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The aryl hydrocarbon receptor (AHR) plays an essential role
in the toxic response to environmental pollutants such as
2,3,7,8-tetrachlorodibenzo-p-dioxin (dioxin), in the adaptive
up-regulation of xenobiotic metabolizing enzymes, and in
hepatic vascular development. In our model of AHR signaling,
the receptor is found in a cytosolic complex with a number of
molecular chaperones, including Hsp90, p23, and the aryl
hydrocarbon receptor-interacting protein (AIP), also known as
ARA9 andXAP2. To understand the role of AIP in adaptive and
toxic aspects of AHR signaling, we generated a conditional
mousemodel where theAip locus can be deleted in hepatocytes.
Using this model, we demonstrate two important roles for the
AIP protein in AHR biology. (i) The expression of AIP in hepa-
tocytes is essential tomaintainhigh levels of functional cytosolic
AHR protein in the mammalian liver. (ii) Expression of the AIP
protein is essential for dioxin-induced hepatotoxicity. Interest-
ingly, classical AHR-driven genes show differential dependence
on AIP expression. The Cyp1b1 and Ahrr genes require AIP
expression for normal up-regulation by dioxin, whereasCyp1a1
and Cyp1a2 do not. This differential dependence on AIP pro-
vides evidence that themammalian genome containsmore than
one class ofAHR-responsive genes and suggests that a search for
AIP-dependent, AHR-responsive genes may guide us to the tar-
gets of the dioxin-induced hepatotoxicity.

The aryl hydrocarbon receptor (AHR)3 mediates the toxic
effects of persistent environmental pollutants/ligands such
as chlorinated-dibenzo-p-dioxins (e.g. 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin or ”dioxin“) (1–3). In the classic signaling
model, ligand binds to theAHR in the cytosol, and the activated

receptor translocates into the nucleus, where the AHR can
dimerize with its transcriptional partner, the AHR nuclear
translocator (ARNT) (1, 2). Within the nucleus, the AHR/
ARNT heterodimer binds to cognate enhancers known as di-
oxin-responsive elements (DREs) (1, 2, 4, 5). This binding leads
to the transcriptional up-regulation of genes encoding xenobi-
otic metabolizing enzymes such as Cyp1a1, Cyp1a2, and
Cyp1b1, aswell as a negative regulator of signaling known as the
AHR repressor (Ahrr) (1, 2, 4, 6, 7). This pathway is thought to
represent an adaptive metabolic response that allows for the
detoxification of a wide variety of environmental contaminants
with polycyclic aromatic structures (1, 2, 4–6). The AHR also
mediates the toxic effects of dioxins, including endpoints such
as tumor promotion, chloracne, thymic involution, teratogen-
esis, and hepatocellular damage (3). Recent experiments have
demonstrated that the AHR also plays an essential role in nor-
mal vascular development as both Ahr and Arnt mutant mice
display a failure in the postnatal closure of a hepatovascular
porto-caval shunt known as the ductus venosus (DV) (8–12).
This fetal hepatic vascular structure normally shunts blood flow
from the umbilical vein to the inferior vena cava bypassing the
liver during development (8–12).
The cytosolic AHRhas been shown to exist in a complexwith

the 90-kDaheat shock protein (Hsp90), p23, and the aryl hydro-
carbon receptor-interacting protein (AIP, also known as ARA9
(AHR-associated protein 9) and XAP2 (hepatitis B virus X-ac-
tivating protein 2)) (13–15). TheAIP protein, which is structur-
ally related to the FK506-binding protein class of immunophi-
lins, was originally identified as a protein that interacts with the
AHR and the hepatitis B virus protein X in yeast two-hybrid
screens (13, 16, 17). Additional studies revealed that the AIP
acts as a chaperone, presumably maintaining properly folded
AHR in the cytosol and improving the stability, subcellular
localization, and ligand binding ability of the receptor in vivo
(18–21).
To understand the role of AIP in normal development, we

previously generated an Aip null allele (designated Aip�/�)
(22). Interestingly, theAip�/� mice display severe cardiovascu-
lar defects, including heart deformation; double outlet right
ventricle; ventricular-septal defects; and pericardial edema
(22). Because Ahr null mice display normal heart development,
we concluded that AIP plays an essential role in cardiovascular
development in amanner that is independent of its role in AHR
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signaling (8, 23). To overcome the embryonic lethality due to
global Aip loss, we generated a hypomorphic Aipmouse model
(designated Aipfxneo/fxneo), which expressed �10% AIP protein
as compared with wild-type mice (24). The Aipfxneo/fxneo mice
did not show heart defects nor significant embryonic lethality,
yet they did display a high incidence of patent DV, similar to
Ahr mutant mice and the Arnt mutant mice (8–12, 24). This
finding led us to conclude that AIP is essential for the develop-
mental role of AHR. Because these AIP hypomorphs displayed
aberrant first pass clearance of xenobiotics resulting from the
patent DV, this model was not applicable to studies of AHR-
mediated dioxin toxicity or adaptive metabolic pathways.
To understand the adaptive and toxicological roles of AIP, we

developed a conditional null allele of Aip that would circumvent
cardiovascular and hepatic vascular roles. Previously, we demon-
strated that when a conditional null allele of Ahr was deleted in
hepatocytes, the developmental issues related to patent DV were
avoided (25). Using this hepatocyte AHR null model with normal
vasculature, we were able to examine the role of the hepatocyte
AHR in theup-regulationof xenobioticmetabolismand indioxin-
induced toxicity in the liver (25). Given the prior success of this
strategy, we generated mice harboring an Aip null allele in hepa-
tocytes to investigate the role of the AIP protein in the develop-
mental, toxic, and adaptive pathways of AHR biology.

MATERIALS AND METHODS

Generation of Conditional Aipfx/fx Mice—To generate the
conditional Aipfx/fx allele (fx; flanked by lox-p sites or “floxed”),
we used mice harboring the constitutive hypomorphic Aip
allele that was generated previously (designated Aipfxneo) (see
Fig. 1A) (24). To excise the neomycin resistance cassette (Neo),
the Aipfxneo/� mice were crossed to FlpROSA26S mice (a Flp
recombinase-expressing strain; Gt(ROSA)26Sortm1(FLP1)Dym,
The JacksonLaboratory, BarHarbor,ME) (26, 27). The excision
of theNeo cassettewas confirmed by PCR genotyping. The PCR
was performed by using a forward primer (OL4208, 5�-CAC-
CACCTGTCAATCCCCACTG-3�), a reverse primer (OL4635,
5�-CTCCCACTGACTACCAAGC-3�) and a reverse primer for
Neo (OL6032, 5�-CTGCTCTTTACTGAAGGCTC-3�). The
135-, 460-, and 220-bp PCR products corresponded to WT
(Aip�), Aipfxneo, and Aipfx alleles, respectively.
Generation of Hepatocyte-specific Aip Null Mice—To obtain

mice harboring the Aip null allele in hepatocytes, the condi-
tionalAipfx/fxmicewere crossed toCrealbmice expressing aCre
(P1 bacteriophage cyclization recombination recombinase)
transgene driven by the albumin promoter (Crealb, strain name:
B6.Cg-Tg(Albcre)21Mgn_J, The Jackson Laboratory) (28). The
resultant heterozygous Aipfx/� mice carrying the Crealb trans-
gene (Aipfx/�Crealb) were backcrossed to homozygous Aipfx
mice (Aipfx/fx) to generate the Aipfx/fx mice with Crealb trans-
gene (Aipfx/fxCrealb) and their littermate controls without the
Crealb transgene (Aipfx/fx). To confirm hepatocyte-specific exci-
sionof the target locus,we employedPCRgenotypingbyusing the
forward primer for Aipfx allele (OL4208), the forward primer for
Aip null allele (OL4672, 5�-GGTGGCCAGAAATCATGAC-3�),
and the reverse primer (OL4635). These primers amplified a
220-bp band from Aipfx allele and a 200-bp band from Aip null
allele.

Animals—Mice were housed in a selective pathogen-free
facility on corncob bedding with food and water ad libitum
following the protocol established by theUniversity ofWiscon-
sin Medical School Animal Care and Use Committee. The
Crealb andFlpROSA26micewere backcrossed toC57BL/6Jmice for
�10 generations prior to their use in these experiments. The
Aipfxneo mice were backcrossed three times to the C57BL/6J
strain prior to their use. The Aipfx alleles were backcrossed to
C57BL/6J mice for four generations prior to use. All strains of
mice were selected for homozygosity for the Ahrb1 allele (29).
Assessment of DV Patency—Male mice (8 weeks old) were

used for monitoring DV closure. Closure was assessed by per-
fusion of the liver with 0.4% trypan blue dye as described pre-
viously (10–12). TheAhr null mice (Ahr�/�) were employed as
positive controls for DV patency (8).
Treatment and Toxicology Studies—Male mice (8-week old)

were injected with a single intraperitoneal dose of 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (dioxin) (64 �g/kg of total body
weight) dissolved in corn oil or corn oil alone as vehicle control
(30). 5 days after the injection, mice were sacrificed by CO2

euthanasia. The serum alanine aminotransferase (ALT) assay
was carried out as described previously (30). The liver, kidney,
lung, heart, spleen, and thymus were removed and weighed.
These tissues were used for preparation of genomic DNA, total
RNA, and cytosolic and microsomal proteins (10, 12, 30). The
left liver lobe was sliced and fixed in 10% formalin in PBS. The
paraffin-embedded sections were stained with hematoxylin
and eosin.NopatentDVwas observed in theAipfx/fxCrealbmice
used in toxicology experiments.
Gene Expression Analysis—Total liver RNA was prepared

using the RNeasy Protect system (Qiagen, Valencia, CA). For
the quantitative RT-PCR, total RNA was reverse-transcribed
using the High Capacity cDNA reverse transcription kit
(Applied Biosystems, Foster City, CA). Expression levels of
AHR gene batteries were measured with TaqMan universal
PCR master mix (Applied Biosystems) and custom-designed
probes (assay ID: Cyp1a1, Mm00487218_m1; Cyp1a2,
Mm00487224_m1; Cyp1b1, Mm00487229_m1; Ahrr,
Mm00477445_m1; �-actin, Mm01205647_g1). The expres-
sion levels were normalized to �-actin levels.
Protein Studies—The cytosolic and microsomal proteins

were prepared from liver samples as described previously (25,
30). For theWesternblotanalysis, 150�gofcytosolicproteinor50
�g of microsomal protein were loaded onto SDS-PAGE gels and
transferred to Immobilon-P membranes by electrophoresis (Mil-
lipore, Bedford, MA). The AIP protein band was detected with a
mouse monoclonal FK506-binding protein (FKBP) domain spe-
cific antibody (24). TheAHR, ARNT, CYP1A1, andCYP1A2 pro-
teins were detected as described previously (10, 12, 30). The�-ac-
tin protein was used as a loading control (Sigma-Aldrich). The
CYP1B1 antibody was generous gift fromDr. C. R. Jefcoate (31).
In an effort to provide quantitation of the AHR and AIP pro-

tein levels based uponWestern blotting, wemeasuredWestern
blot signal intensity through densitometric scanning of the
immunostained Immobilon-P membrane (LabWorks Image
Acquisition and Analysis Software, Upland, CA). The AHR and
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AIP protein levels were then normalized to �-actin protein lev-
els from the same lane on the gel.
Statistical Analysis—All statistical data are presented as

mean � S.E. Intergroup comparisons were performed by one-
way analysis of variance (30). Differences among groups were
considered to be statistically significant when the p value was
�0.05. Statistical analysis of genotype distribution was com-
pared by �2 analysis (24).

RESULTS

Generation of Conditional Aipfx/fx Mice—To obtain mice
harboring the conditional Aipfx allele, hypomorphic Aip mice

(Aipfxneo/fxneo) were crossed to mice
expressing Flp recombinase under
control of the ROSA26S promoter,
causing excision of the neomycin
resistance cassette (Neo) (Fig. 1A)
(26, 27). Following heritable loss of
Neo, the resultant mice were back-
crossed to C57BL/6J mice to
remove the FlpROSA26S transgene.
Excision of Neo was confirmed by
PCR genotyping (Fig. 1B). The
resulting progeny were interbred to
obtain homozygous conditional
Aipfx/fx mice. The Aipfx/fx mice dis-
played normal liver and heart devel-
opment, which were indistinguish-
able from C57BL/6J mice (data not
shown). In liver of the Aipfx/fx mice,
the AIP protein levels were not sig-
nificantly different as compared
with WT (Aip�/�) mice (Fig. 1C).
Generation of Hepatocyte Aip

NullMice—Togeneratemice carry-
ing the Aip null allele in hepato-
cytes, the Aipfx/fxmice were crossed
tomice expressingCre recombinase
under control of the albumin pro-
moter (Fig. 1A) (28). The hepato-
cyte-specific deletion of Aip exons
was confirmed by PCR genotyping
(Fig. 1D). The resultant mice het-
erozygous for the Aipfx allele and
heterozygous for the Crealb trans-
gene (Aipfx/�Crealb) were back-
crossed to the Aipfx/fx mice, and
homozygous Aipfx/fx mice carrying
Crealb (Aipfx/fxCrealb) were gener-
ated. The Aipfx/fxCrealb mice were
bred with the Aipfx/fx mice, and the

offspring were employed in experiments. Analysis of the geno-
types of progeny indicated that the birth ratio of Aipfx/fx and
Aipfx/fxCrealb mice was consistent with simple Mendelian seg-
regation of a viable allele (i.e. Aipfx/fx, 46% (27/59); Aipfx/fxCrealb,
54% (32/59) (�2 � 0.628)). Semiquantitative analysis of West-
ern blotting using densitometric scanning of band signal inten-
sity indicated that levels of AIP protein in livers ofAipfx/fxCrealb
micewere reduced greater than 85% as comparedwith theAipfx/fx
mice (Fig. 1E). Consistent with the specificity of the Crealb pro-
moter, AIP protein levels in kidney, spleen, and thymus were not
significantly different between the two groups (Fig. 1E).
Phenotype of Aipfx/fxCre Mice—Previously we demonstrated

that 5/6 mice homozygous for the hypomorphic Aip allele
(Aipfxneo/fxneo) displayed a patent DV (24). To examine
whether excision of Neo circumvents the high frequency of
DV patency, we perfused the portal vein with trypan blue dye
and observed the status of DV in Aipfx/fx mice. No Aipfx/fx
mice displayed a patent DV (number of animals with DV/to-
tal animals � 0/8) (Table 1). To investigate a role of hepato-

FIGURE 1. Generation of hepatocyte Aip null mice. A, genome maps of native mouse Aip gene (Aip�), hypo-
morphic Aip allele (Aipfxneo), conditional Aip allele (Aipfx), and hepatocyte Aip null allele (AipfxCrealb). Open boxes,
exon 2 to exon 6 of mouse Aip gene; Neo, neomycin resistance cassette; white arrowheads, Lox-P sites; black
arrowheads, Frt sites; OL, PCR primers. B, PCR genotyping for Aip�, Aipfxneo, and Aipfx alleles. The 135-, 460-, and
220-bp PCR bands were amplified from Aip�, Aipfxneo, and Aipfx alleles, respectively. C, comparison of hepatic
AIP protein levels between Aip�/� and Aipfx/fx mice. Cytosolic proteins were isolated from the livers of Aip�/�

and Aipfx/fx mice. 150 �g of cytosolic extracts were analyzed by Western blot using AIP-specific and
�-actin antibody. D, PCR genotyping for Aipfx and AipfxCrealb alleles. The 220- and 200-bp bands were amplified
from Aipfx and AipfxCrealb alleles. E, decrease of AIP protein levels in the livers of Aipfx/fxCrealb mice. Cytosolic
proteins were isolated from liver, kidney, spleen, and thymus of Aipfx/fx (Crealb (�)) and Aipfx/fxCrealb (Crealb (�))
mice. 150 �g of cytosolic extracts were analyzed by Western blot using AIP-specific and �-actin antibody.

TABLE 1
Rate of DV patency in Aipfx/fx and Aipfx/fx Crealb mice

Genotype Patent DV na

%
Aipfx/fx 0 0/8
Aipfx/fxCrealb 12.5 1/8
Ahr�/� 100 4/4

an � number of animals with DV/total animals.
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cyte AIP in the DV closure, the perfusion assay was per-
formed in male Aipfx/fxCrealb mice. The Aipfx/fxCrealb mice
displayed 12.5% incidence of patent DV in adulthood (n �
1/8) (Table 1).
Other outward phenotypes, including male/female ratio and

fertility, were not significantly different between Aipfx/fx and
Aipfx/fxCrealb mice (data not shown). Interestingly, we have
observed that the Aipfx/fxCrealb mice are �10% smaller than
their littermate controls (Aipfx/fx) at 8 weeks (Table 2). Despite
this modest reduction in body weight, the relative organ
weights remain proportional, and nomarked differences in his-
tology of the liver have been noted (Table 2 and supplemental
material).
Decreased AHR Protein Levels in Livers of Aipfx/fxCrealb Mice—

To examine the influence of Aip deletion on components of
AHR signaling, we examined the expression of the AHR and
ARNT protein levels byWestern blot from livers ofAipfx/fx and
Aipfx/fxCrealb mice (Fig. 2A). Although ARNT protein levels
were not significantly different between the two groups, the
amount of AHR protein was markedly reduced (Fig. 2A). To
obtain an estimate of the AHR protein reduction, a semiquan-
titative Western blot analysis was performed. To accomplish
this, we ran four independent liver samples each from the
Aipfx/fx and Aipfx/fxCrealb mice. To normalize for loading, we
corrected the density measurements for the AHR signal at 104
kDawith the�-actin signal at 44 kDa. From these comparisons,
we found that the AHR protein levels were reduced 62% in the
liver cytosols of Aipfx/fxCrealb mice (Fig. 2B) (p � 0.05).

Differential AHR-mediated Transcription in the Liver of
Aipfx/fxCrealb Mice—To assess the impact of hepatocyte Aip
disruption on the AHR-mediated adaptive response, we mea-
sured hepatic mRNA levels of four characteristic AHR-respon-
sive genes (i.e. Cyp1a1,Cyp1a2,Cyp1b1, andAhrr) inAipfx/fx or
Aipfx/fxCrealbmice treated with either corn oil or dioxin (Fig. 3,
A–D). In dioxin-treated Aipfx/fx mice, the Cyp1a1, Cyp1a2,
Cyp1b1, and Ahrr mRNA levels were induced �10–1000-fold
as compared with corn oil-treated Aipfx/fxmice. The induction
levels of Cyp1a1 and Cyp1a2mRNA were not significantly dif-
ferent between Aipfx/fx and Aipfx/fxCrealb mice treated with
dioxin. In contrast, induction levels of both Cyp1b1 and Ahrr
mRNA were each decreased by 92% in the liver of dioxin-
treated Aipfx/fxCrealb mice relative to dioxin-treated Aipfx/fx
mice (p � 0.05). The different responses of these AHR-respon-
sive genes were also confirmed at the protein levels (Fig. 3E).
Aipfx/fxCrealb Mice Are Resistant to Dioxin-induced

Hepatotoxicity—To investigate the contribution of hepatocyte
AIP to dioxin-induced liver toxicity, we compared several
dioxin endpoints betweenAipfx/fxmice andAipfx/fxCrealbmice.
In Aipfx/fx mice and Aipfx/fxCrealb mice, liver weights increased
�40% upon treatment with dioxin (Table 2) ,and thymus
weights decreased�50–60% as comparedwith controls (Table
2). In contrast, serum ALT activity was significantly increased
by dioxin exposure only in the Aipfx/fx mice but not in the
Aipfx/fxCrealb mice (Table 2). We also assessed the dioxin-in-
duced hepatic damage from the liver sections by staining with
hematoxylin and eosin (Fig. 4 and supplemental material). The
liver sections of dioxin-treated Aipfx/fx mice showed severe
hepatocellular hydropic degeneration (zone 2) and areas of
focal inflammation consisting of macrophages, lymphocytes,
and necrotic cells (Fig. 4 and supplemental material). In con-
trast to the Aipfx/fx mice, none of these dioxin-induced patho-
logical changes were observed in dioxin-treated Aipfx/fxCrealb
mice (Fig. 4 and supplemental material).

DISCUSSION

TheAIP protein (also known as ARA9 andXAP2) is a known
co-chaperone of theAHR signaling pathway (18–21). To assess
the importance of AIP in the adaptive, developmental, and tox-
icological aspects of AHR signaling in vivo, we have previously
created mice with mutant Aip alleles (22, 24). In our earlier
studies, we found thatAip null (Aip�/�) animals died at various
prenatal time points due to defects in heart development (22).
AlthoughAip�/�mice revealed an essential role for the locus in
cardiovascular development, the model was not particularly
valuable for use in studying AHR-mediated toxic and adaptive

FIGURE 2. Decreased AHR protein levels in the livers of Aipfx/fxCrealb mice.
Cytosolic proteins were isolated from the liver of Aipfx/fx and Aipfx/fxCrealb

mice. A, 150 �g of cytosolic extracts were analyzed by Western blot using
mouse AHR- and ARNT-specific antibody. B, relative AHR protein levels in the
livers of Aipfx/fx and Aipfx/fxCrealb mice. The AHR and �-actin protein levels were
determined by semiquantitative analysis of Western blot intensity. The AHR
protein levels were normalized to �-actin protein levels. The result was
expressed as relative AHR protein level as compared with Aipfx/fx mice. Each
group contained four mice. Error bars represent S.E. a, significantly different
relative to the Aipfx/fx mice (p � 0.05).

TABLE 2
Impact of deletion of hepatocyte AIP on dioxin-induced toxicity
Mice were treated with corn oil or 64 �g/kg of dioxin and sacrificed five days after the single i.p. injection. Each group contains six mice. All statistical data are presented
as mean � S.E.

Genotype Treatment Body weight
Liver weight Thymus weight Serum ALT

activity (units/liter)Wet Relative (% of body weight) Wet Relative (% of body weight)

g g mg
Aipfx/fx Corn oil 24.13 � 0.80 1.04 � 0.16 4.31 � 0.59 41.56 � 2.50 0.17 � 0.01 38.3 � 8.1

Dioxin 24.20 � 1.68 1.48 � 0.12a 6.15 � 0.42a 17.25 � 3.09a 0.07 � 0.01a 277.1 � 179.2a
Aipfx/fxCrealb Corn oil 21.68 � 1.99a 0.87 � 0.03a 4.01 � 0.30 34.77 � 6.64 0.16 � 0.02 32.5 � 11.3

Dioxin 22.30 � 1.88 1.28 � 0.07a 5.79 � 0.66a 18.40 � 1.46a 0.08 � 0.01a 55.0 � 25.5
a Significantly different relative to the corn oil-treated Aipfx/fx mice (p � 0.05).
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endpoints that are observed in the adult. In a follow-up attempt
to overcome the embryonic lethality, we createdmice that were
hypomorphic for the Aip allele (24). These hypomorphic mice
survive to adulthood and yet display a global decrease of AIP
protein that is�10–20% ofWTmice. Similar to what is seen in
mice with Ahr or Arnt mutant alleles, the Aip hypomorphic
animals also display a high incidence of patent DV throughout
life (8–12, 24). Although these previously generated mice pro-
vided evidence to support the idea that the AIP protein plays an
important role in the AHR-mediated developmental pathway,
the high incidence of patentDVprecluded the use of thismodel
in toxicology/pharmacology studies.

To better understand the adaptive and toxicological roles of
AIP in AHR biology, we proceeded with the generation of mice
with a conditional Aip allele that can be excised in a known
dioxin target cell, the hepatocyte (25). Through cross-breeding
of the conditional Aip allele (Aipfx) with mice harboring the
albumin promoter-driven Cre recombinase, we generated mice
that display a tissue-specific deletion of the Aip gene in hepato-
cytes. Unlike previously generated global Aip null alleles, these
hepatocyte Aip null (Aipfx/fxCrealb) mice showed normal heart
development and no embryonic lethality (22).
Although theAipfx/fxCrealbmouse is a significant improvement

over the corresponding null and hypomorphic alleles we have
generated previously, it has two subtle phenotypes that should
be considered in interpretation of related data. First is the
observation that these mice have slightly smaller body sizes
than their control littermates. Although this weight reduction
is only about 10%, it could be a reflection of some metabolic
disturbance unrelated to AHR biology. Additionally, although
we observed normal dye perfusion in the vast majority of
hepatocyte Aip null mice, we observed one such mouse with
a patent DV. This is quite surprising as we have never seen a
patent DV in any of the hundreds of wild-type mice we have
phenotyped over the years, and we have never seen a patent
DV in the hepatocyte Ahr null alleles (25). These observa-
tions suggest that AIP in hepatocytes might play a minor role
in hepatic vascular development and overall metabolism,
perhaps through some parallel PAS (Per-Arnt-Sim) signal-
ing pathways (e.g. hypoxia or circadian).
Whenwebegan these experiments, we did not knowwhether

mammalian hepatocytes required AIP for any AHR function or
whether redundant chaperones existed within these cells to
allow normal receptor folding and stability. To test the idea that
theAipfx/fxCrealbmicewould display a loss or reduction of AHR
protein, we performed Western blot analysis on whole liver
cytosols. We observed that the amount of AHR protein in the
liver ofAipfx/fxCrealbmice was reducedmore than 60% as com-
pared with control animals (Aipfx/fx) (Fig. 2, A and B), whereas
theARNTprotein level was not altered (Fig. 2A). Given that the
AHR protein exists in the nonparenchymal cells of the liver and
the fact that AHR observed on Western blot may represent
improperly folded receptor, it is postulated that the actual
reduction of functional AHR in hepatocytes may be even
greater than 60%. This assumptionwill be tested oncewe estab-
lish in vitro hepatocyte models derived from these animals.
The observation that the AHR protein is highly expressed

only in the presence of AIP is consistent with what we had
observed in mammalian cell culture systems, where AIP influ-
enced both the stability and the localization of the receptor (18).
We conclude that the decrease of AHR protein in hepatocytes
of the Aipfx/fxCrealb mice may result from the loss of the AIP-
AHR interaction, leading to a decline in the stability of the
AHR protein in the cytosol and a decrease in receptor half-
life, possibly due to an increase in its proteasomal degrada-
tion (18–21, 32).
Despite the reduced levels of AHR protein in the hepato-

cytes, the Aipfx/fxCrealbmice displayed normal induction levels
ofCyp1a1 andCyp1a2mRNA in response to the potent agonist
dioxin (Fig. 3, A and B). In contrast, induced levels of both

FIGURE 3. Comparison of dioxin-induced adaptive responses between
Aipfx/fx and Aipfx/fxCrealb mice. Mice were treated with corn oil or 64 �g/kg of
dioxin and sacrificed 5 days after the single i.p. injection. Total RNA was iso-
lated from the liver of the Aipfx/fx and Aipfx/fxCrealb mice. A–D, relative fold
induction of AHR gene batteries. A, Cyp1a1 mRNA; B, Cyp1a2 mRNA; C, Cyp1b1
mRNA; D, Ahrr mRNA. The mRNA levels of each gene were determined by
quantitative RT-PCR, and these measured mRNA levels were normalized to
�-actin mRNA level. Results were expressed as relative mRNA level as com-
pared with corn oil-treated Aipfx/fx mice. Each group contained six mice. Open
bars, corn oil treatment. Closed bars, dioxin treatment. Error bars represent S.E.
a, significantly different relative to the corn oil-treated Aipfx/fx mice (p � 0.05).
b, significantly different relative to the dioxin-treated Aipfx/fx mice (p � 0.05).
E, Western blot analysis. Microsomal proteins were isolated from livers of
Aipfx/fx and Aipfx/fxCrealb mice. 50 �g of microsomal proteins were analyzed by
using CYP1A1, CYP1A2, CYP1B1, and �-actin specific antibodies.
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Cyp1b1 and Ahrr mRNA were �92% lower than those in the
dioxin-treated Aipfx/fxmice (Fig. 3, C andD). Although we find
this differential response of some genes to be potentially of
great importance, the dose-response curves for these and
other genes will require a more thorough examination to
truly understand the underlyingmechanisms. Given the high
costs associated with mouse models, detailed dose-response
studies may be best performed in hepatocyte cell culture
systems, where the dose-response curves of responsive genes
can be compared under varying concentrations of AHR,
ARNT, and AIP.
The simplest interpretation of the differential induction data

is that different DRE-driven genes are differentially responsive
to varying levels of available AHR in the cell. For example, the
reduced responsiveness of Cyp1b1 observed in Aip mutants
may be related to the reduced number of receptors available for
activation by ligand. In line with this idea, the lower AHR con-
centrations in theAipmutantsmay still be large enough to fully
occupy ”high affinity/availability“ DREswithin the genome, but
the smaller pool of available receptors in Aip mutants is not
large enough to fully occupy lower affinity enhancers. Data sup-
porting the idea that different target genes may harbor differ-
ential responsiveness to the AHR include previous reports that
the ED50 for dioxin exposure usingCyp1b1 induction in liver as
an end point is 3–24-fold higher than that for Cyp1a1 or
Cyp1a2 induction (33–35).
An alternative model is that AIP may be required to couple

the AHR to certain DREs and not others. For example, one can
predict a scenario where AIP-dependent AHR folding influ-
ences receptor phosphorylation. In turn, this phosphorylation
event could then influence gene expression from some target
promoters (i.e. Cyp1b1) and not others (i.e. Cyp1a1), resulting
in differential responsiveness. Alternatively, AIP may couple
theAHR to specific coactivators required to drive the transcrip-
tion of select DRE-coupled target genes.

The observation of differential dependence of gene expres-
sion on the number of activated receptors in the cell has poten-
tial to help us understand the mechanism of dioxin-induced
hepatotoxicity. If this observation can be better understood, it
may guide us to the identification of those gene batteries that
have a greater probability of being at the root cause of dioxin-
induced hepatocellular damage. That is, hepatocellular damage
as reported by ALT release, steatosis, and lymphoid infiltration
may be directly mediated by AIP-dependent AHR signaling. In
contrast, other toxic endpoints such as liver enlargement may
bemediated in anAIP-independentmanner. This idea suggests
that a search for AIP-dependent gene targets may reveal the
ultimate transcriptional targets of the dioxin-AHR complex as
they relate to hepatocellular damage and perhaps even cancer.
Moreover, it might be an indication that AIP-interactions may
be an important determinant of individual, cross-species, and
organotropic toxicity. Perhaps this determinant could be as
important or even more important than differential ligand
binding affinity.

CONCLUSION

We have generated a hepatocyte-specific Aip null mouse
model that provides a number of important insights into AHR
biology. Of greatest interest to us is the observation that loss of
the AIP protein in the hepatocyte leads to reduction in levels of
AHR protein and eliminates/reduces dioxin hepatotoxicity as
defined by hepatocellular damage and ALT release. The obser-
vation that up-regulation of Cyp1a1 and Cyp1a2 still occurs
normally in this model supports the uncoupling of theCyp1a1/
Cyp1a2 response from many aspects of dioxin toxicity. This
model also provides a potential approach to define those genes
directly mediating dioxin toxicity. That is, genes that mediate
toxic endpoints such as hepatocellular damagemay be depend-
ent upon AIP co-expression.
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