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Abstract

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), a prototype of environmental halogenated aromatic hydrocarbons,
induces a rapid reduction in steady state aryl hydrocarbon receptor (AhR). Here, we analyzed the biochemical pathway
and function of the downregulation. Our results reveal that TCDD downregulates the AhR protein by shortening the
halflife of AhR. The TCDD-induced degradation of AhR is inhibited by MG132, a potent inhibitor of the 26S pro-
teasome, indicating the ubiquitin-26S proteasome mediated proteolysis as a mechanism for the degradation of AhR.
Furthermore, inhibition of protein synthesis by cycloheximide blocks the degradation of AhR by TCDD, suggesting a
labile factor in controlling the stability of ligand-activated AhR (hence, designated as AhR degradation promoting
factor, or ADPF). Analyses of nuclear AhR demonstrated that cycloheximide increases nuclear AhR protein and
functional AhR/Arnt DNA-binding complex, resulting in superinduction of CYPIAI. Lastly, genetic analyses by using
AhR- or Arnt-defective variant cells demonstrate that superinduction by cycloheximide requires the transcription ac-
tivation (TA) domain of AhR, implicating the TA domain in the control of AhR turnover by ADPF. These findings
provide new insights into the mechanism by which TCDD-activated AhR is regulated in nucleus through the 26S
proteasome protein degradation pathway. © 2002 Elsevier Science Ltd. All rights reserved.
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dimethyl sulphoxide; CHX, cycloheximide; TA, transcription activation.

1. Introduction

The aryl hydrocarbon receptor (AhR) is a ligand-ac-
tivated, basic helix-loop helix PAS (bHLHPAS) tran-
scription factor (Poland and Knutson, 1982; Hankinson,
1995; Whitlock, 1999). Mouse genetic studies implicate
AhR in most of the biological responses to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD, dioxin), which is
the prototype for a class of structurally related halo-
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genated aromatic hydrocarbons (HAHs), including poly-
chlorinated dibenzo-p-dioxins, dibenzofurans, and biphe-
nyls (Poland and Glover, 1980; Fernandez-Salguero
et al., 1996; Mimura et al., 1997). These HAH chemicals
are mostly by-products of industrial processes involving
chlorine chemistry and combustion of fuels. Many such
chemicals are also widespread and persistent environ-
mental contaminants. TCDD is the most potent among
the chemicals; animals exposed to TCDD exhibit a wide
range of toxic and adaptive responses, including a
wasting syndrome, tumor promotion in skin and liver,
cleft palate, chloracne, immune and endocrine dys-
functions, and induction of a number of drug metabo-
lizing enzymes (Luster et al., 1979; Poland and Knutson,
1982; Safe, 1986; Okey et al., 1994; Hankinson, 1995;

. All rights reserved.
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Whitlock, 1999). Humans exposed to TCDD exhibit
certain skin lesions such as chloracne. The possibility
that TCDD exposure causes certain neuro- and psycho-
pathological alterations (Oliver, 1975; Klawans, 1987),
some forms of cancers and diabetic conditions (Fingerhut
et al., 1991; Calvert et al., 1999), and reproductive lesions
is a particular concern of human health.

Studies on the induction of CYPIAI gene expression
by TCDD provided major mechanistic understanding of
the action and regulation of AhR (Whitlock et al., 1996).
In uninduced cells, AhR is located in the cytoplasm,
complexed with hsp90 (Perdew, 1988) and AIP, which is
an immunophillin type of chaperon protein (Carver and
Bradfield, 1997; Ma and Whitlock, 1997; Meyer et al.,
1998). Binding with an agonist triggers the dissociation
of AhR from the associated proteins and translocation
of AhR into nucleus, where AhR heterodimerizes with
Arnt, which is another bHLHPAS transcription factor
(Hankinson, 1995). The AhR/Arnt dimer binds to a
specific nucleotide sequence termed DRE (dioxin re-
sponsive element) in the enhancer region of the CYPI Al
gene. The transactivation domains of the AhR are es-
sential for the subsequent transcriptional events, in-
cluding alterations in chromatin structure, binding of
general transcription factors to the promoter, and in-
duction of transcription of the gene (Ma et al., 1995; Ko
et al., 1996; Ko et al., 1997).

Several cellular mechanisms have been recognized for
regulation of AhR activity during the induction of
CYPIAI. For example, prolonged treatment (from
several hours to overnight) with TCDD downregulates
the steady state level of the AhR protein in total cell
extract (Ma and Baldwin, 2000) and the AhR/Arnt/
DNA interactions in the nucleus of a rat hepatocyte-
derived cell line (Reick et al., 1994). The functional
relevance and the mechanism of such down regulation
of the AhR protein remain to be studied. In another
instance, treatment of cells with TCDD plus cyclo-
heximide, a potent inhibitor of protein synthesis,
superinduces the transcription of CYPIAI. Early studies
established that the superinduction involves an increase
in the rate of transcription of the gene, requires func-
tional DREs, but does not change several measurable
properties of the TCDD-receptor complex such as the
sedimentation velocity of the complex (Israel et al., 1985;
Lusska et al., 1992). The superinduction is accompanied
by an inhibition of the synthesis of total protein in cell,
implicating a “labile”, inhibitory factor in AhR func-
tion. However, the nature and the mechanism of action
of the putative “labile” factor remain unknown.

To understand the molecular mechanism of TCDD-
induced down regulation of AhR, we analyzed the bio-
chemical pathway and function of AhR degradation.
We found that TCDD induces turnover of AhR through
the 26S proteasome pathway. Cycloheximide, an inhib-
itor of protein synthesis, blocks TCDD-induced AhR

degradation. Furthermore, blocking of AhR degrada-
tion by cycloheximide increases the amount and func-
tion of AhR, resulting in superinduction of CYPIAI.
Lastly, we show that the superinduction by cyclohex-
imide requires the transactivation domains of AhR. Our
findings provide a novel mechanism of regulating ag-
onist-activated, nuclear AhR through a cycloheximide-
sensitive, ‘“‘labile” protein factor by controlling the
stability of nuclear AhR.

2. Experimental procedures
2.1. Materials

AmpliTaq DNA polymerase was from Perkin Elmer
(Foster City, CA). Restriction endonucleases and other
DNA-modifying enzymes were from New England Bio-
labs (Beverly, MA). Radioactive compounds were pur-
chased from Amersham Pharmacia Biotech (Piscataway,
NJ). Cell culture materials were from Life Technolo-
gies, Inc. (Grand Island, NY). Cycloheximide (CHX),
dimethyl sulphoxide (DMSO), aprotinin, leupeptin, and
PMSF were from Sigma (St. Louis, MO). MG132 was
from Calbiochem—Novabiochem Corp. (San Diego, CA).
TCDD was purchased from AccuStandard (New Haven,
CT). Reagents for immunoblotting and Northern blot-
ting are as described below.

2.2. Cell culture and treatment

The mouse hepalclc7, Ah receptor-defective (AhR-
D), and Arnt-defective (Arnt-D) variant cells were ob-
tained from ATCC (Rockville, MD); the reconstituted
cells of the AhR- or Arnt-D variants were gifts from
Dr. J.P. Whitlock Jr., and associates (Stanford Univer-
sity) and were described elsewhere (Ko et al., 1997). The
cells were grown as monolayer in o-minimal essential
medium (¢eMEM), containing 10% fetal bovine serum
and 5% CO, at 37 °C, as described previously (Miller
et al., 1983). The cells were treated with TCDD or other
agents as described in figure legends; DMSO was used as
the solvent control for TCDD.

2.3. Preparation of nuclear extract and total cell lysate

Nuclear extracts were prepared according to pub-
lished procedures (Denison et al., 1988). Briefly, wild
type hepalclc7 cells, after treatment, were washed in a
hypotonic buffer and homogenized in a Dounce homo-
genizer; the nuclei were obtained by differential centrif-
ugation; nuclear extracts were prepared by incubation
of the nuclei with a high salt buffer, followed by cen-
trifugation at 100,000g for 1 h. For preparation of total
cell lysate, cells were grown to near confluency in a
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60 mm dish, washed twice with phosphate buffered sa-
line, and scraped into 300 pl of a reporter lysis buffer
(Promega, Madison, WI). The cells were disrupted by
brief sonication; total cell lysate was obtained by cen-
trifugation at 13,000g for 10 min in a refrigerated mi-
crocentrifuge.

2.4. Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was
carried out using nuclear extract from hepalclc7 cells,
as described previously (Ausubel et al., 1998), except
that 6% polyacrylamide gels were used. The DNA probe
contains the DNA recognition sequence for the AhR/
Arnt heteromer designated as DRE D (Lusska et al.,
1993). The probe was labeled with [y-*?P]ATP using T4
polynucleotide kinase (New England Biolabs, Beverley,
MA). The nuclear extracts were incubated with poly
(dIdC) for 15 min at room temperature. The *?P-labeled
probe was then added and incubated for another 15 min
at room temperature, followed by nondenaturing gel
electrophoresis; the AhR/Arnt/DRE complexes were
visualized by autoradiography.

2.5. Immunoblot analysis

For immunoblotting, total cell lysate or nuclear
extract of 5 pug were fractionated on SDS-polyacryl-
amide gels, and transferred to nitrocellulose membranes
according to established procedures (Ausubel et al.,
1998). The blots were blocked with 5% dry milk, 0.1%
Tween 20 in phosphate buffered saline for 1 h with
shaking. Blots were then incubated with a polyclonal
antibody against AhR (Ma and Whitlock, 1996) for 1 h,
followed by incubation with horseradish peroxidase-
conjugated secondary antibodies for an additional 1 h.
Signals were visualized by chemiluminescence using an
ECL kit (Amersham, Piscataway, NJ). To ensure equal
loading of the samples, the same blots were reprobed
with a monoclonal anti-mouse actin antibody (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), followed
by incubation with alkaline phosphatase-conjugated
secondary antibodies (Promega) and color visualiza-
tion with the Nitro blue tetrazolium and 5-bromo-
4-chloro-3-indolyl phosphate system (Promega). For
quantitation of the blotting results, the visualized re-
sults were scanned and analyzed using the Image-
QuaNT (version 4.2) program (Molecular Dynamics,
San Jose, CA). All data were corrected for loading
variations by comparing the amount of actin of each
sample analyzed.

2.6. RNA analysis

For Northern blotting of CYPIAI, a cDNA frag-
ment (~700 bp) encoding the 5'-untranslated region of

the mouse CYPIAI messenger RNA was used to gen-
erate a riboprobe for CYPIAI. To prepare an actin
probe, a cDNA fragment of mouse actin was generated
by RT-PCR with primers specific for mouse actin
(Stratagene, La Jolla, CA), subcloned into pCRII
(Invitrogen, Carlsbad, CA), and used as a template for
riboprobe synthesis. Riboprobes were synthesized in the
presence of DIG-UTP using a DIG RNA-labeling
kit (Roche Molecular Biochemicals, Indianapolis, IL).
Total RNA was isolated from cells using a Qiagen
total RNA isolation kit (Qiagen, Valencia, CA). RNA
samples of 5 pg each were electrophoresed in a 1%
agarose-formaldehyde gel and transferred to a Nytran
membrane. After cross-linking, the membranes were
hybridized with the DIG-labeled riboprobes at 68 °C
overnight; signals were visualized by chemiluminescence
using a DIG RNA detection kit with CDP star as a
substrate (Roche Molecular Biochemicals). For all sam-
ples analyzed, parallel blots were assayed at the same
time for both CYPIAI and actin mRNAs.

2.7. Pulse-chase labeling

Cells grown to near confluence were incubated in
methionine-free medium with 10% dialyzed FBS (Life
Technologies, Inc.) for 1 h and incubated for another
hour in fresh methionine-free medium with 10% dialyzed
FBS plus ¥S-methionine (100 pCi per ml, Amersham).
The cells were then incubated in aMEM with 10% FBS
and treated with DMSO, cycloheximide (10 pg/ml),
TCDD (1 nM), or TCDD plus cycloheximide for vari-
ous time periods. The cells were scraped into RIPA
buffer (1% Ipegal CA-630, 0.5% sodium deoxycholate,
0.1% SDS, 100 pM PMSF, and 10 pg/ml aprotinin in
phosphate buffered saline). The *S-labeled AhR was
precipitated with the anti-AhR antibodies, fractionated
by SDS-PAGE (10%), and visualized by fluorography.

2.8. Immunoprecipitation

AhR was precipitated with anti-AhR antibodies ac-
cording to a standard method (Ausubel et al., 1998).
Briefly, cells grown in six well plates were scraped into
RIPA buffer. Cell extracts were prepared by centrifu-
gation at 13,000g for 10 min, followed by preclearing by
incubation with normal rabbit IgG (Santa Cruz Bio-
technology, Inc.) and protein A-agarose (Life Technol-
ogies, Inc.) for 30 min at 4 °C. The extracts were then
incubated with the anti-AhR antibodies (Dong et al.,
1996; Ma and Whitlock, 1996) for 1 h and with protein
A-agarose for an additional hour. The precipitated
agarose beads were washed three times with the RIPA
buffer and resuspended in a loading buffer for analysis
by SDS-PAGE.
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3. Results

3.1. TCDD induces turnover of AhR through the 26S
proteasome pathway

Treatment of mouse hepalclc7 cells with TCDD
(1 nM, 5 h) results in a marked reduction in the steady
state level of the AhR protein, whereas the level of the
Arnt protein was not affected (Fig. 1). Thus, the TCDD-
induced protein downregulation exhibits a high speci-
ficity toward AhR. To examine the mechanism of AhR
downregulation, pulse-chase experiments were per-
formed to measure the halflife (¢,,) of AhR. The unli-
ganded AhR has a t,, of ~28 h (Ma and Baldwin,
2000); while TCDD shortens the ¢, of AhR to ~3 h
(Fig. 5). The pathway that mediates AhR degradation
was analyzed by testing inhibitors of the 26S proteasome
and various proteases. Cotreatment of the cells with
TCDD and MG132, a potent inhibitor of the 26S pro-
teasome, totally blocks TCDD-induced reduction of
AhR (Fig. 2); whereas, inhibitors of calpains, lysosomal
proteases, serine-, or serine/cysteine proteases, do not
show inhibitory activity (data not shown (Ma and
Baldwin, 2000)). These results indicate that TCDD in-
duces AhR turnover through the 26S proteasome me-
diated proteolysis.

3.2. Cycloheximide blocks TCDD-induced turnover of the
AhR protein

Cycloheximide, a potent inhibitor of protein synthe-
sis, superinduces the transcription of CYPIAI in the
presence of an agonist of AhR. As shown in Fig. 3,

<— AhR

0 | <— Arnt

———————

<+— Actin

TCDD — -+

Fig. 1. TCDD-induced downregulation of AhR. Hepalclc7
cells were grown in 60 mm dishes and treated with TCDD
(1 nM) or DMSO for 5 h. Total cell lysate was prepared and
analyzed by immunoblotting (5 pg/lane) as described under
experimental procedures. The blot was first probed for AhR or
Arnt proteins, visualized by chemiluminiscence, then reprobed
for the actin protein, and visualized by color development.
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Fig. 2. Inhibition of TCDD-induced degradation of AhR by
MGI132. Cells were grown in 60 mm dishes and treated with
TCDD (1 nM), MG132 (25 uM), or both for 5 h. Total cell
lysate was prepared and analyzed by immunoblotting (5 pg/
lane) for AhR as described for Fig. 1.
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Fig. 3. Superinduction of CYPIAIl by cycloheximide. Cells
were grown to near confluency in a 100 mm dish, and were
treated with TCDD (1 nM), CHX (10 pg/ml), or both for 5 h.
Total RNA was prepared, fractionated on agarose-formalde-
hyde gels, blotted to Nytran membranes, and probed with DIG-
labeled riboprobes for CYP1AI (upper panel) and actin (lower
panel) as described under Section 2. Each lane contains 5 pg of
RNA.

cycloheximide alone does not affect CYPIAI gene ex-
pression (lane 3), whereas cotreatment of hepalclc7 cells
with TCDD (1 nM) and cycloheximide (10 pg/ml) for
5 h increases the induction of CYPIAI by TCDD
(compare lanes 4 and 2). These results indicate that
the superinduction requires activation of AhR by an
agonist, suggesting that AhR or a component of the
AhR signaling pathway serves as a primary target of
cycloheximide. These findings raised the question of
whether cycloheximide modulates the agonist-induced
degradation of AhR as a mechanism of superinduction.
Therefore, we analyzed the effect of cycloheximide on
the protein level of AhR during the superinduction by
immunoblotting. As shown in Fig. 4, treatment of the
wild type cells with TCDD (1 nM, 4 h) downregulates
the steady state AhR to less than 20% of the wild type.
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Fig. 4. Blocking of TCDD-induced downregulation of AhR by cycloheximide. Cells were grown in 60 mm dishes and treated with
TCDD (1 nM), CHX (10 pg/ml), or both for 4 h. Total cell lysate was prepared and analyzed by immunoblotting (5 pg/lane) for AhR

and Actin as described for Fig. 1.

Cycloheximide alone (10 pg/ml) does not affect the
protein level of AhR (lane 2). However, the level of the
AhR protein in cells treated with TCDD plus cyclo-
heximide (TCDD, 1 nM; CHX, 10 pg/ml; 4 h) is nearly
the same as the controls (compare lane 4 with 1 and 2).
Thus, cycloheximide completely blocks the reduction of
the steady state AhR protein by TCDD.

We next tested if cycloheximide inhibits the TCDD-
induced turnover of AhR by measuring the halflife (,/,)
of AhR. Pulse-chase labeling experiments reveal that
AhR in DMSO treated cells is relatively stable with a

ti> of 28 h (Ma and Baldwin, 2000) and that cyclohex-
imide alone does not affect the #,, of AhR (data not
shown). TCDD shortens the #;/, of AhR to ~3 h (Fig. 5).
However, the t,, value of AhR in cells treated with
TCDD plus cycloheximide is nearly the same as that in
DMSO treated cells (i.e. ~28 h). Therefore, cyclohex-
imide fully inhibits the TCDD-induced turnover of the
AhR protein. Since cycloheximide inhibits over 90% of
total protein synthesis in cells, our results implicate a
cycloheximide-sensitive, labile or inducible factor in
promoting the TCDD-induced degradation of AhR;

DMSO EE— oo
TCDD

TCDD = 4

+ CHX

Chase (h) 0 1 2.5 5

Fig. 5. Pulse-chase labeling of AhR. Hepalclc7 cells were labeled with **S-methionine and were treated with DMSO, TCDD (1 nM),
or TCDD + CHX (10 pg/ml). The AhR protein was immunoprecipitated with a polyclonal anti-AhR antibody, fractionated by SDS-
PAGE, and visualized by fluorography, as described under Section 2. The hours indicate the time period of treatment after pulse

labeling.



1496 Q. Ma, K T. Baldwin | Chemosphere 46 (2002) 1491-1500

hence, we designated the factor as AhR degradation
promoting factor, or ADPF.

3.3. Cycloheximide enhances the function of nuclear AhR

Since cycloheximide blocks the degradation of AhR
following activation by agonist, we envision that cy-
cloheximide enhances AhR function in the nucleus by
increasing the amount and function of agonist-activated,
nuclear AhR, which mediates the superinduction. To
test this possibility, we first analyzed the AhR protein
level in nuclear extract. As shown in Fig. 6, cyclohex-
imide treatment increases the amount of AhR protein in
nuclear extract of cells treated with TCDD plus cy-
cloheximide dose-dependently; the increase is observable
at 100 ng/ml of cycloheximide and is maximal at 10 pg/
ml. Next, we examined the nuclear AhR/Arnt complex
by EMSA, which measures the amount and activity of
the AhR/Arnt complex in nuclear extract. The EMSA
analyses revealed a dose-dependent increase in the in-
teraction of the AhR/Arnt heteromer with the DRE
sequences (Fig. 7). The increase in the band shift by
EMSA is observable at 10 ng/ml of cycloheximide.
Taken together, these results reveal that cycloheximide
increases the accumulation of both the AhR protein and
the functional AhR/Arnt complex in the nucleus, re-
sulting in superinduction of AhR regulated genes. These
findings suggest that the agonist induced degradation of
AhR serves as a mechanism by which the function of
nuclear AhR is controlled through proteolysis of the
receptor.

100+
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Fig. 6. Immunoblotting of nuclear AhR. Cells grown in 100
mm dishes were treated with TCDD (1 nM), or TCDD plus
CHX at indicated concentrations (in ng/ml) for 4 h, and nuclear
extracts were prepared as described under Section 2. The nu-
clear extracts (5 pg/lane) were analyzed by immunoblotting for
the AhR protein. The results from immunoblotting were
quantified by densitometry and analyzed using the Image-
QuaNT software.

CHX - 10¢ - 10' 102 103 10¢
TCDD - - + + + + +

YT

Fig. 7. Electrophoretic mobility shift assay. Nuclear extracts
were prepared from cells treated with TCDD (1 nM), or TCDD
plus CHX at indicated concentrations (in ng/ml) for 4 h. EMSA
was performed using nuclear extract preparations and a 32P-
labeled DNA probe containing a functional DRE sequence as
described under Section 2. The arrow indicates the AhR/Arnt/
DRE complex. Shown at the bottom of the film are the 3?P-
labeled, free DRE probes.

3.4. Superinduction by cycloheximide requires the tran-
scription activation domain of AhR

The AhR protein consists of several modular struc-
tures each associated with different functions, such as
DNA-binding and transcription activation (TA). To
analyze the mechanism of action of ADPF, we examined
the role of functional domains of AhR in cycloheximide
action by using AhR- or Arnt-D variants reconstituted
with AhR, Arnt, or their deletion mutants. Cotreatment
of the wild type cells with TCDD (1 nM) and cyclo-
heximide (10 pg/ml) for 5 h results in superinduction of
CYPI1A1 mRNA (Fig. 8(A) and (B)). The induction and
superinduction were largely reduced, but measurable, in
AhR-D variant cells (AhR-D, Fig. 8(A), compare lanes
1-4 with lanes 5-8). However, both the induction and
superinduction were not observed in Arnt-D cells (Arnt-
D; Fig. 8(B), compare lanes 1-4 with lanes 5-8). Re-
constitution of the variant cells with the full length AhR
or Arnt completely restores both the induction and su-
perinduction (Fig. 8(A) and (B), lanes 9-12); thus, the
superinduction requires the presence of both the AhR
and Arnt proteins.
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Fig. 8. Superinduction of CYPIAI in AhR-defective, Arnt-defective and reconstituted cells. Cells were grown in 100 mm dishes, and
were treated as described for Fig. 3. Total RNA of 5 ug each was analyzed for both the CYPIAI and actin mRNA expression using
DIG-labeled probes. (A) Northern blotting of superinduction in AhR-defective variant and its reconstituted cells and (B) northern
blotting of superinduction in Arnt-defective variant and its reconstituted cells.

AhR and Arnt contain, at their carboxyl halves,
modular structures termed TA domains. The TA do-
mains of AhR are regulated through interaction with an
inhibitory module of AhR (Ma et al., 1995), and are
required for mediating the induction of CYPIAI in the
intact cell; whereas, the TA domains of Arnt are dis-
pensable in the induction process (Ko et al., 1996). As
shown in Fig. 8(A), the AhR mutant that lacks its TA
domains (AhR-D + AhR|.s;5) was incapable of restoring

the induction and superinduction, implicating its re-
quirement for both of the processes (Fig. 8(A), lanes 13—
16). On the contrary, reconstitution of the Arnt-D
variant cells with an Arnt mutant that lacks its TA do-
mains (Arnt-D + Arnt;es;) retained both the induction
and the superinduction (Fig. 8(B), lanes 13-16). These
analyses established that the superinduction of CYPI A1
by cycloheximide is mediated through AhR/Arnt via the
TA domains of AhR. In a previous study, we found that
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the AhR mutant (AhR-D + AhR,s5) is resistant to
TCDD-induced protein degradation. Taken together,
these results implicate the TA domains of AhR in
ADPF-mediated regulation of AhR degradation. Clon-
ing of ADPF will provide insights into the molecular
interplay between ADPF and the TA domains of AhR.

4. Discussion

Protein degradation through the ubiquitin-protea-
some pathway has been demonstrated in the signal
transduction of a number of biologically important
proteins; these include short-lived factors, such as p53,
c-Myc, and c-Jun, and stable proteins that undergo
signal-induced degradation, such as IxBa and the estro-
gen receptor o. In either scenario, proteasomal degra-
dation of the proteins involves ubiquitination of the
transcription factors or their associated proteins for
targeting to the proteasome (for review, see reference
Hershko and Ciechanover (1998)). In this study, we
analyzed the regulation of the Ah receptor by TCDD via
protein degradation. Our data reveal that the unligan-
ded, cytoplasmic AhR protein is stable, with a ¢/, of
28 h. The t;, of TCDD-activated AhR, however, is
shortened to only 3 h. Thus, TCDD induces a rapid
turnover of AhR. The degradation of AhR by TCDD is
blocked by inhibition of the 26S proteasome, implicat-
ing the proteasome pathway in the degradation of AhR.
In a separate study, we have demonstrated that TCDD
induces ubiquitination of the AhR protein (Ma and
Baldwin, 2000). Thus, TCDD increases the turnover of
nuclear AhR by activating the ubiquitin-26S proteasome
pathway. Others have obtained a similar conclusion by
analyzing steady state AhR using immunoblotting
(Pollenz, 1996).

The induction of CYPIAI transcription by TCDD
through AhR-mediated signal transduction constitutes a
model response for analyzing the mechanism of action
of TCDD at the level of gene regulation (Whitlock et al.,
1996). Cycloheximide, an inhibitor of protein synthesis,
superinduces the transcription of the CYPIAI gene in
the presence of TCDD; superinduction of the gene by
cycloheximide implicates a cellular mechanism by which
the TCDD-elicited responses can be modulated after
activation of the receptor by agonist. The mechanism of
action of cycloheximide in superinduction is unclear at
present. In this report, we demonstrate that the Ah re-
ceptor protein is a primary target of cycloheximide in
the superinduction. We show that cycloheximide fully
inhibits the degradation of AhR by TCDD; the half-
life of AhR in cells treated with TCDD plus cyclohex-
imide is nearly the same as that of DMSO-treated cells.
Thus, our data, for the first time, clearly establish that
cycloheximide enhances the stability of the agonist-

activated AhR protein by inhibiting the turnover of the
AhR protein following activation by agonist.

Since cycloheximide is a potent inhibitor of protein
synthesis, it is conceivable that the mechanism by which
cycloheximide inhibits AhR degradation involves a trans-
factor, which acts as a negative regulator of AhR func-
tion by promoting the degradation of agonist-activated
AhR in the nucleus. Here, we designate the trans-factor
as AhR degradation promoting factor, or ADPF. Inhi-
bition of the synthesis of ADPF by cycloheximide re-
leases the negative control of AhR by increasing the
stability of the AhR, resulting in superinduction. Two
possible mechanisms can explain the sensitivity of ADPF
to inhibition of protein synthesis. First, the cyclohex-
imide-sensitive ADPF is a TCDD-inducible protein. The
negative regulation of AhR involves a TCDD-induced,
autoregulatory mechanism; blockage of the induction of
ADPF by inhibiting protein synthesis by cycloheximide
or puromycin disrupts the autoregulation. Alternatively,
ADPF is a short-lived, labile protein, and therefore is
sensitive to inhibitors of protein synthesis. These two
possibilities are not mutually exclusive. The observation
that pretreatment of cells with TCDD (for over 10 h)
before treatment with cycloheximide also superinduces
the CYPIAI gene (Lusska et al., 1992) supports the
second possibility that the cycloheximide-sensitive
ADPF is a labile protein; whether it is inducible by
TCDD remains to be examined. Regulation of protein
stability by labile or inducible factors has been observed
for other transcription factors. For example, the tumor
suppressor protein p53 is induced by ionizing irradiation
as an adaptive response to DNA-breaking damage. The
activity of p53 is regulated by degradation of the protein
through the ubiquitin-proteasome pathway shortly after
the induction of p53 (Agawal et al., 1998). The prote-
asomal degradation of p53 is controlled by an onco-
protein Mdm2; Mdm2 possesses the ubiquitin-ligase
(E3) activity and promotes the degradation of p53 by
catalyzing ubiquitination of p53 (Haupt et al., 1997;
Honda et al., 1997). The Mdm?2 protein is induced by
p53 and is degraded by ubiquitin-proteasomal proteol-
ysis.

How does the ADPF regulate the degradation of
AhR? One possible mechanism involves destabilization
of the nuclear AhR protein. For example, ADPF can
alter the conformation of the activated receptor through
protein—protein interaction with the receptor, promote
modifications of the receptor such as phosphorylation/
dephosphorylation, or dissociate the receptor from
protective mechanisms that shield AhR from proteo-
lysis in the nucleus; these changes render the receptor
susceptible to the ubiquitin-proteasomal degradation
mechanism. Alternatively, ADPF can be a component
of the proteolytic system; it serves as a recognition factor
that channels the nuclear AhR to proteolysis. By anal-
ogy with the findings for the regulation of the degra-
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dation of p53 by Mdm?2, it is possible that ADPF di-
rectly controls ubiquitination of the agonist-activated
AhR in nucleus. This notion is supported by the ob-
servation that cycloheximide inhibits ubiquitination of
AhR. ' Cloning and functional analysis of the ADPF
protein will provide direct evidence to distinguish these
possibilities. Understanding the mechanism of the
TCDD-induced AhR degradation will reveal new as-
pects of the signal transduction and regulation of AhR
in the nucleus.

Controlling cellular protein levels by ubiquitin-
mediated proteolysis has been implicated in the regula-
tion of a number of transcription factors (Hershko and
Ciechanover, 1998). However, the functional relevance
and the mechanism of such regulation are largely un-
clear at the present. Our demonstration of the link be-
tween the superinduction of CYPIAI and inhibition of
the agonist-induced degradation of AhR by cyclohexi-
mide underscores the importance of controlling the AhR
protein level through proteolysis in AhR function. It will
be intriguing to examine if such a connection between
AhR degradation and function could be observed in
more complex, AhR-mediated functions or responses,
such as in the toxicity of TCDD. The bHLH/PAS pro-
teins comprise a growing family of transcription factors
that participate in a number of important biological
functions, such as circadian rhythm control (Sassone-
Corsi, 1997), the hypoxic response (Semenza, 1998),
embryonic development (Crews, 1998), and the response
to xenobiotics (Whitlock et al., 1996). The bHLH/PAS
proteins exhibit large similarities in their structure and
signaling mechanisms, and overlap in certain functions.
Regulation of the bHLH/PAS factors following activa-
tion by a specific signal remains to be analyzed. There-
fore, the signal transduction and regulation of AhR can
serve as a useful model for other bHLH/PAS proteins.
Since the superinduction of CYPIAI involves a complex
mechanism of regulation of the AhR degradation, elu-
cidating the mechanism of the superinduction will pro-
vide new insights into the mechanism by which the
bHLH/PAS proteins are regulated through ubiquitin-
proteasome mediated proteolysis in the cell.
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