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(15,16), CYP3A18 (17,18) and CYP3A23 (19,20). While
The cDNAs for two CYP3A genes were isolated from most studies have concentrated on defining the expres-

the livers of rats using an RT-PCR approach with sion of CYP3A genes in liver (13,16-21), they have also
CYP3A subfamily-specific primers. Sequence analysis been detected in other tissues including brain (15), in-
revealed these cDNAs to be identical to CYP3A9, which testine (22) and leucocytes (23).had previously been isolated from rat brain and nasal Mammalian hepatic CYP3A genes are highly induc-epithelium and the recently described CYP3A18. The

ible by reagents such as clotrimazole, pregnenolone-hepatic expression of both genes was sexually dimor-
16a-carbonitrile, phenobarbital and dexamethasonephic. Thus CYP3A18 mRNA levels were 25-fold higher
(16,17,19,24,25). Another characteristic feature of thein male livers compared to females, while CYP3A9
physiological regulation of hepatic CYP3A genes isshowed a reverse pattern with 6-fold higher expression
age- and sex-dependent expression. For instance,in the liver of females. Exposure of male rats to the
CYP3A2 is expressed in the livers of both female andfemale pattern of growth hormone secretion led to an
male neonatal rats, but levels decline to undetectableincrease in hepatic CYP3A9 mRNA expression and sup-
levels at puberty in females (14,16), whereas they arepressed expression of CYP3A18. These findings indicate
preserved throughout life in males. In contrast,that the CYP3A subfamily in rats has both male- and

female-specific isoforms which are regulated by growth CYP3A9 is absent until puberty, when its hepatic ex-
hormone in a manner similar to some other sexually pression increases to a higher level in females than
dimorphic cytochrome P450s. q 1998 Academic Press in males (16). CYP3A18 is expressed predominantly

Key Words: cytochrome P450; gender-dependent ex- in male rats (17), a similar pattern to that exhibited by
pression; hepatic regulation; growth hormone. the hamster CYP3A10 gene which encodes lithocholic

acid 6b-hydroxylase (2,26).
Sexual dimorphism in the expression of many rodent

hepatic genes, including CYP genes (27), is primarily
mediated via the gender-specific profile of pituitaryThe cytochrome P450 (P450) superfamily (1) is a
growth hormone secretion. Adult males have a pulsa-large group of heme-containing microsomal proteins
tile profile, with peaks of high concentrations (200-300that catalyse the oxidation of diverse endogenous and
ng/ml) of circulating growth hormone every 3-4 hr; be-foreign substrates. In mammalian liver, members of
tween these peaks growth hormone declines to unde-the CYP3A subfamily are among the most abundant
tectable levels. In females, serum levels of growth hor-P450 proteins, being involved in the metabolism of such
mone are lower and the period between pulses isphysiologically important compounds as bile acids (2),
shorter, resulting in a relatively uniform concentrationsteroid hormones (3-5) and retinoic acid (6), as well
of 10 to 20 ng/ml.catalyzing the oxidation of many procarcinogens and

We have previously observed an increase in lithocho-pharmaceutical agents (7-12). Currently, the cDNAs of
lic acid 6b-hydroxylase activity in the livers of bile-five members of the rat CYP3A subfamily have been
duct-ligated rats (Jiezhong Chen and GCF, unpub-characterized; CYP3A1 (13), CYP3A2 (14), CYP3A9
lished). The present studies were initiated in an at-
tempt to identify and characterize the rat CYP gene(s)

1 Author for correspondence. Fax: 61-2-9635 7582. E-mail: geofff@ responsible for this induction. Because none of the rat
westmed.wh.usyd.edu.au. CYP3A enzymes have been shown to be active in bileAbbreviations: P450, cytochrome P450; RT-PCR, reverse tran-

acid hydroxylation, we used RT-PCR with CYP3A sub-scriptase-polymerase chain reaction; RACE, rapid amplification of
cDNA ends; 5*-UTR, 5*-untranslated region. family-specific primers to identify novel CYP3A genes
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expressed in the livers of rats that had been subjected
to bile duct ligation. Two cDNAs corresponding to the
recently described CYP3A9 and CYP3A18 genes were
isolated and found to be differentially regulated by
growth hormone in male and female rats.

MATERIALS AND METHODS

Materials. [a-32P]dCTP (3000 Ci/mmol) and Hybond N/ mem-
branes were purchased from Amersham (Amersham, UK): recombi-
nant human growth hormone from Pharmacia Upjohn (Sydney, Aus-
tralia): terminal deoxynucleotidyl transferase from Promega (Madi-
son, WI): oligonucleotides from BRESATEC (Adelaide, Australia) FIG. 1. Northern analysis of CYP3A9 and CYP3A18 expression
and restriction enzymes from Boerhinger-Mannheim (Mannheim, in several tissues of adult male (lanes 1–6) and female rats (lanes
Germany) 7–12). Total RNA was isolated from liver (lanes 1 and 7), brain (lanes

2 and 8), small intestine (lanes 3 and 9), kidney (lanes 4 and 10),Animals. Wistar rats were housed in the Westmead Hospital Ani-
spleen (lanes 5 and 11) and lung (lanes 6 and 12) and probed sequen-mal Care Department and were treated according to research proto-
tially with oligonucleotides specific for the 3* untranslated regionscols approved by the Westmead Hospital Animal Care and Ethics
of CYP3A9 (5*-CTTGCACAGAGGCTGAGAAAGC-3 *) and CYP3A18Committee. Bile duct ligation was performed according to a pre-
(5*-AGCCACTGAGCCTGTTCAGTGA-3 *) genes. The Northern trans-viously reported protocol (28). Animals were allowed to recover for
fer was then stripped and reprobed with an 18S rRNA oligonucleotide5 days before tissues were removed under ether anaesthesia, snap
to assess equivalent loading.frozen in liquid nitrogen and stored at 0807C for subsequent analy-

sis. Recombinant human growth hormone (3.0 IU/mg) was adminis-
tered to male rats via subcutaneous osmotic minipumps (Alza; Palo
Alto, CA) at a rate of 20 mg/hr/kg for 7 days. Castration was per- of the 5*-untranslated region (5*-UTR). This region wasformed in male rats as described previously from this laboratory (29).

87 bp compared with 279 bp for the CYP3A9 cDNA
cDNA cloning and sequence analysis. Partial cDNAs for novel isolated from rat brain (15). A shorter 5*-UTR is consis-CYP3A genes were obtained from total liver RNA by RT-PCR using

tent with the length of other rat CYP3A genes ex-oligonucleotide primers based on the most highly conserved regions
of previously characterized CYP3A genes. The sequences of these pressed in the liver and, in particular, the mouse
primers: 5*-GCACATCATTTGGAGTGAA-3 * and 5*-ACCTCATGT- CYP3A13 (32) which has 91.6% nucleotide identity
CAATGCAGT-3 * correspond to nucleotides 623-641 and 1408-1391 with CYP3A9. The present findings are therefore con-
respectively of the rat CYP3A2 cDNA (14). PCR products were cloned sistent with the possibility that the CYP3A9 gene mayinto the pGEM-T vector (Promega) and sequenced in both directions

have alternative transcription start sites when ex-on an automated DNA sequencer (Applied Biosystems, model 373A).
Complete cDNAs were synthesized by a modified RACE protocol (30) pressed in the liver and brain. The alternative possibil-
using the Marathon kit (Clontech; Palo Alto, CA). ity that we did not obtain the full length cDNA by the

RNA isolation and Northern analysis. Total RNA was purified RACE protocol is unlikely because a CYP3A9 cDNA
from rat tissues by the guanidinium/CsCl method (31) or RNeasy isolated from rat olfactory epithelium also had a
columns (Qiagen; Hilden, Germany). Ten micrograms of total RNA shorter 5*-UTR of 65bp (16).
were electrophoresed on 1% agarose gels and transferred to Hybond

The expression of the CYP3A9 and CYP3A18 genesN/ membranes. CYP3A9 and CYP3A18 specific oligonucleotide
in several tissues of male and female rats was exam-probes corresponding to nucleotides 1946-1925 (16) and 1729-1708

(17) respectively of the 3 * non-translated regions were end-labelled ined by Northern analysis (Fig. 1). Both genes were
by the terminal nucleotidyl transferase reaction and hybridized to expressed predominantly in the liver and small intes-
filters. The membranes were stripped and probed with an 18S rRNA tine. Very low levels of mRNA were detectable in brain,oligonucleotide as an internal standard for equivalence of loading.

kidney, lung and spleen after prolonged exposure ofBands were visualized by autoradiography, and the intensities of
the filters. In the small intestine, the levels of CYP3A18bands were quantified using an image analysis system (Molecular

Dynamics; Sunnyvale, CA). were comparable in males and females. However, as
also reported recently by others (17), hepatic expres-
sion of CYP3A18 mRNA was at much higher levels inRESULTS AND DISCUSSION
male than in female rats. In contrast, CYP3A9 mRNA
was more abundant in female livers than in males.Sequence analysis of the 785 bp products derived

from RT-PCR with primers specific for the CYP3A sub- This finding constitutes the first example of a CYP3A
gene with a female-predominant pattern of hepatic ex-family revealed sequences corresponding to the pre-

viously characterized 3A2 and 3A23 genes, as well as pression. Such gender-dependent expression reinforces
the similarities in the regulation of genes from the rattwo related but clearly distinct partial cDNAs. The

complete sequence of one of these cDNAs was identical CYP3A subfamily with other CYP subfamilies, such as
the CYP2C subfamily which have both male and fe-to CYP3A18, a gene that has previously been character-

ized in rat liver (17,18). The sequence of the other male-specific isoforms (33,34).
Quantification of the abundance of CYP3A9 mRNAcDNA was identical to that of CYP3A9 which was re-

cently isolated from rat brain (15), except for the length (Fig. 2) showed that CYP3A9 was expressed at 6-fold
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female levels. Thus the higher levels of CYP3A18
mRNA in male livers are regulated at least in part,
either directly or indirectly, by gonadal androgens.

The sex-dependent profile of circulating growth hor-
mone has been shown to be responsible for the sexually-
dimorphic expression of many hepatic genes including
members of the CYP2A, 2C and 3A subfamilies. In fe-
male rats, pituitary secretion of growth hormone is
characterized by a high pulse frequency that results
in continuous circulating levels of growth hormone. In
male rats, there are less frequent but regular peaks
every 3-4 hours interspersed by periods when serum
growth hormone levels are undetectable. It has been

FIG. 2. Comparison of the abundance of CYP3A9 and CYP3A18 established that a uniform level of as little as 3% of
mRNA in the livers of female, male and castrated male rats. The the normal female growth hormone concentration in
data are the mean and standard error for 3 rats and are expressed hypophysectomized rats is sufficient to essentially
as a percentage of the level of CYP3A9 in females and of CYP3A18 ‘feminise’ rats, thereby completely suppressing the ex-in males. Expression of the CYP3A9 gene was significantly lower

pression of male-dependent P450 isoforms (27).(põ0.05) in intact and castrated male rats compared with females,
while the level of CYP3A18 mRNA was greater in intact male versus To determine whether growth hormone is involved
female and castrated male rats (põ0.005). in the regulation of the female-predominant CYP3A9

and male-specific CYP3A18, male rats were continu-
ously infused with growth hormone delivered via a sub-
cutaneous osmotic minipump. Such administration ofhigher levels in female than in male rat livers. This is a

more extreme pattern of sexually-dimorphic expression growth hormone increased hepatic CYP3A9 mRNA to
a level intermediate between untreated males and fe-than the two-fold difference described previously (16);

the reason is not clear but may represent differences males (Fig. 3). At the same time, CYP3A18 mRNA was
reduced to undetectable levels. These findings indicatebetween rat strains. The female-predominant expres-

sion of CYP3A9 is similar to that observed for CYP2C7 that the regulation of CYP3A18 in male rats is similar
to other male-specific P450s which are completely sup-which is 4-fold higher in female rats than in males,

but contrasts with that of the female-specific CYP2C12 pressed by the continuous, feminine profile of growth
hormone secretion (27,34,36). This mode of regulationwhich is usually undetectable in males (27,34,35).

The levels of CYP3A18 mRNA in male livers were reinforces the similarity between CYP3A18 and the
hamster CYP3A10 referred to earlier; the 50-fold25 times those observed in females. This resembles the

50-fold difference in CYP3A10 levels that occurs be- higher expression of CYP3A10 in the liver of male ham-
sters (2) is mediated by growth hormone signalling viatween male and female hamsters. This analogous ex-

pression, together with the high degree of sequence
similarity supports the concept that CYP3A18 could be
the rat orthologue of the hamster lithocholic acid 6b-
hydroxylase (2,17,26). CYP3A18 and CYP3A10 are
more similar to each other than to other CYP3A genes;
they share 85% nucleotide identity (17). There is a dis-
crepancy between the expression pattern observed for
CYP3A18 in the present and in a previous study (16)
in which no difference between males and females was
observed from birth to 20 weeks. The reason for this is
not known, but again it may be due to the different rat
strains used in the two studies.

To determine whether the gender-dependent expres-
sion of the CYP3A9 and 3A18 genes was influenced by
the presence of circulating gonadal androgens in males,
the abundance of CYP3A9 and 3A18 mRNAs were ex- FIG. 3. Hepatic expression of the CYP3A9 and CYP3A18 genes
amined in the livers of castrated male rats (Fig. 2). in male rats with a ‘feminized’ pattern of growth hormone secretion.

Male rats were implanted with minipumps which continuously deliv-CYP3A9 levels were the same in castrated and intact
ered growth hormone or saline for 7 days. The levels of CYP3A9males, indicating that the female-predominant expres-
mRNA were increased, while expression of the male-specificsion of CYP3A9 could not be due to suppression by CYP3A18 gene was undetectable after growth hormone treatment.

testosterone in males. On the other hand, CYP3A18 The data are the mean and standard error of 4 rats for each group.
ND, not detected.expression was reduced in castrated males almost to
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