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The aryl hydrocarbon receptor (AHR) plays a central role in 2,3,7,8-
tetrachlorodibenzo-p-dioxin (dioxin) hepatotoxicity, regulation of
xenobiotic metabolism, and hepatovascular development. Each of
these processes appears to be dependent on binding of the AHR to
dioxin- responsive elements (DREs) within the genome. The Cyp7a1
and Cyp17a2 loci represent linked genes thought to play important
roles in AHR biology. In the mouse, 8 DREs are located in the 14-kb
intergenic region between the Cyp7a7 and Cyp7a2 genes. Seven of
these DREs, collectively known as the DRE cluster (DREC), are
located 1.4 kb upstream of the Cyp7af transcriptional start site and
12.6 kb upstream of the Cyp7a2 start site. To investigate the role
of the DREC in each aspect of AHR biology, we generated a
DREC-deficient mouse model through homologous recombination.
Using this mouse model, we demonstrate that the DREC controls
the adaptive up-regulation of both Cyp7a7 and Cyp7a2 genes in
vivo. Using selected aspects of acute hepatic injury as endpoints,
we also demonstrate that DREC null mice are more sensitive to
dioxin-induced hepatotoxicity than WT mice. The results of parallel
toxicologic studies using individual Cyp7a7 and Cyp7a2 null mice
support the observation that up-regulation of these P450s is not
the cause of many aspects of dioxin hepatotoxicity. Finally, we
observed normal closure of the ductus venosus (DV) in DREC null
mice. Given the 100% penetrance of patent DV in Ahr null mice,
these results indicate that Cyp7a7l and Cyp7a2 do not play a
dominant role in AHR-mediated vascular development.
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he aryl hydrocarbon receptor (AHR) is a basic helix-loop—helix
(BHLH)/Per-Arnt-Sim (PAS) protein that is activated by vari-
ous xenobiotic ligands (1-4). Ligand activation results in the
shedding of chaperone proteins, increased affinity for the nuclear
compartment, and dimerization of the AHR to another BHLH-
PAS protein, the AHR nuclear translocator (ARNT) (5). The
resultant heterodimeric transcription factor then recognizes cog-
nate genomic enhancers within the genome and up-regulates a
battery of phase I and phase II xenobiotic metabolism enzymes.
This pathway explains the adaptive metabolism of certain xenobi-
otics, because this set of regulated genes includes those for specific
cytochrome P450-dependent monooxygenases (CYPs) that de-
crease the biological residency of many important toxicants [e.g.,
polycyclic aromatic hydrocarbons (PAHs)] (2-4). The AHR also is
the primary mediator of the toxic response to recalcitrant environ-
mental pollutants, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (di-
oxin). Receptor-mediated toxic endpoints to these ligands include
tumor promotion, chloracne, thymic involution, teratogenesis, and
hepatotoxicity (6). More recently, the AHR has been shown to be
an essential “developmental pathway” in the vascular remodeling of
the liver and eye; for example, experiments with mutant mouse
models indicate that the AHR is essential for the postnatal closure
of a hepatovascular portocaval shunt known as the ductus venosus
(DV) (2, 7-10). For simplicity, we define the 3 aspects of AHR
biology as the adaptive, toxic, and developmental arms.
Evidence from recombinant mouse models supports the idea
that the upstream signaling events are similar in the adaptive,
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toxic, and developmental pathways; that is, each pathway is
dependent on chaperone binding by the AHR, activation of the
AHR, dimerization of the AHR with ARNT, and the binding of
this complex to genomic enhancer elements known as “dioxin-
responsive enhancers” (DREs; 5'-TNGCGTG-3") (1, 2, 11).
Using the mouse liver as a model system for each aspect of AHR
signaling, we turned our attention to identifying those DRE-
regulated transcripts that may explain each aspect of this biology.

The AHR-responsive genes Cyplal and Cypla2 encode major
hepatic CYPs that have long been studied for their role in the
adaptive metabolism of xenobiotics (12, 13). These prototypes of
the adaptive metabolic response also are logical candidates for roles
in the toxic and developmental aspects of AHR biology. Our initial
interest in studying these 2 DRE-regulated loci was triggered by 3
observations: (i) Cyplal and Cypla2 are among most inducible
AHR target genes in the mammalian liver, a tissue in which all
aspects of AHR signaling are represented (1, 14, 15); (ii) the Cyplal
and Cypla2 loci are common biomarkers of dioxin exposure and
have been used in risk assessment by various scientific teams and
regulatory agencies (16-18); and (iif) various potential mechanisms
have been proposed for dioxin toxicity, including the concept of the
up-regulation of one or both of these P450s as a causal step (19-21).

Because Cyplal and Cypla2 are colocalized within the mam-
malian genome, creating a mouse harboring null alleles at both the
Cyplal and Cypla2 loci is technically challenging. In the mouse,
these loci are separated by only 14 kb of noncoding genomic DNA,
with opposing transcriptional directions (Fig. 14) (22, 23). A
comparative genomic analysis of this intergenic region reveals that
the 1.4-kb region upstream from the transcriptional start site of
mouse Cyplal is highly conserved with that of human CYPIAI
(22-24). Because of its conservation across various species, the
conserved DRE cluster (DREC) is widely considered to be the
primary enhancer underlying Cyplal induction via the AHR (22—
28). In contrast, the proximal upstream region of Cypla2 is not well
conserved across species, and the AHR-mediated regulation of
Cypla?2 is not clearly understood (22, 29).

Based on the conservation of the DREC across species, we
hypothesized that the DREC proximal to the Cyplal locus also
controls AHR-mediated regulation of the Cypla2 locus 12.6 kb
away. Recently published in vitro data supports this hypothesis (30).
If this model is correct, then deletion of the DREC would generate
a mouse model allowing examination of the collective action of
Cyplal and Cypla2 in both the toxicologic and developmental
functions of the AHR. To test this idea, we used homologous
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Fig. 1. Generation of DREC conditional null mice. (A) Genomic structure of
mouse CypTal and Cypla2 genes on chromosome 9. The Cyplal-Cypla2
junction region contains 8 consensus DRE sequences (vertical bars, DREs 1-8).
The DREC containing 7 of these DREs (DREs 1-7) is located in the enhancer
upstream region of the Cyp7a7 gene within —1.4 kb of the transcriptional start
site. Open box, exon 1 of CypTaT or Cyp1a2; closed box, exon 2 of Cyp7at and
Cypla2. (B) Targeting strategy for excision of DREC. White arrowhead, /lox-P
sites; black arrowhead, frt sites; bold line, Cyp7al proximal promoter; Neo,
neomycin-resistant gene cassette; N, Ncol; SL, Sall; Sll, Sacll; SS, Sspl site. (C)
Genotyping strategies for WT, DREC®ne0, DREC®, and DREC null alleles. (D)
Southern blot analysis of tail DNA from WT and DREC™"e heterozygous
alleles. The 7.6-kb and 9.4-kb Sspl-digested bands correspond to WT and
DRECfneo g|leles, respectively. (E) PCR genotyping for WT and DREC* het-
erozygous alleles. The 590-bp and 683-bp amplified bands were generated
from WT and DREC™ alleles, respectively. (F) Southern blot analysis of tail DNA
from WT, DREC*/~, and DREC~/~ mice. The 7.8-kb and 6.6-kb bands digested
by Sspl correspond to WT and DREC ™~ alleles, respectively. (G) PCR genotyp-
ing for WT, DREC*/~, and DREC/~ mice. The 236-bp and 515-bp amplified
bands were generated from WT and DREC~/~ alleles, respectively.

recombination to generate mice lacking the DREC upstream of
Cyplal. Using this model, we demonstrate that the DREC does in
fact regulate both Cyplal and Cypla2 expression in vivo and that
these 2 gene products do not cause many common dioxin-induced
toxic endpoints and do not play major roles in the AHR develop-
mental pathway, as defined by closure of the DV.

Results

Generation of Conditional DREC Null Mice. Sequence analysis of the
mouse Cyplal and Cypla2 loci revealed that the Cyplal and
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Cypla2 genes are separated by 13,927 bp of noncoding genome
DNA (i.e., =14 kb), and that the transcriptional directions oppose
each other (Fig. 14) (22). The junction region between Cyplal and
Cypla2 was found to harbor 8 consensus DRE sequences (i.e.,
TNGCGTG, DREs 1-8), 7 of which (DREs 1-7) are located in the
—488 to —1,379 upstream region of Cyplal (Fig. 14). Collectively,
these 7 proximal DREs are referred to as the DRE cluster (DREC)
(22-28).

To examine the role of the DREC in AHR biology, lox-P sites
were inserted at its boundaries, and the neomycin resistance gene
cassette (Neo) was included with flanking fi# sites for later excision,
with the appropriate recombinases expressed as transgenes (Fig.
1B) (31). After homologous recombination, embryonic stem (ES)
cells harboring the targeted allele were selected for the presence of
Neo by treatment with G418, and homologous recombination was
confirmed by Southern blot analysis (Fig. 1C). Screening of 288 ES
cellsyielded 5 homologous recombination events (corresponding to
clones P1-5); ES clone P2 was used to generate chimeric mice.
Germ-line transmission of the DRECH** allele was confirmed by
Southern blot analysis (Fig. 1D). The chimeric mice were then bred
with mice harboring a ROSA26-Flp transgene for excision of the
Neo cassette (32, 33). Excision of Neo was confirmed by PCR
genotyping. Mice harboring the conditional DRECH allele were
subsequently bred with mice harboring a CMV-Cre transgene for
excision of the DREC (Fig. 1E) (34-36). The resulting mice
carrying the DREC null allele were detected using Southern blot
analysis and PCR genotyping, and these mice were backcrossed at
least 4 times to the C57BL/6J background before any experiments
were conducted (Fig. 1 F and G).

For all experiments, mice heterozygous for the DREC null allele
were intercrossed to generate the WT (+/+), heterozygous DREC
null (DREC*/7), and homozygous DREC null (DREC~~) mice.
The birth ratios of the WT, DREC*/~, and DREC~/~ mice were
consistent with simple Mendelian segregation of a viable null allele
[i.e., WT,29% (32/109); DREC"/~, 49% (53/109); DREC~/~,22%
(24/109)]. Outward phenotypes, including male/female ratio, fer-
tility, body weight increase, and tissue weights (liver, lung, kidney,
heart, thymus, and spleen) did not differ significantly across the 3
genotypes (data not shown).

Deletion of the DREC Region Leads to Decreased Induction of Both
Cypilal and Cyp1a2 by Dioxin. To examine the effect of DREC
deletion on Cyplal and Cypla2 induction in vivo, we measured
hepatic mRNA levels by Northern blot analysis after treating the
mice with DMSO or dioxin [Fig. 24; supporting information (SI)
Fig. S1]. The hepatic Cyplal mRNA level was increased ~35-fold
in the WT mice given dioxin, whereas induction of Cyplal was
increased ~18-fold in the DREC™~ mice and essentially elimi-
nated in the DREC™/~ mice (Fig. 2A4). Although Cypla2 induction
did not differ significantly in the WT and DREC™~ mice given
dioxin, it was reduced by ~78% in the DREC~/~ mice compared
with the WT mice (Fig. 24). The disruption of CypIlal and Cypla2
induction by DREC deletion was confirmed by measurement of
corresponding protein levels (Western blot) and enzyme activities
(Figs. 2B and Fig. S1). In the DREC™/~ mice given dioxin, the
protein levels of Cyplal and CyplaZ2 in liver microsomes coincided
with their mRNA levels (Fig. S1). Correspondingly, liver microso-
mal ethoxyresorufin-O-deethylase (EROD) (reflecting Cyplal en-
zyme activity) and methoxyresorufin-O-deethylase (MROD) (re-
flecting Cypla2 enzyme activity) activities were significantly
decreased in these mice compared with WT mice (91% vs 61%)
(Fig. 2B). In the dioxin-treated DREC*/~ mice, EROD activity was
34% lower than that in WT mice, whereas MROD activity did not
differ significantly (Fig. 2B).

Normal Hepatic Vascular Development in DREC—/~ Mice. To explore

whether the DREC plays a role in DV closure, we perfused the
portal vein with Trypan Blue dye and monitored flow through the
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Fig.2. Lossof CypTla7and CypTla2induction in dioxin-treated DREC~/~ mice.

Total RNAs were isolated from the livers of WT, DREC*/~, and DREC~/~ mice.
The mice were given a single injection of DMSO vehicle alone or 64 ng/kg of
dioxin in DMSO and were killed 5 days later. (A) Relative fold induction of
Cyplal and Cyp7a2 mRNA by dioxin. The mRNA levels were quantified by the
Molecular Dynamics Storm system, and the measured Cyp7al and Cypla2
mRNA levels were normalized to the GAPDH mRNA level. Results are ex-
pressed as relative mRNA level compared with DMSO-treated WT mice. (B)
EROD activity (indicating CypTal enzyme activity) and MROD activity (indi-
cating CypTa2 activity), expressed as relative fluorescence units per mg of
microsome protein. Each group contained more than 4 mice. Open bars,
DMSO treatment; closed bars, dioxin treatment. Error bars represent SE. a,
Significantly different relative to the DMSO-treated WT mice (P < .05). b,
Significantly different relative to the dioxin-treated WT mice (P < .05).

parenchyma (closed DV) or directly through to the vena cava
(patent DV) (10). As shown in Table 1, the frequency of patent DV
in DREC null allele mice was indistinguishable from that in WT
littermates. Ahr null mice were used as positive controls (2). All of
the Ahr null mice exhibited a patent DV, whereas no WT or
DREC ™/~ mice did so.

Impact of DREC Deletion on Dioxin-Induced Toxicity. To investigate
whether deletion of the DREC affects dioxin-induced toxicity,
we compared several classic endpoints (7, 8, 20, 21, 37, 38). The
dioxin-treated WT and DREC™/~ mice displayed similar in-
creases in liver weight (dioxin dose of 32 ug/kg, 113% = 9% and
110% =+ 4%; dose of 64 ug/kg, 132% = 11% and 128% * 7%)
and decreases in thymus weight (dioxin dose of 32 ug/kg,
64% = 13% and 65% = 7%; dose of 64 pg/kg, 60% = 11% and
52% =* 10%) (Fig. 3 A and B). The 2 groups exhibited no
significant differences in lung, heart, kidney, spleen, or total
body weights (data not shown).

Hepatic injury is a characteristic dioxin-induced toxic endpoint
(20, 21, 37, 38). Serum alanine-aminotransferase (ALT) activity, a
sensitive marker of hepatic injury, was increased by 2.0-fold in the

Table 1. Rate of DV patency in WT, DREC~/—, and AHR~/~ mice

Genotype Patent DV (%) n

WT 0 0/10
DREC/~ 0 0/9
AHR~/— 100 5/5

Nukaya et al.

WT mice given a dioxin dose of 32 ug/kg and by 2.8-fold in those
given a dioxin dose of 64 pg/kg (Fig. 3C). The DREC ™/~ mice given
64 pg/kg of dioxin exhibited significantly increased (by 2.5-fold)
ALT activity compared with the similarly treated WT mice (Fig.
3C). As an independent measure of hepatotoxicity, we analyzed
liver sections using H&E staining for general pathology, Oil Red O
staining for lipid accumulation, and F4/80 immunostaining to
confirm macrophage infiltration (39) (Fig. 3 D and E and Figs.
S2-S4). The H&E staining revealed that dioxin-treated DREC™/~
mice displayed areas of focal inflammation consisting of macro-
phages, lymphocytes, and necrotic cells, whereas the dioxin-treated
WT mice had fewer of these infiltrates and the vehicle controls had
no infiltrates (Fig. 3D and Fig. S2). In liver sections of dioxin-treated
DREC null mice, F4/80-positive cells were prominent, whereas
relatively few F4/80-positive cells were observed in liver sections of
the dioxin-treated WT mice (Fig. 3£ and Fig. S3). In these latter
mice, H&E-stained liver sections exhibited severe hydropic degen-
eration in zone 2 (Fig. 3D and Fig. S2). In contrast to effects on
hepatic inflammation, the dioxin-treated DREC ™/~ mice exhibited
little hydropic degeneration (Fig. 3D and Fig. S2). Finally, in the
dioxin-treated WT and DREC~/~ mice, liver sections stained with
Oil Red O displayed similar levels of lipid droplets in zones 1 and
2 (Fig. S4).

Individual Cyp1a1 and Cyp1a2 Null Alleles also Protect Against Dioxin-
Induced Acute Hepatic Injury. To support the concept that enhanced
dioxin-induced hepatic injury in DREC ™/~ mice is due to decreased
Cypla expression, we repeated the experiments with both
Cyplal~'~ and Cypla2~'~ mice generated by another laboratory
(40, 41). We found dioxin-responsive increases in serum ALT
activity by 3.0-fold in the Cyplal~/~ mice and by 3.3-fold in the
Cypla2~'~ mice compared with the WT (C57BL/6J) mice given
dioxin (Fig. 44). In addition, histological analysis of Cyplal /'~ and
Cypla2~~ mouse livers revealed increased numbers of focal in-
flammatory cells compared with WT mice in response to dioxin
(Fig. 4B and Fig. S5). The numbers of F4/80-positive cells also were
increased in the livers of both dioxin-treated Cyplal~'~ and
Cypla2~'~ mice compared with WT mice (Fig. 4C and Fig. S6).
Finally, the livers of the Cypla2~/~ mice exhibited little hydropic
degeneration, whereas the livers of the Cyplal~'~ mice showed
similar levels of hydropic degeneration in zone 2 as those of the WT
mice (Fig. 4B and Fig. S5).

Discussion

The AHR is a central mediator of adaptive xenobiotic metabolism,
dioxin-induced toxicity, and vascular development (1-4). Our
previous experiments with recombinant mouse models have led us
to 3 conclusions: (i) Each of these pathways requires similar
upstream signaling steps (i.e., nuclear translocation of the AHR,
dimerization of the AHR with ARNT, and binding of the dimeric
complex to DREs) (2, 5); (i) we have little understanding of the
identity of the DRE-driven genes important for dioxin toxicity and
vascular development; and (iii) the mouse liver provides a tissue in
which each of the 3 biological processes can be investigated.

To identify essential genes in dioxin toxicity and vascular devel-
opment, we initially focused on the roles of the CypIlal and Cypla2
loci. Our experimental design, using deletion of the DREC cluster
proximal to the CypIal promoter, arose from the initial hypothesis
that this region also regulates Cypla2. We postulated that gener-
ation of a DREC null mouse would provide in vivo validation of this
regulatory model and also provide a Cyplal/Cypla2 double-null
mouse model for toxicology and developmental studies. Toward
this end, we generated mice lacking the DREC using homologous
recombination and the Cre-lox/Flp-frt system (32-36).

Using the resulting DREC null model, we generated in vivo
evidence that the DREC regulates both Cyplal and Cypla2
promoters (22, 29, 42). These data are consistent with the concept
that in the liver, the DREC is the only AHR regulatory element for
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Fig.3. Impact of DREC deletion on dioxin-induced toxicity. (A-C) Mice were given a single injection of DMSO or 32 or 64 ug/kg of dioxin and were killed 5 days
later. Liver weight (A) and thymus weight (B) expressed as percentage of total body weight. (C) Serum ALT activity. Each group contains more than 4 mice. Open
bars, DMSO treatment; gray closed bars, 32 ug/kg dioxin treatment; black closed bars, 64 ug/kg dioxin treatment. Error bars represent SE. a, Significantly different
relative to the DMSO-treated WT mice (P < .05). b, Significantly different relative to the dioxin-treated WT mice (P < .05). (D and E) Mice were given a single
injection of DMSO or 64 ug/kg of dioxin and were killed 5 days later. Liver sections were stained with H&E and immunostained with F4/80 antibody. (D) H&E.
The black arrowhead indicates the region of hydropic degeneration; * indicates focal inflammation. (Magnification: x100.) (a) WT given dioxin. (Magnification:
X400.) (b) DREC/~ given dioxin. (Magnification: x400.) (E) F4/80. The brown spots indicate F4/80-positive cells. (Magnification: x100.)

Cyplal induction by dioxin and the primary regulatory element for
the Cypla2 locus that is 12.4 kb away. Identifying the AHR
regulatory element for Cypla2 has proven difficult, because the
proximal enhancer region of Cypla2 does not contain obvious DRE
sequences or other putative AHR-responsive elements (22, 29).
While our work was in progress, in vitro evidence was published
supporting a role of the DREC in human CYPIAI and CYPIA2
regulation (30). The remaining dioxin-induced regulation of
Cypla2 in DREC null mice suggests that an additional cryptic DRE
or an as-yet unidentified AHR-dependent regulatory element plays
a secondary role (43). We propose that this AHR regulatory
element might be the eighth DRE (DRE 8) identified in the
Cyplal-Cypla2 intergenic region (4.2 kb upstream from Cypla2)
(Fig. 14).

We have reported previously that disruption of the Ahr, Arnt, or
Ara9 loci leads to abnormal hepatic vascular development, mani-
fested as a patent DV, a fetal hepatic vascular structure that shunts
blood flow from the umbilical vein to the inferior vena cava (7-10,
44). Conditional alleles of the Ahr have provided evidence suggest-
ing that the AHR signaling in endothelial cells is essential for DV
closure (37). Using this DREC null model, we explored whether the
Cyplal and/or Cypla2 loci might play important roles in AHR-
mediated vascular development (Table 1). Our finding of normal
DV closure in the DREC null mice, as well as in individual Cyplal
and Cypla2 null mice (data not shown), is consistent with the idea
that vascular development must be regulated by an AHR-regulated
pathway independent of Cyplal and Cypla2.

Our most unexpected finding was that Cyplal and Cypla2
protect against many aspects of acute dioxin hepatotoxicity. Ini-
tially, we predicted that if either Cyplal or Cypla2 induction were

4926 | www.pnas.org/cgi/doi/10.1073/pnas.0809613106

an underlying cause of dioxin-induced hepatotoxicity, then deletion
of DREC should lead to decreases in those endpoints. This
hypothesis is supported by previously reported findings indicating
that disruption of Cyplal or Cypla2 led to decreased dioxin-
induced hepatic injury in subchronic toxicity studies (20, 21). To our
surprise, our data are consistent with the concept that the CypIa loci
are not causal, but actually are protective for the basic aspects of
dioxin-induced acute hepatocellular damage and hepatic inflam-
mation. This conclusion is based on the observation that the loss of
Cyplal and/or Cypla2 induction through the DREC corresponds
to exaggerated dioxin-induced hepatic injury, as indicated by in-
creased serum ALT activity and histological evidence of focal
inflammation. Dioxin-induced hepatic inflammation is of particu-
lar interest, because this endpoint is characteristic of hepatic injury
that may be related to dioxin-induced chronic toxicity, such as
hepatic cancer (6). In this regard, we have recently reported that
dioxin-induced hepatic inflammation is mediated by inflammatory
cytokine pathways, such as TNF, IL-1, and IL-1-like cytokines (39).

In contrast to dioxin-induced hepatic inflammation, induction of
Cypla2, but not of Cyplal, through the DREC appears to play a
causal role in dioxin-induced hepatocellular hydropic degeneration.
Interestingly, this dioxin-induced hepatocellular hydropic degener-
ation is not linked to elevated serum ALT activity or hepatic
inflammation. We predict that it is caused by an overload of
intracellular water, but is not related to an accumulation of fatty
acids (45). Exposure to dioxin has been reported to change the
proliferation of smooth endoplasmic reticulum (46, 47), which
could lead to influx of H,O, Na™, and Ca®>" into the hepatocytes.
Consistent with results from other laboratories is the observation

Nukaya et al.
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that the Cyplal and Cypla2 loci play little, if any, role in dioxin-
induced thymic involution and hepatomegaly (20, 21).

In conclusion, using the DREC deletion mouse model, we have
demonstrated that the DREC plays an important role in the
AHR-mediated adaptive regulation of both CypIal and Cypla2. In
terms of the adaptive regulation of Cyplal and Cypla2, the DREC
acts as a common, long-range enhancer of both genes in vivo. This
regulatory mechanism can help explain the broad spectrum of gene
expression induced by dioxin exposure. With respect to dioxin-
induced hepatotoxicity, we have demonstrated that Cyplal and
Cypla2 induction through the DREC is a protective response
against acute dioxin-induced hepatocellular necrosis and hepatic
inflammation. In contrast, Cypla2 induction through the DREC
appears to play a causal role in dioxin-induced hepatocellular
hydropic degeneration. But hydropic degeneration apparently is not
linked to the more important inflammatory and necrotic changes
induced by dioxin. Together, our findings suggest that additional
DRE-regulated genes are important in dioxin toxicology and
AHR-mediated development and that these promoters may lie
great distances from DRE clusters.

Materials and Methods

Generation of Conditional DREC Null Mice. The Cyp7a7 gene, including its up-
stream region, was isolated from the bacterial artificial chromosome clone 17278
(BAC17278) derived from a BAC library constructed from mouse ES-729/Sv DNA
(Genome Systems) (22). The 1,149-bp DNA fragment (—254 to-1,403 upstream of
Cyp1al) containing DREs 1-7 (the DREC) was inserted into the plasmid PL1169,
which contains an adjacent lox-P site and Neo flanked by frt sites, as described
previously (Fig. 1B) (31). The first lox-P site was inserted into the 5’-end of the
Cyp1lal promoter using the Ncolssite located 80 bp upstream of the promoter, and
the second /ox-P site was inserted 24 bp upstream of DRE 7 from the transcrip-
tional start site of Cyp7al. The frt sites-Neo construct was inserted upstream of
the second lox-Psite using the Sacll and Sall sites in PL1169 (Fig. 1B). The targeting
construct was then electroporated into GS1 ES cells (Genome Systems) as de-
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Fig. 4. Dioxin-induced hepatic injury in
Cyplal~'~ and Cypla2~/~ mice. The mice
were given a single injection of DMSO or 64
ng/kg of dioxin and were killed 5 days later.
(A) Serum ALT activity. Each group contains
more than 5 mice. (B and C) Liver sections
stained with H&E and immunostained with
F4/80 antibody. (B) H&E. The black arrow-
head indicates the region of hydropic degen-
eration; * indicates focal inflammation.
(Magnification: x100.) (C) F4/80. The brown
spots indicate F4/80-positive cells. (Magnifi-
cation: X100.)

scribed previously (8). The neomycin-resistant ES clones were selected by G418
treatment, and Southern blot analysis was used to detect homologous recombi-
nations using Sspl-digested genomic DNA and a 645-bp DNA probe correspond-
ing to bases +4451 to +5096 of the Cyp7aTl gene (Fig. 1C). Chimeric mice were
generated by microinjection of the targeted ES clones into C57BL/6J blastocysts
(9). The resultant chimeric mice were backcrossed to C57BL/6J mice for determi-
nation of germ-line transmission, using coat color as a phenotype. Germ-line
transmission was confirmed by Sspl-digested tail DNA using the same probe
described earlier (Fig. 1D).

To excise the Neo cassette, the founder mice (DREC0) were crossed to mice
harboring the ROSA26-FLP allele [strain name, Gt(ROSA)26Sortm1(FLPIDym. jack-
son Laboratory], which express FLP recombinase constitutively (32, 33). The
excision of the Neo cassette was confirmed by PCR genotyping using forward
primer OL6059 (5'-ATCACCTGTTTCCCCCATAGC-3') and reverse primer OL6060
(5'-CGTGGGTGAGGCTCTTAAAGG-3'). PCR was carried out for 28 cycles (95 °C for
305, 60 °Cfor45s, and 72 °Cfor 45 s) in a reaction mixture containing 2.5 U of Taq
polymerase (Promega), 50 mM KCl, 10 mM Tris-HCl (pH 9.0 at 25 °C), 1.5 mM
MgCly, 1% Triton X-100, 0.2 mM dNTPs, and 0.2 uM of each primer. A 590-bp PCR
product was amplified from the WT allele, and a 683-bp PCR product was
amplified from the conditional DREC allele (DREC®) lacking the Neo cassette
(Fig. 1E).

The resultant heterozygous DREC™ mice were crossed with cytomegalovirus
(CMV)-Cre [strain name, B6.C-Tg(CMV-cre);Cgn/J], in which the P1 bacteriophage
cyclization recombination recombinase (Cre) was expressed ubiquitously. This
crossing produced mice with the DREC null allele (34-36). Excision of the DREC
was determined by Southern blot analysis of Sspl-digested tail DNA using the
645-bp Cyp1at flanking region probe described earlier (Fig. 1F) and by PCR using
the forward primer for the WT allele (OL6019; 5'-AATGGAGGCCCCAGTACTTAC-
3'), the forward primer for DREC null allele (OL6059; 5'-ATCACCTGTTTCCCCCAT-
AGC-3’), and the common reverse primer (OL6020; 5'-ACAGCCTTAGGGAGT-
GCTCTA-3'). These primers amplified a 236-bp band from the WT allele and a
515-bp band from the DREC null allele (Fig. 1G). PCR was performed under the
same conditions described above. Mice carrying the DREC null allele were back-
crossed to C57BL6/J mice for 4 generations (N4) before any experiments were
conducted. These N4 backcrossed heterozygous DREC null (+/—) mice were
interbred to generate offspring that were used in evaluation of these phenotypes
and toxicity studies by dioxin.
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Animals. The mice were housed in a selective pathogen-free facility on corncob
bedding with food and water ad libitum following the protocol established by
University of Wisconsin Medical School’s Animal Care and Use Committee. The
Cyp1al and Cyp7a2 null mice were generous gifts from Dr. D.W. Nebert (40,
41). Before the experiments, these Cyp7aT and Cyp7a2 null mice, as well as the
CMV-Cre and ROSA26-FLP mice, were backcrossed to C57BL/6J mice for > 10
generations in our facility. All strains of mice were selected for homozygosity
for the AHRP! allele (48). In experiments using Cyp7al and Cyp71a2 null mice,
C57BL/6J mice were used as WT controls.

Treatment and Toxicity Studies. Eight-week-old male mice were injected with
asingle i.p. dose of dioxin (either 32 or 64 ug/kg total body weight) dissolved
in DMSO or of DMSO alone as vehicle control. Five days after the injection, the
mice were killed by CO; euthanasia. Serum was prepared, and the ALT activity
was measured at the University of Wisconsin’s Veterinary Medical Teaching
Hospital. Liver, heart, lung, spleen, thymus, and kidney were removed and
weighed. The liver was used for preparation of total RNA and microsomes. At
the same time, slices of the left liver lobe were fixed in 10% formalin in PBS or
embedded in frozen section compound (Surgipath). Paraffin-embedded sec-
tions were stained with H&E and immunostained with F4/80 antibody, and
frozen sections were stained with Oil Red O as described previously (39, 49).

Assessment of DV Status. DV patency was confirmed by perfusion of the liver
with 0.4% Trypan Blue Dye as described previously (10). The AHR null mice
served as positive controls for DV patency (2, 10).

Northern Blot Analysis. Total RNA was isolated from the liver of each mouse
using a Qiagen RNeasy kit. Ten ug of total RNA was subjected to electrophore-
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sisin a 0.8% agarose gel containing 18% formaldehyde and then transferred
to Hybond-N + membrane (GE Healthcare Bioscience). The membrane was
hybridized with 32P-labeled cDNA probes for detection of Cyplal, Cypla2,
and GAPDH mRNA as described previously (37). Quantitative determination of
gene expression was done using the Molecular Dynamics Storm system (GE
Healthcare Bioscience).

Protein Assays. Liver microsomes were prepared as described previously (8).
For the Western blot analysis, 50 n.g of microsomal protein was loaded onto
7.5% SDS/PAGE gels, electrophoresed, and transferred to Immobilon-P trans-
fer membrane (Millipore). The membrane was incubated with anti-rat Cyp7a1
and CypT7a2 antibodies (Human Biologics) as described previously (2). The
EROD and MROD activities were measured by spectrofluorimetric analysis
(excitation, 510 nm; emission, 590 nm) (8, 50). All data were normalized to
protein concentrations determined using the BCA protein assay kit (Thermo).

Statistical Analysis. All statistical data are presented as mean =+ SE. Intergroup
comparisons were performed using one-way ANOVA (37). Differences among
groups were deemed statistically significant when the P value was < .05.
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