ancillary DNA regu-
latory proteins produced by other glucocorticoid responsive
genes. Such a secondary induction mechanism has been
proposed because glucocorticoid responsiveness of a-
microglobulin (39) and a;-acid glycoprotein (40) genes was
suppressed by blocking protein synthesis with cyclohexi-
mide. However, CYP3AI does not contain glucocorticoid-
regulated nucleotide sequences similar to those identified in
these genes and cycloheximide treatment failed to inhibit
DEX-induced accumulation of CYP3A1 mRNA in cultured
hepatocytes (22). Further adding to the complexities of this
system is the observation that —220 TKCAT also responds
positively to PCN (Fig. 2), unlike MMTYV (Fig. 2) or TAT
(Fig. 3). The similarities among hormone response elements
of many steroid-inducible genes indicate a conserved strategy
for the hormonal control of transcription by steroids (41).
Nevertheless, our previous postulate of a pathway for
CYP3Al induction that involves either a separate GCR with
altered ligand binding characteristics (PCN receptor) or the
classical GCR interacting directly or indirectly with altered
GREs associated with PCN responsive genes (7, 8) has been
reinforced by the present findings of a synergistic transcrip-
tional control for CYP3A1 regulation by DEX and PCN. The
presently available systems should make it possible to elu-
cidate the fine molecular details involved in CYP3AI gene
control, providing a better understanding of this important
P-450 family both in animals and in humans (42, 43) and
expanding our recognition of mechanisms by which steroid
hormones regulate mammalian genes.
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