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The cytochrome CYP3A gene products, expressed in mammalian
liver, are essential for the metabolism of lipophilic substrates,
including endogenous steroid hormones and prescription
drugs1,2. CYP3A enzymes are extremely versatile and are inducible
by many of their natural and xenobiotic substrates. Consequently,
they form the molecular basis for many clinical drug–drug
interactions3. The induction of CYP3A enzymes is speciesspecific4,5, and we have postulated that it involves one or more
cellular factors, or receptor-like xeno-sensors6. Here we identify
one such factor unequivocally as the nuclear receptor pregnenolone X receptor (PXR)7,8 and its human homologue, steroid and
xenobiotic receptor (SXR)8–10. We show that targeted disruption of
the mouse PXR gene abolishes induction of CYP3A by prototypic
inducers such as dexamethasone or pregnenolone-16a-carbonitrile. In transgenic mice, an activated form of SXR causes constitutive upregulation of CYP3A gene expression and enhanced
protection against toxic xenobiotic compounds. Furthermore, we
show that the species origin of the receptor, rather than the
promoter structure of CYP3A genes, dictates the species-specific
pattern of CYP3A inducibility. Thus, we can generate ‘humanized’
transgenic mice that are responsive to human-specific inducers
such as the antibiotic rifampicin. We conclude that SXR/PXR
genes encode the primary species-specific xeno-sensors that mediate the adaptive hepatic response, and may represent the critical
biochemical mechanism of human xenoprotection.
To examine the significance of PXR in xenoregulation in vivo, we
generated PXR-null mice with the strategy outlined in Fig. 1a. The
resulting mutant allele has a deletion of two exons including aminoacid residues 63–170 of the DNA-binding domain7. The disruption
NATURE | VOL 406 | 27 JULY 2000 | www.nature.com

of PXR alleles was confirmed by the absence of PXR expression in
the liver and small intestine, two principal PXR-expressing tissues
(Fig. 1c). The PXR-null mice are both viable and fertile. Loss of PXR
does not alter the basal expression of CYP3A (Fig. 1c). However, the
CYP3A gene is no longer induced in response to the prototypic rodentspecific CYP3A inducers, pregnenolone-16a-carbonitrile (PCN; Fig.
1d; ref. 11) and dexamethasone (DEX; Fig. 1e; refs 11, 12. This
establishes that PXR is an essential mediator of CYP3A xenoregulation in vivo. This loss of inducibility is restricted to PXR target genes
such as CYP3A. For example, the hepatic CYP1A2 gene in the
PXR-null mice remains responsive to 3-methylcholanthrene (3MC;
Fig. 1e), and DEX still induces hepatic tyrosine aminotransferase, a
glucocorticoid receptor target gene (data not shown).
Evolutionary divergence has been proposed to be responsible for
the marked differences in drug response between humans and
rodents6–8,13–16. To test the ability of SXR and PXR to confer
species-specific inducibility of CYP3A, we transfected the SXR
gene into cultures of primary rat hepatocytes and examined the
effects of a panel of steroid and nonsteroid inducers on expression
from the CYP3A23 (rat) or CYP3A4 (human) promoters. We used
primary cultures because the natural CYP3A promoters we used
appear to be completely inactive or unresponsive in essentially all
cultured cell lines.
In control rat cells without SXR, CYP3A23 was strongly induced
by PCN, nifedipine or RU486, but rifampicin (RIF), clotrimazole
(CTZ), phenobarbital, 3MC, corticosterone, coumestrol, cortisol,
17b-estradiol (E2), progesterone, pregnenolone and cortisone produced little or no induction (Fig. 2a; ref. 11). No PXR vector was
added, so this profile reflects the activity of endogenous PXR. In
contrast, co-transfection of SXR results in significant induction of
CYP3A23 by drugs known to be active in humans including RIF,
CTZ, phenobarbital, E2 and pregnenolone. In addition, the induction of CYP3A23 by nifedipine and RU486 increased significantly in
the presence of SXR, but activation by PCN remained unchanged
(Fig. 2a). Therefore, transfection of SXR is sufficient to convert the
induction response characteristics of the hepatocytes from rat to
human. The critical factor is SXR, not the target CYP3A genes, as we
observed the same conversion when the rat cells were co-transfected
with the human CYP3A4 promoter (Fig. 2b). Indeed, we noted that
when endogenous PXR is activated it induces both the rodent
(Fig. 2a, lane 2) and human CYP3A genes (Fig. 2b, lane 2). SXR
also activates both the human (Fig. 2b, lane 3) and rodent (Fig. 2a,
lane 3) CYP3A genes in a ligand-dependent manner.
We used these assays to examine the roles of the putative SXR and
PXR response elements in the activation of CYP3A promoters. The
rat CYP3A23 response element is formed by two consensus halfsites organized as a direct repeat separated by 3 nucleotides
(DR3)6–10. Mutating either one (DR3/M2) or both (DR3/M1)
half-sites abolished the PXR- and SXR-mediated activation of
CYP3A23 by PCN, RIF and CTZ. In contrast, replacement of the
DR3 element by an inverted repeat (IR6) element from the human
CYP3A4 promoter6–10 rescued inducibility by PCN, RIF and
CTZ (Fig. 2c). The results demonstrate that SXR/PXR and their
response elements are essential in determining patterns of CYP3A
inducibility.
To generate ‘humanized’ animal models of CYP3A xenoregulation, and to establish the role SXR/PXR activation in xenoprotection, we next prepared transgenic mice with expression of either
wild-type SXR or an activated form of SXR (VPSXR) directed by the
liver-specific albumin promoter17 (Fig. 3a). VPSXR shares similar
DNA-binding specificity to SXR, and was generated by fusing the
VP16 activation domain of the herpes simplex virus to the amino
terminus of SXR. Expression of these constructs was confirmed by
northern blotting (Fig. 3b and d). The Alb–SXR transgene was
subsequently bred into a PXR-null background, and the resulting
PXR-null/SXR-transgenic mice lacked mouse PXR gene but had
human SXR transgene (Fig. 3e).
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In the transgenic mice, a single dose of RIF (5 mg kg−1) caused
robust induction of mouse CYP3A11 messenger RNA in the liver of
Alb–SXR mice (Fig. 3b), although no such induction occurs in
wild-type mice18. In agreement with transfection results (Fig. 2),
CTZ produced a higher amount of CYP3A11 in Alb–SXR mice, and
PCN induced CYP3A11 equally in wild-type and transgenic mice
(Fig. 3b). The induction of CYP3A in Alb–SXR mice was ligand
dependent (Fig. 3b, compare lanes 6 and 7). Induction of CYP3A by
RIF was rapid, near maximal by 12 h (Fig. 3c, lane 3), and was
maintained for at least 3 days in the continuous presence of inducer
(Fig. 3c, lanes 4 and 5). Only basal CYP3A expression was observed
in nontransgenic mice, even after 7 days of treatment (Fig. 3c, lane
6). Moreover, RIF induction was reversible, as CYP3A expression
fell 5 days after withdrawal from an initial 7-day treatment (Fig. 3c,
lane 7). The CYP3A induction was also dose dependent (Fig. 3c,
lanes 8–11). The dynamics and the reversibility of rodent CYP3A11
mRNA changes in transgenic animals are remarkably consistent
with changes in enzyme levels in humans19. Thus, the expression of
human SXR allows animals to respond to human-specific inducers
such as RIF, consistent with our results in transfected hepatocytes.

In Alb–VPSXR mice, the CYP3A gene was constitutively induced in
a liver- and CYP3A-specific manner (Fig. 3d, lane 5). The expression
of CYP3A11 in the small intestine remained unchanged (Fig. 3d,
lane 4), and neither CYP7A (Fig. 3d, compare lanes 1 and 5), nor
CYP1A2 (data not shown) was induced. In addition, the Alb–
VPSXR mice exhibited growth retardation, hepatomegaly and
histologic liver toxicity, although the untreated SXR mice appear
normal (data not shown).
To investigate whether PXR is necessary and SXR is sufficient for
CYP3A induction, we examined the regulation of CYP3A in PXRnull/SXR-transgenic mice. As predicted, the PXR-null mice do not
respond to PCN even in presence of SXR (Fig. 3e, lane 5). In
contrast, the CYP3A gene was readily induced by the humanspecific inducer RIF in the same PXR-null/SXR-transgenic mice
(Fig. 3e, lane 4). Therefore, unlike their SXR direct transgenic
counterparts which respond to both human- and rodent-specific
inducers (Fig. 3b), the PXR-null/SXR-transgenic mice respond only
to human-specific inducers such as RIF. We conclude that SXR
alone can reconstitute CYP3A xenoregulation and confer a human
profile of inducibility to PXR-deficient mice.
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Figure 1 Targeting of the PXR gene and specific loss of xenoregulation of CYP3A in PXR
null mice. a, Restriction map of the PXR gene and strategy to generate PXR mutant allele.
The PXR probes used for Southern blotting and expected fragment sizes after EcoRI
digestion are indicated. E, exon. Neo, neomycin resistance gene; TK, thymidine kinase
promoter. b, Southern blotting analysis of EcoRI-digested genomic DNA. WT, wild type;
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transcripts using a PXR cDNA probe. The membrane was subsequently stripped and
rehybridized with probes for CYP3A11 and GAPDH. d, Loss of CYP3A induction by PCN in
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subjected to daily treatment of RIF (5 mg kg−1) for the indicated period of time. In lanes
8–11, mice were treated with a single indicated dose of RIF. d, Constitutive and liverspecific upregulation of CYP3A gene in VPSXR transgenics. The membrane was probed
for CYP3A11 and CYP7A. e, CYP3A regulation in PXR null/SXR transgenic mice. The drug
treatment was as in b.
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The sustained hepatic induction of CYP3A in Alb–VPSXR mice
allowed us to explore their potential resistance to xenobiotic
toxicants such as tribromoethanol and zoxazolamine. Resistance
to such toxicants is a hallmark of an activated xenobiotic system and
a traditional test for drug–drug interaction2,20. Indeed, tribromoethanol and zoxazolamine efficiently induced anesthesia and
paralysis in wild-type mice as expected20. The wild-type mice slept
for an average of 32.8 min in response to tribromoethanol, but the
VPSXR mice were virtually resistant to the drug (Fig. 4a). Similarly
with zoxazolamine treatment, wild-type mice averaged more than
60 min of paralysis, and the transgenics averaged less than 5 min
(Fig. 4b). Therefore, sustained activation of SXR and induction of
CYP3A result in enhanced protection against xenotoxic compounds.
Our results in hepatocyte cultures and in transgenic mice establish PXR/SXR as the central mediator for inducible expression of
CYP3A. Given the widespread implications of CYP3A induction on
drug and steroid metabolism, and the species-specific variation, the
conversion of response profile in SXR-transgenic mice provides
direct evidence that nuclear receptors can serve as xeno-sensors, and
firmly establishes the molecular basis of pharmacological responses
of the CYP3A gene. The factors responsible for variation in CYP3A
expression between people are unclear. This variation is believed to
influence the therapeutic index for up to one-third of all drugs, and
may also contribute to inter-individual differences in the generation
and elimination of environmental toxins and carcinogens21.
The extent to which drugs such as RIF can upregulate CYP3A is of
pharmacological importance because, in principle this activation
will not only affect RIF metabolism, but also the metabolism of any
compounds processed by cytochromes22,23. There has been no
reliable system other than in humans to assess this problem directly
and quantitatively. Thus, the generation of Alb–SXR transgenic
mice is a big step toward generating a humanized rodent toxicological model. These mice readily respond to human inducers such
as RIF in the equivalent range of the standard oral dosing regimen
in humans (300–600 mg per 70-kg man), and exhibit similar
dynamics19. Finally, the PXR-null/SXR-transgenic mice respond
faithfully to human-specific inducers. This is one of the rare
examples where replacing a single transcriptional regulator allows
a conversion of species-specific gene regulation. Moreover, the
exclusive human profile of CYP3A inducibility exhibited in the
PXR-null/SXR-mice represents additional advantages for their
potential usage in pharmacological studies and pharmaceutical
development. Considering the wide-spread problem of drug–
drug interactions and the inherent unpredictability of this process,
coupled with the potential for liver toxicity as implicated in the
a
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Plasmid constructs and mutagenesis
The CYP3A23 cellular promoter reporter, PGL3–CYP3A23, was cloned by inserting the
PCR-amplified 59 regulatory sequence of rat CYP3A23 gene (nucleotides −1,360 to +82;
ref. 24) into the PGL3 vector (Promega). PGL3-CYP3A4 contains up to nucleotide −1093
of the 59 flanking regions of the human CYP3A4 gene25. Site-directed mutagenesis of the
CYP3A23 promoter was performed by the PCR overextension method26, and confirmed by
DNA sequencing. The expression vectors for SXR, VPSXR and PXR were described
previously8.

Preparation of hepatocytes, DNA transfections and drug treatment
Primary cultures of rat hepatocytes and Lipofectin (Gibco BRL)-mediated DNA transfections were carried out as described6. When necessary, cell were treated with RIF, DEX,
PCN, nifedipine, CTZ, corticosterone, coumestrol, RU486, cortisol, E2, pregnenolone,
progesterone, cortisone (10 mM (micromolar) each), phenobarbital, 3MC (2 mM each),
or the control solvent. PCN was a gift from J. Babcock, other compounds were purchased
from Sigma.

Generation of transgenic mice
The SXR or VPSXR cDNA were cloned downstream of the mouse albumin promoter/
enhancer17. A SV40 intron/poly (A) sequence27 was subsequently placed downstream of
SXR and VPSXR cDNAs. Transgenes were excised and purified from the vector before
microinjection into single-cell CB6F1 mouse zygotes. Transgene positive mice were
screened by PCR. The Alb–SXR transgene was subsequently bred into PXR-null background to generate PXR-null/SXR-transgenic mice.

Animal drug treatment
Animals were maintained ad libitum. RIF was given by gastric gavage. When necessary,
mice were subjected to a single intraperitoneal injection of DEX (50 mg kg−1), PCN
(40 mg kg−1), CTZ (50 mg kg−1), or 3MC (4 mg kg−1) 24 h before sacrifice.

Northern blot analysis

Modified from methods described20. Six- to seven-month-old mice were used for
tribromoethanol anesthesia test at 375 mg kg−1 by subcutaneous injection. The sleeping
mice were placed on their backs, and sleep time was measured until the animals had
regained enough consciousness to right itself repeatedly. Five- to six-week-old animal were
used for zoxazolamine paralysis test at 112.5 mg kg−1 by intraperitoneal injection. The
statistic analysis was performed with InStat 2.03 software, we used the nonparametric
Mann–Whitney Test.
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(n = 5)

VPSXR
(n = 7)

Figure 4 Enhanced protection against xenobiotic toxicants in VPSXR mice.
a, Tribromoethanol anesthesia test in males. Results represent the averages and standard
error from the indicated number of mice. The two-tailed P value of nonparametric Mann–
Whitney Test is less than 0.0001. b, Zoxazolamine paralysis test in males. The two-tailed
P value is 0.0025.
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Mouse PXR genomic DNA was isolated by screening a 129/Sv library (Stratagene) using a
PXR complemetary DNA probe8. A targeting vector was generated by replacing the second
and third exons of PXR with a PGK-Neo selection marker, in conjunction with a negative
selection marker (PGK-TK). After transfection, single J1 ES cell clones resistant to G418
(200 mg ml−1) and ganciclovir (0.2 mM) were screened for designated homologous
recombination by Southern blotting. PXR+/− embryonic stem (ES) cells were microinjected into C57BL6/J blastocysts, which were transplanted into the uteri of pseudopregnant ICR mice. Chimaeric male progeny were crossed with C57BL6/J females.
Germline transmission of the disrupted allele was detected in agouti progeny by Southern
blot and polymerase chain reation (PCR) analysis. Mice were handled in an accredited
Institute facility in accordance with the institutional animal care policies.

Tribromoethanol anesthesia and zoxazolamine paralysis test
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Generation of PXR-null mice
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Methods

Total RNA was prepared from tissues using TRIZOL Reagent (Gibco BRL). Northern
hybridization was carried out as described27. The probes of CYP3A11 (nucleotides 1,065–
1,569; ref. 28), CYP7A (nucleotides 973–1,453; ref. 29), CYP1A2 (nucleotides 151–1,565;
ref. 30) were cloned by PCR followed by reverse transcription from wild-type mouse liver
mRNA.

b
35

VPSXR mice (data not shown), there is little obvious benefit in any
drug that additionally or spuriously activates SXR. Thus, screening
compounds for SXR neutrality may be judicious during the drug
development process. The Alb–SXR and PXR-null/SXR-transgenic
mice, and the hepatocyte transfection system will be invaluable tools
M
in such applications.
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correction

The protein kinase Pak3 positively
regulates Raf-1 activity through
phosphorylation of serine 338
Alastair J. King, Huaiyu Sun, Bruce Diaz, Darlene Barnard, Wenyan Miao,
Shubha Bagrodia & Mark S. Marshall

Nature
396, 180–183 (1998)
..................................................................................................................................
In this letter, we stated that the isoform of p21-activated protein
kinase (PAK) purified from rat spleen was Pak3. At the time of going
to press, this was correct nomenclature for the rat isoform based on
the SwissProt protein sequence database. However, under the
restructuring of PAK nomenclature within this database (December
1998) the isoform we had previously purified has now been
classified as Pak2. Although we were able to detect phosphorylation
of the catalytic domain of Raf-1 (CR3) by the purified kinase, now
identified as Pak2, we now note that experiments using recombinant
protein (Fig. 3c, d) or DNA constructs (Fig. 4) all used bona fide
Pak3 (murine) from a qualified source (R. Cerione laboratory). This
suggests the potential involvement of various Pak isoforms in the
regulation of Raf-1 activity through phosphorylation of Ser 338. M

.................................................................
erratum

Turbulent convection at very high
Rayleigh numbers
J. J. Niemela, L. Skrbek, K. R. Sreenivasan & R. J. Donnelly

Nature 404, 837–840 (2000)
..................................................................................................................................
In this Article the bold paragraph incorrectly stated that thermal
transport had been investigated over the range 106 < Ra < 107. It
should have read ‘Here we investigate thermal transport over eleven
orders of magnitude of the Rayleigh number (106 < Ra < 1017)’. M
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