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Activation of the aryl hydrocarbon receptor (AhR) by
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a potent ag-
onist of AhR, induces a marked reduction in steady state
AhR. To analyze the mechanism of regulation of ligand-
activated AhR, we examined the biochemical pathway
and function of the down-regulation of the receptor by
TCDD. Pulse-chase experiments reveal that TCDD
shortens the half-life (t1⁄2) of AhR from 28 to 3 h in mouse
hepatoma cells. Inhibitors of the 26 S proteasome, lacta-
cystin and MG132, block the TCDD-induced turnover of
AhR. The TCDD-induced degradation of AhR involves
ubiquitination of the AhR protein, because (a) TCDD
induces formation of high molecular weight, ubiquiti-
nated AhR and (b) degradation of AhR is inhibited in
ts20 cells, which bear a temperature-sensitive mutation
in the ubiquitin-activating enzyme E1, at a nonpermis-
sive temperature. Inhibition of proteasomal degrada-
tion of AhR increases the amount of the nuclear
AhRzArnt complex and “superinduces” the expression of
endogenous CYP1A1 gene by TCDD, indicating that the
proteasomal degradation of AhR serves as a mechanism
for controlling the activity of the activated receptor. We
also show that deletion of the transcription activation
domain of AhR abolishes the degradation, whereas a
mutation in the DNA-binding region of AhR or Arnt
reduces the degradation; these data implicate the tran-
scription activation domain and DNA binding in AhR
degradation. Our findings provide new insights into the
regulation of TCDD-activated AhR through ubiquitin-
mediated protein degradation.

The aryl hydrocarbon receptor (AhR)1 is a ligand-activated
transcription factor with a basic helix-loop-helix/Per-Arnt-Sim
(bHLH/PAS) domain structure (1–3). Genetic and biochemical
studies reveal that AhR mediates most of the biological re-
sponses to the environmental contaminant 2,3,7,8-tetrachlo-

rodibenzo-p-dioxin (TCDD). The biological effects of TCDD in-
clude adaptive responses, such as the induction of drug-
metabolizing enzymes, or toxic effects, such as tumor
promotion, wasting syndrome, and toxicity to the skin, im-
mune, developmental, or endocrine systems (4–9). The health
effects of TCDD and related chemicals on the human popula-
tion remain a matter of debate. The endogenous ligand(s) for
AhR has not been identified; however, genetic evidence impli-
cates AhR in mouse embryonic development, liver, and im-
mune functions, as well as cell growth and differentiation
(10–15).

The mechanism of action of AhR involves a multi-step, li-
gand-induced signal transduction process. Binding of a ligand
to AhR in liver cells triggers the dissociation of AhR with
associated proteins, including heat shock protein 90 and an
immunophilin-type chaperon, AhR-interacting protein (AIP)
(16–18). The activated AhR translocates into the nucleus,
dimerizes with Arnt, another bHLH/PAS transcription factor,
and activates the transcription of target genes by binding to
specific enhancer sequences in the regulatory region of the
genes; transcription of a target gene involves disruption of the
chromatin structures associated with the gene (for review see
Ref. 1).

Signal-activated transcription factors are often regulated in
cells after activation so that the transcriptional response can be
controlled to meet the need of cellular homeostasis. Degrada-
tion of a protein through the ubiquitin-proteasome pathway
has been shown to be involved in the regulation of many cel-
lular proteins, including transcription factors, such as p53,
NF-kB, IkBa, c-Jun, c-Myc, and estrogen receptor a (19–22).
Proteasomal degradation of a protein involves covalent attach-
ment of ubiquitin, a 76-residue peptide molecule, to the target
protein. Repeated rounds of ubiquitination result in a highly
ubiquitinated target protein that is rapidly degraded by the 26
S proteasome. Alternatively, ubiquitination can occur on an
associated protein, which assists recognition of the target pro-
tein by the proteasome system. Ubiquitination of a protein is
catalyzed by a multi enzyme system(s) that includes the ubiq-
uitin-activating enzyme (E1), the ubiquitin-conjugating en-
zyme (E2), and the ubiquitin ligase (E3), on a specific struc-
tural element(s) of the protein called a “degron.” Selective
degron recognition and subsequent ubiquitination of lysine
residues by specific E2 and E3 is central to the specificity and
regulation of ubiquitin-mediated proteolysis.

Several observations suggest that AhR is regulated after
activation by an agonist. For example, treatment of cells with
TCDD causes a time-dependent reduction in the DNA binding
activity of the nuclear AhRzArnt complex (23) and down-regu-
lation in the steady state level of AhR in cultured cells (24). The
mechanism of this down-regulation remains unclear. Recent
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evidence obtained by using inhibitors of the 26 S proteasome
(MG132) and nuclear export (leptomycin B) suggests that the
proteasome and nuclear export are involved in the reduction of
steady state AhR by TCDD (25). However, direct evidence of
AhR degradation by TCDD (i.e. changes in the half-life of AhR)
is lacking, and whether TCDD induces ubiquitination of AhR
has not been addressed. In this study, we analyzed the bio-
chemical pathway and functional implication of AhR degrada-
tion by TCDD. Our results reveal that activation of AhR by
TCDD induces a marked shortening of the half-life (t1⁄2) of the
receptor through degradation of the receptor by the 26 S pro-
teasome. The proteasomal degradation of AhR involves ubiq-
uitination of AhR. Inhibition of the 26 S proteasome enhances
the induction of CYP1A1 by TCDD, implicating the ubiquitin-
proteasome pathway in controlling the activity of ligand-acti-
vated AhR. Furthermore, we show that AhR degradation re-
quires the transcription activation (TA) domain and DNA
binding activity of AhR. Our findings provide new insights into
the mechanism by which AhR is regulated through the ubiq-
uitin-proteasome pathway after activation by a ligand.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment—The mouse hepa1c1c7 cells, AhR-defec-
tive variant (AhR-D), and Arnt-defective variant (Arnt-D) cells were
provided by Dr. J. P. Whitlock, Jr. (Stanford University). The AhR-D
cells expressing AhR, AhR1–515, or AhRR39A and the Arnt-D cells
expressing Arnt, Arnt1–652, or ArntR87A were originally from the lab-
oratory of Dr. J. P. Whitlock, Jr. Generation of these cell lines by using
the MFG retroviral expression system and characterization of the cell
lines for AhR or Arnt function were described previously (26–28). The
cells were grown as a monolayer in a-minimal essential medium, con-
taining 10% fetal bovine serum, and 5% CO2, as described elsewhere
(29). E36 and ts20 cells (provided by Dr. R. R. Kopito, Stanford Univer-
sity) were maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 5% CO2, at the indicated temperatures. Cells were
treated with TCDD (AccuStandard, New Haven, CT) or other reagents
as described in the figure legends. Me2SO (0.1%) was used as the vehicle
control for TCDD. Lactacystin, MG132, proteasome inhibitor I, cal-
pastatin, and PD150606 were from Calbiochem-Novabiochem (San Di-
ego, CA). Chloroquine, aprotinin, leupeptin, and PMSF were from
Sigma. Treatment involving protease inhibitors was for 5 h or less to
avoid toxicity to the cells; over 90% of the cells were viable under the
experimental conditions.

Stable Transfection and Retroviral Gene Expression—Transfection of
pRc/CMV (Invitrogen, Carlsbad, CA) or pAhR/CMV (30) into E36 and
ts20 cells was performed with the LipofectAMINE PLUS reagent (Life
Technologies, Inc.), followed by selection with G418 (400 mg/ml) for 10
days. Stable transfectants from the same transfection were pooled for
further analysis. AhR1–421 was expressed by using the Retro-X System
(CLONTECH, Palo Alto, CA), according to protocols from CLONTECH.
Briefly, AhR cDNA encoding residues 1–421 was subcloned into the
pLNCX vector to generate pAhR1–421/LNCX, which was transfected into
the RetroPack PT67 packaging cells by using the calcium method. 48 h
after transfection, the supernatant was collected and used to infect the
AhR-D cells. The cells expressing AhR1–421 were enriched by selection
in the presence of G418 (400 mg/ml) for 10 days.

Immunoblot Analysis—Total cell extracts were fractionated on 10%
SDS-PAGE gels, transferred to nitrocellulose membranes, and blotted
with antibodies according to established procedures (31). For immuno-
blotting of AhR, an affinity purified rabbit polyclonal antibody against
the mouse AhR was used (14). Horseradish peroxidase-conjugated anti-
rabbit IgG (Promega, Madison, WI) was used as the secondary anti-
body. The blots were visualized by chemiluminescence using the ECL
kit (Amersham Pharmacia Biotech). The same blots were reprobed with
a monoclonal anti-actin IgG (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), followed by incubation with alkaline phosphatase-conju-
gated anti-mouse IgG (Promega) and color visualization using the
5-bromo-4-chloro-3-indolyl phosphate toluidinium/nitroblue tetrazo-
lium substrate system (Promega). The amount of actin detected in the
blots was used as an internal control to ensure equal loading of the
samples. For immunodetection of ubiquitinated AhR, the AhR protein
was immunoprecipitated with the anti-AhR antibodies as described
below. The immunoprecipitates were fractionated by SDS-PAGE at 70
volts and blotted onto nitrocellulose membranes by overnight transfer

at 200 mA. The blots were denatured in a buffer (6 M guanidine-HCl, 20
mM Tris-HCl, pH 7.5, 5 mM b-mercaptoethanol, 1 mM PMSF) for 1 h,
blocked with 5% albumin in phosphate-buffered saline, incubated with
a mouse monoclonal IgG against ubiquitin (Zymed Laboratories Inc.,
South San Francisco, CA) overnight, and detected with horseradish
peroxidase-conjugated anti-mouse IgG (Promega) and the ECL kit.

Immunoprecipitation—AhR was precipitated with the anti-AhR an-
tibodies according to a standard method (31). Briefly, cells grown in
6-well plates were scraped into RIPA buffer (1% Ipegal CA-630, 0.5%
sodium deoxycholate, 0.1% SDS, 100 mM PMSF, and 10 mg/ml aprotinin
in phosphate buffered saline). Cell extracts were prepared by centrifu-
gation at 13,000 3 g for 10 min, followed by preclearing by incubation
with a normal rabbit IgG (Santa Cruz Biotechnology, Inc.) and protein
A-agarose (Life Technologies, Inc.) for 30 min at 4 °C. The extracts were
incubated with the anti-AhR antibodies (14, 28) for 1 h and then with
protein A-agarose for an additional hour. The precipitated agarose
beads were washed three times with RIPA buffer and resuspended in a
loading buffer for analysis by SDS-PAGE.

Pulse-chase Labeling—Cells grown to near confluence were incu-
bated in methionine-free medium with 10% dialyzed fetal bovine serum
(Life Technologies, Inc.) for 1 h and were labeled in a fresh supple-
mented, methionine-free medium plus [35S]methionine (100 mCi/ml,
Amersham Pharmacia Biotech) for 1 h. The cells were then incubated in
supplemented a-minimal essential medium, treated with TCDD or
Me2SO for various time periods, and scraped into RIPA buffer. The
35S-labeled AhR was precipitated with the anti-AhR antibodies, frac-
tionated by SDS-PAGE (10%), and visualized by fluorography.

Northern Blot—Total RNA was isolated from cells by using a Qiagen
total RNA isolation kit (Qiagen, Valencia, CA). RNA samples of 5 mg
each were fractionated in a 1% agarose-formaldehyde gel and trans-
ferred to a Nytran membrane. The blot was probed with a DIG-labeled
riboprobe prepared with the DIG-labeling kit (Roche Molecular Bio-
chemicals), which recognizes a 700-base pair fragment in the 59-un-
translated region of the mouse CYP1A1 mRNA. Signals were visualized
by chemiluminescence using a DIG RNA detection kit with CDP star as
a substrate (Roche Molecular Biochemicals). Parallel blots of the same
samples were probed with a DIG-labeled actin probe to ensure equal
loading.

Electrophoretic Mobility Shift Assay (EMSA)—EMSA was carried out
by using nuclear extracts prepared from hepa1c1c7 cells, as described
previously (32), except that 6% polyacrylamide gels were used. The
DNA probe contains the DNA recognition sequence for the AhRzArnt
heteromer, designated DRE D (33). The probe was labeled with
[g-32P]ATP using T4 polynucleotide kinase (New England Biolabs, Bev-
erly, MA). The nuclear extracts were incubated with poly(dI-dC) for 15
min at room temperature. The 32P-labeled probe was then added and
incubated for another 15 min at room temperature, followed by nonde-
naturing gel electrophoresis. The AhRzArntzDRE complex was visual-
ized by autoradiography.

RESULTS

TCDD Shortens the Half-life of AhR through the 26 S Pro-
teasome Pathway—TCDD, a potent agonist of the Ah receptor,
both activates AhR and induces a marked reduction in the
steady state level of the receptor. As shown in Fig. 1A, treat-
ment of hepa1c1c7 cells with TCDD (1 nM, 5 h) results in
reduction of steady state AhR to less than 10% of the control,
whereas the level of the Arnt protein is not affected. To analyze
the biochemical pathway of TCDD-induced down-regulation of
the AhR protein, we measured the half-life of unliganded and
TCDD-activated AhR by using pulse-chase experiments to test
whether the down-regulation is due to an increase in the turn-
over of the receptor. After pulse-labeling of the mouse
hepa1c1c7 cells with [35S]methionine, the AhR protein was
immunoprecipitated with a polyclonal antibody against AhR,
resolved in SDS-PAGE, and visualized by fluorography. As
shown in Fig. 1 (B and C), the AhR of untreated cells is rela-
tively stable with a half-life (t1⁄2) of about 28 h. Treatment with
1 nM TCDD reduces the t1⁄2 to 3 h. The time course for the
reduction of the pulse-labeled AhR by TCDD is similar to that
of the steady state level of AhR (data not shown). Thus, TCDD
treatment markedly increases the turnover of AhR, accounting
for the down-regulation of steady state AhR by TCDD.

Signal-induced degradation of cellular proteins is often me-
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diated through a specific proteolytic system(s), such as the 26 S
proteasome (19) or calpains (34). To identify the proteolytic
activity for the TCDD-induced degradation of AhR, we tested a
panel of inhibitors that specifically inhibit the 26 S proteasome,
calpains, lysosomal enzymes, and other proteases. Immunoblot
analyses reveal that co-treatment of the cells with TCDD (1 nM)
and lactacystin, an irreversible, potent and specific proteasome
inhibitor (19), or MG132, a reversible, potent but less specific
proteasome inhibitor (35), inhibits the TCDD-induced reduc-
tion of AhR in a dose-dependent manner; maximal inhibition
occurs at a concentration of 20 mM lactacystin or 25 mM MG132
(Fig. 2A). Others have observed a similar effect with MG132 via
immunoblotting of AhR (25). To directly test whether the 26 S
proteasome is required in the TCDD-induced AhR degradation,
pulse-chase experiments were performed to analyze the effect
of the proteasomal inhibitors on the turnover of pulse-labeled
AhR. As shown in Fig. 2B, when co-treated with TCDD, both
lactacystin and MG132 block the degradation of pulse-labeled
Ah receptor by TCDD (compare treatments of Me2SO, TCDD,

and TCDD plus lactacystin or MG132). These results provide a
direct proof that the TCDD-induced AhR degradation requires
the 26 S proteasome.

It has been shown in vitro that AhR in the cytoplasmic
preparations of mouse liver and hepatoma cells is rapidly de-
graded through a Ca21-dependent, calpain II-like protease
process (36). To analyze the role of calpains and other proteases
in TCDD-induced degradation of AhR in intact cells, we exam-
ined the effect of inhibitors of calpains and other cellular pro-
teases on AhR degradation. Fig. 3A shows that co-treatment
with TCDD and calpastatin or PD150606, specific inhibitors of
calpains (37, 38), does not inhibit the degradation of AhR by
TCDD. Inhibitors of lysosomal proteases (chloroquine), serine
proteases (PMSF and aprotinin), and serine/cysteine proteases
(leupeptin) do not exhibit inhibitory activity toward the TCDD-
induced AhR degradation (Fig. 3B). Collectively, these results
indicate that the 26 S proteasome mediates the TCDD-induced
turnover of AhR in intact cells.

TCDD-induced AhR Degradation Involves Ubiquitination of
AhR—Degradation of a specific protein by the 26 S proteasome
is often preceeded by ubiquitination of the protein through a
multi-component, ubiquitin enzyme system. This modification
serves as a marker, which targets the protein to the protea-
some for degradation (21, 22). Proteasomal degradation of pro-
teins not ubiquitinated may require a secondary, ubiquitinated
protein that functions to assist in directing the target proteins
to the 26 S proteasome for degradation. To analyze the mech-
anism of the proteasomal degradation of AhR, we examined
whether TCDD induces ubiquitination of AhR. As shown in
Fig. 4A, TCDD treatment induces accumulation of high molec-
ular weight, ubiquitinated proteins, that are recognized by a
monoclonal antibody specific for ubiquitin, as compared with
the Me2SO control. To test whether AhR is ubiquitinated in
response to TCDD, AhR from control and TCDD-treated cells

FIG. 1. TCDD-induced degradation of AhR. A, Down-regulation
of steady state AhR. Hepa1c1c7 cells were treated with TCDD (1 nM) for
5 h. Total cell extracts (5 mg each) were prepared, and the blot was
analyzed with an anti-AhR antibody or anti-Arnt antibody and visual-
ized using the ECL kit as described under “Experimental Procedures”
(upper panels). The same blot was reprobed with a monoclonal anti-
actin antibody and detected with color development (lower panels). B,
pulse-chase labeling of AhR. Hepa1c1c7 cells were labeled with [35S]me-
thionine, and the AhR protein was immunoprecipitated with a poly-
clonal anti-AhR antibody, fractionated by SDS-PAGE, and visualized
by fluorography. The first lane was loaded with 35S-labeled, in vitro
transcribed and translated mouse AhR (30) as a marker for AhR. The
hours indicate the time period of treatment after pulse labeling. DMSO,
dimethyl sulfoxide. C, t1⁄2 of AhR. The results from pulse-chase experi-
ments were quantified by densitometry and analyzed by using Image-
QuaNT software (Molecular Dynamics). The t1⁄2 of AhR was calculated
and plotted using the GraphPad PRISM program (GraphPad Software,
Inc.). Data represent means and standard deviation from four separate
experiments.

FIG. 2. Inhibition of AhR degradation by proteasome inhibi-
tors. A, dose dependence of inhibition. Cells were co-treated with TCDD
and various amounts of lactacystin or MG132 for 5 h. AhR (upper panel)
and actin (lower panel) of each sample were analyzed by immunoblot as
described above. Lane 2, 20 mM lactacystin; lanes 4–7, 0.1, 1.0, 10, and
20 mM lactacystin, respectively. Lane 9, 25 mM MG132; lanes 11–14,
0.125, 1.25, 12.5, and 25 mM MG132, respectively. B, pulse-chase exper-
iment. Cells were labeled with [35S]methionine and were treated with
Me2SO, TCDD (1 nM), or TCDD plus lactacystin (20 mM), or MG132 (25
mM). The cells were harvested at the indicated time points. The 35S-
labeled AhR was precipitated with an anti-AhR antibody and analyzed
by SDS-PAGE and fluorography as described for Fig. 1. DMSO, di-
methyl sulfoxide.

Ubiquitin-Proteasomal Degradation of AhR8434

 at Stephen B
. T

hacker C
D

C
 L

ibrary on A
pril 20, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


was immunoprecipitated with an anti-AhR antibody and blot
analyzed with the anti-ubiquitin antibody. Fig. 4B shows that
TCDD induces the formation of high molecular weight forms of
AhR that are immunoprecipitated with the anti-AhR antibody
and recognized by the anti-ubiquitin antibody. In a separate
experiment, AhR was immunoprecipitated and blotted with the
anti-AhR antibody; the data reveal that TCDD treatment re-
sults in both accumulation of high molecular weight AhR and

reduction of the native, nonubiquitinated AhR (data not
shown). Together, these findings indicate that TCDD induces
ubiquitination of the AhR protein.

Next, we examined whether ubiquitination of AhR is re-
quired for AhR degradation by TCDD. Because ubiquitination
of a target protein requires activation of the ubiquitin molecule
by E1, cells defective in E1 are compromised in protein ubiq-
uitination and proteasomal degradation (39, 40). Therefore, we
analyzed the degradation of AhR in cells bearing a tempera-
ture-sensitive mutation in E1. Mouse AhR was expressed in
wild type (E36) and temperature-sensitive mutant cells (ts20)
by stable transfection. E36 and ts20 cells transfected with
vector only express low levels of AhR (Fig. 5, lanes 3, 4, 11, and
12). At 31 °C, the cells transfected with the pAhR/CMV plasmid
express the AhR protein to a level lower than that of the mouse
hepa1c1c7 cells. Interestingly, the level of AhR in untreated
ts20 cells at 40 °C (nonpermissive temperature for E1 function
in ts20) is 3-fold higher than that at 31 °C (permissive temper-
ature for E1) (compare lanes 13 and 15), suggesting that E1
negatively controls the AhR level in untreated cells. Treatment
of E36 cells with TCDD induces degradation of AhR at both 31
and 40 °C. However, TCDD induces degradation of AhR in ts20
cells only at 31 °C but not at 40 °C. These findings implicate E1
in the degradation of AhR in both untreated and TCDD-treated
cells. Thus, both biochemical and genetic studies indicate that
the degradation of AhR by TCDD involves ubiquitination of the
AhR protein.

Inhibition of the Proteasomal Degradation of AhR “Superin-
duces” CYP1A1 Gene Expression—The fact that TCDD induces
both activation and degradation of the Ah receptor raises the
question of whether the TCDD-induced degradation of AhR
serves as a means of controlling the activity of ligand-activated
AhR in the nucleus. To test this possibility, we examined the
effect of proteasome inhibitors on the induction of endogenous
CYP1A1 gene expression by TCDD, a well characterized tran-
scriptional response mediated by AhR. As shown in Fig. 6A,
TCDD induces CYP1A1 gene expression, whereas co-treatment
with TCDD (1 nM) and lactacystin (20 mM) or MG132 (25 mM) for
5 h enhances the induction to 4.0- or 3.5-fold higher (compare
lanes 4 and 8 with lane 2). Proteasome inhibitor I, a weaker
proteasome inhibitor than lactacystin and MG132, also en-
hances the induction of CYP1A1, when added at a concentra-
tion of 25 mM (;3.0-fold). PMSF, an inhibitor of serine pro-
teases, does not affect the induction (compare lanes 2 and 10).
Therefore, inhibition of proteasomal degradation of AhR by
TCDD superinduces CYP1A1 gene expression. We next exam-
ined, via EMSA, whether inhibition of AhR degradation in-
creases the formation of the functional AhRzArnt complex in
the nucleus, thereby serving as a mechanism for the superin-

FIG. 3. Effect of protease inhibitors on AhR degradation. A,
calpain inhibitors. Cells were treated with TCDD (1 nM) plus calpasta-
tin or PD150606 for 5 h. AhR and actin were analyzed by immunoblot-
ting as described for Fig. 1. Lanes 3 and 4 were controls for calpastatin
and PD150606, respectively. Lane 3, 2.5 mg/ml calpastatin; lanes 5–7,
0.05, 0.5, and 2.5 mg/ml calpastatin, respectively. Lane 4, 25 mM

PD150606; lanes 8–10, 0.5, 5.0, and 25 mM PD150606, respectively. B,
inhibitors of other proteases. Cells were treated with leupeptin (10
mg/ml), PMSF (100 mM), chloroquine (100 mM), or aprotinin (10 mg/ml)
with or without TCDD (1 nM) for 5 h. AhR and actin were analyzed by
immunoblotting as described above.

FIG. 4. Immunoblotting of ubiquitinated AhR. Cells were treated
with TCDD (1 nM) for 4 h. A, total cell extracts were prepared and
analyzed by SDS-PAGE and immunoblotted with a mouse monoclonal
antibody specific for ubiquitin, as described under “Experimental Pro-
cedures,” except that the cell extracts were prepared in phosphate
buffered saline containing 10 mM N-ethylmaleimide. B, total cell ex-
tracts were prepared in RIPA buffer. AhR was precipitated with an
anti-AhR antibody and immunoblotted with the anti-ubiquitin anti-
body, as described under “Experimental Procedures,” except that
MG132 (25 mM) was added to RIPA buffer to inhibit proteasome activity.
The bracket indicates ubiquitinated AhR. The calculated molecular
mass of the native mouse AhR is 95 kDa.

FIG. 5. Degradation of AhR in E1 mutant cells. AhR was ex-
pressed in E36 and ts20 cells by stable transfection. The plasmid
pRc/CMV was used as a vector control (lanes 3, 4, 11, and 12);
hepa1c1c7 cells were used as a positive control for TCDD treatment
(lanes 1, 2, 9, and 10). The cells were treated with TCDD (1 nM) or
Me2SO for 5 h at the indicated temperatures in incubators with 5% CO2.
For cells treated at 40 °C (lanes 7, 8, 15, and 16), the cells were
incubated at 40 °C for 2 h prior to being treated with TCDD.
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duction of CYP1A1 expression. Fig. 6B shows that MG132
enhances the TCDD-induced gel mobility shift, which reflects
the formation of the AhRzArntzDRE complex, dose-dependently,
indicating that inhibition of the 26 S proteasome increases the
amount of functional AhR in the nucleus. Taken together, these
data suggest that the ubiquitin-proteasomal degradation of
AhR plays an important role in controlling the amount and
activity of agonist-activated Ah receptor in the nucleus.

Role of the TA Domain and DNA Binding—The observation
that AhR, but not Arnt, is degraded by the proteasome upon
TCDD treatment indicates that this TCDD-activated degrada-
tion pathway is specific for AhR. Because ubiquitination of a
target protein involves a specific structural motif or degron
that is central to the specificity of ubiquitin-mediated proteol-
ysis, we examined which regions of AhR are required for
TCDD-induced degradation by deletion analysis. As shown in
Fig. 7A, TCDD induces degradation of AhR in wild type and
AhR-defective variant cells (AhR-D), which contains ;10%
AhR as compared with wild type cells. Expression of wild type
AhR in AhR-D by using retroviral gene transfer restores the
AhR protein level and function (as measured in the induction of
CYP1A1 by TCDD) (lane 5 and data not shown). The expressed
AhR is degraded by TCDD (lane 6). However, a deletion mu-

tant, AhR1–515, that lacks the C-terminal half of AhR (amino
acid residues 516–805, consisting of the TA domain) but con-
tains an intact bHLH/PAS domain (residues 1–340) is not
degraded by TCDD (lanes 7 and 8). The AhR1–515 protein re-
tains the ability to dimerize with Arnt and to bind DRE se-
quences but is not capable of mediating transcription, because
of the lack of the TA domain (data not shown and Ref. 27); thus,
these results suggest that the TA domain of AhR serves as a
degron for degradation. AhR1–421, which is similar to AhR1–515

in structure and function, is also resistant to degradation by
TCDD, further confirming the requirement of the TA domain in
AhR degradation. Next, we tested whether Arnt plays a role in
AhR degradation, because the TA activity of AhR is regulated
and activation of the TA domain occurs in the presence of
ligand and Arnt (26, 30). As shown in Fig. 7B, Arnt-defective
variant cells (Arnt-D) exhibit partial resistance to TCDD-in-
duced AhR degradation (compare lanes 1–4). Expression of
Arnt or Arnt1–652, which lacks the TA domain but retains the
bHLH/PAS domain of Arnt (residues 1–515; Ref. 26), fully
restores the degradation of AhR by TCDD (lanes 5–8), suggest-
ing that there exists Arnt-dependent and Arnt-independent
degradation of AhR in Arnt-D cells. Arnt-D variants express a
mutant Arnt protein at a low, but detectable level (data not
shown and Ref. 41); the mutant Arnt can bind AhR but is less
stable than wild type Arnt (41). It is possible that this mutant
Arnt contributes to AhR degradation in Arnt-D cells.

AhR mediates transcriptional regulation via binding to the
DRE sequences of a target gene. Therefore, we tested whether
DNA binding plays a role in AhR degradation. AhRR39A, in
which arginine 39 was replaced with alanine, is incapable of
DNA binding and induction of transcription (28). As shown in
Fig. 8A, degradation of AhRR39A expressed in AhR-D cells by
TCDD, is reduced. Because AhR forms a dimer with Arnt for

FIG. 6. Inhibition of the 26 S proteasome enhances nuclear
AhR function. A, superinduction of CYP1A1. Cells were co-treated
with TCDD and MG132 (25 mM), proteasome inhibitor I (25 mM), lacta-
cystin (20 mM), or PMSF (100 mM) as indicated, for 5 h. Total RNA was
prepared and analyzed for the messenger RNAs of CYP1A1 and actin as
described under “Experimental Procedures.” B, EMSA. Cells were
treated with TCDD (1 nM) or TCDD plus MG132 (2.5 or 25 mM) for 5 h
as indicated. Nuclear extract was prepared and EMSA was performed
using a 32P-labeled DNA probe containing a functional DRE sequence,
as described under “Experimental Procedures.” The arrow indicates the
AhRzArntzDRE complex. Shown at the bottom of the film are the 32P-
labeled, free DRE probes.

FIG. 7. Deletion analysis for AhR degradation. The AhR, AhR1–
515, or AhR1–421 proteins were expressed in AhR-D variant (A) and the
Arnt or Arnt1–652 expressed in Arnt-D variant cells (B) by using retro-
viral expression as described under “Experimental Procedures.” The
cells were treated with TCDD (1 nM) for 5 h; total cell extracts were
analyzed by SDS-PAGE and immunoblotted with an anti-AhR antibody
against the N-terminal portion of mouse AhR (BioMol, Plymouth Meet-
ing, PA). The same blot was reprobed with an anti-actin antibody as
described in the legend for Fig. 1. Wt, wild type.
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DNA binding, we examined a DNA-binding mutant of Arnt
(R87A) for AhR degradation. Expressing ArntR87A in Arnt-D
variant cells (28) inhibits the degradation of AhR by TCDD
(Fig. 8B). These data suggest that binding of the AhRzArnt
dimer to DNA, at least in part, contributes to AhR degradation.

DISCUSSION

Protein degradation through the ubiquitin-proteasomal
pathway has been implicated in the signal transduction of a
number of transcription factors; these include short-lived fac-
tors, such as p53, c-Myc, and c-Jun, and stable proteins that
undergo signal-induced degradation, such as IkBa and the
estrogen receptor a. In either scenario, proteasomal degrada-
tion of the proteins involves ubiquitination of the transcription
factors or their associated proteins for targeting to the protea-
some (for review see Ref. 19). In this study, we analyzed the
regulation of the Ah receptor by TCDD via protein degradation.
Our data reveal that the unliganded, cytoplasmic AhR protein
is stable, with a t1⁄2 of 28 h. The t1⁄2 of TCDD-activated AhR,
however, is shortened to only 3 h. Thus, TCDD induces a rapid
turnover of AhR. The shortening of the t1⁄2 of AhR by TCDD is
blocked by inhibition of the 26 S proteasome, implicating the
proteasome pathway in the degradation of AhR. Others have
obtained a similar conclusion by analyzing steady state AhR
using immunoblotting (25).

Because the proteasomal degradation of proteins often re-
quires ubiquitination, two mechanisms may contribute to the
degradation of AhR: (a) TCDD induces ubiquitination of the
AhR protein or (b) ubiquitination occurs in an AhR-associated
factor that assists in targeting AhR to the proteasome for
degradation. Our results reveal that TCDD induces accumula-
tion of high molecular weight, ubiquitinated AhR. Further-
more, degradation of AhR requires functional ubiquitin-acti-
vating enzyme E1. Collectively, these data demonstrate that
the TCDD-induced proteasomal degradation of AhR involves
ubiquitination of AhR. However, these findings do not exclude

the possibility that TCDD induces ubiquitination of other pro-
teins that also contribute to AhR degradation. Blocking the
ubiquitination of AhR by mutating amino acid residues re-
quired for AhR ubiquitination may distinguish whether ubiq-
uitination of additional proteins is involved in AhR
degradation.

Our analyses of AhR degradation in ts20 cells reveal that the
turnover of AhR in untreated cells also requires E1, indicating
that degradation of unliganded AhR is mediated through a
ubiquitin-proteasome pathway. Because the unliganded AhR is
in a complex with heat shock protein 90 and (AIP) AhR inter-
acting protein in the cytoplasm, it is conceivable that the mech-
anism for the ubiquitin-proteasomal degradation of unliganded
AhR involves dissociation of AhR from the cytoplasmic complex
in the absence of an exogenous AhR ligand and therefore is
distinct from the mechanism for the degradation of ligand-
activated AhR in the nucleus. Elucidation of the mechanism by
which the cytoplasmic AhR is degraded may reveal new aspects
of the regulation of unliganded AhR, as well as other receptor/
transcription factors, such as the glucocorticoid receptor, the
estrogen receptor, and the bHLH/PAS factor Sim, which also
form a complex with heat shock protein 90 and immunophillins
in the absence of an activation signal.

Although regulation through the ubiquitin-proteasome-me-
diated proteolysis pathway has been implicated for transcrip-
tion factors, direct evidence of the functional impact of such
regulation on the transcriptional responses mediated by the
factors is lacking. Our analyses of the induction of endogenous
CYP1A1 gene expression clearly demonstrate that inhibition of
the 26 S proteasome enhances the induction of the gene by
TCDD, i.e. superinduction. These results indicate that TCDD-
induced ubiquitin-proteasomal degradation of AhR regulates
the activity of AhR in the nucleus by controlling the amount of
ligand-activated AhR, so that transcription of the target genes
can be maintained at a certain level. This conclusion is further
supported by the observation that inhibition of the 26 S pro-
teasome increases the amount of the functional AhRzArnt com-
plex, in a dose- and time-dependent manner (Fig. 6B and Ref.
25). AhR mediates a broad range of toxic responses to TCDD
and has been implicated in embryonic development, liver, and
immune functions, as well as cell growth and differentiation. It
will be intriguing and challenging to test whether the ubiq-
uitin-proteasomal regulation of AhR has a similar functional
impact on these more complex biological responses.

Degradation through the ubiquitin-proteasome pathway is
specific, because ubiquitination of the proteins involves a spe-
cific structural element (degron). The degron is recognized by a
specific ubiquitin-conjugating enzyme E2, either alone or in
conjunction with ubiquitin-ligase E3. Because TCDD induces
degradation of AhR, but not Arnt, it is possible that the AhR
protein contains a structural element that functions as a de-
gron for ubiquitination. Deletion analyses of AhR reveal that
the C-terminal half of AhR, which consists of the TA domain of
AhR, is required for AhR degradation by TCDD, suggesting
that the TA domain functions as a degron. Other transcription
factors, such as Myc and E2F-1, also contain TA domains that
signal the degradation of these transcription factors (42, 43).
Overlapping of the degrons with the TA domains of the tran-
scription factors is intriguing and may reflect a conserved
mechanism by which activated-transcription factors are regu-
lated through ubiquitin-mediated proteolysis. Because TA do-
mains interact with other transcription proteins, such as his-
tones and basal transcription factors, the TA domains may also
contribute to the ubiquitination and regulation of these pro-
teins through proteasomal degradation.

Previous studies on the TA activities of AhR and Arnt reveal

FIG. 8. Analyses of DNA-binding mutants for AhR degradation.
AhR and AhRR39A were expressed in AhR-D cells (A) and Arnt and
ArntR87A were expressed in Arnt-D cells (B) by using retroviral ex-
pression as described under “Experimental Procedures.” The cells were
treated with TCDD for 5 h, and total cell extract was analyzed by
immunoblotting with an anti-AhR antibody. Lower panel shows actin
blotted with an anti-actin antibody, as a control. Wt, wild type.
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that the TA activity of AhR is inhibited through an inhibitory
domain (30); activation of the TA occurs in the presence of
ligand and Arnt. The AhR TA domain mediates the induction of
CYP1A1 by TCDD. On the other hand, Arnt contains a TA
domain that is constitutively active but not required for the
induction of CYP1A1. Thus, regulation of the TA activities of
AhR and Arnt after ligand stimulation is an integral part of the
transcriptional function of AhR and Arnt (26, 30). Our analyses
of Arnt and an Arnt deletion mutant expressed in Arnt-D cells
indicate that there exists both Arnt-dependent and -independ-
ent degradation of AhR, suggesting that the AhR degron is, in
part, regulated through interaction with Arnt. This notion is
further supported by the observation that loss of DNA binding
of AhR or Arnt reduces AhR degradation (see below). Alterna-
tively, the mutant Arnt in the Arnt-D cells that can bind AhR
and is expressed at a low but detectable level because of re-
duced stability (41) contributes to AhR degradation in Arnt-D
cells.

Substitution of residues arginine 39 of AhR or arginine 87 of
Arnt with alanine abolishes the DNA binding activity of AhR
and Arnt (28). Degradation of the expressed AhRR39A in
AhR-D or the wild type AhR in Arnt-D cells expressing
ArntR87A is reduced; these results suggest that DNA binding
is, at least in part, involved in AhR degradation by TCDD. The
simplest explanation of these results is that there are two
mechanisms of AhR degradation: (a) DNA binding-dependent,
in which activated AhR dimerizes with Arnt and binds to the
DRE, followed by proteasomal degradation and (b) DNA bind-
ing-independent, in which activated AhR is degraded before
binding to DNA. Identification of the components of the ubiq-
uitin system(s) that mediate AhR degradation in the nucleus
and reconstitution of the degradation pathway(s) may provide
insights into the two mechanisms.

The bHLH/PAS proteins comprise a large family of tran-
scription factors that have been implicated in a number of
biological functions, such as hypoxic response (44, 45), circa-
dian rhythm control (46), embryonic development (47), and
transcriptional response to xenobiotics (5). The transcriptional
regulation by the bHLH/PAS factors often involves signal-in-
duced activation of a bHLH/PAS factor, followed by dimeriza-
tion of the factor with another bHLH/PAS protein and binding
to specific enhancer sequences of the target genes. Regulation
of bHLH/PAS proteins after activation by a signal is largely
unclear at present, although proteasomal degradation has been
shown for the control of the hypoxia-inducible factor Ia
(HIF1a), a bHLH/PAS factor that binds Arnt and mediates the
transcriptional response to hypoxia (44, 45). Because of the
similarities in the structure, signaling pathway, and function
among the bHLH/PAS factors, the AhR-mediated transcrip-
tional gene regulation constitutes a useful model for the signal
transduction of other bHLH/PAS proteins. Understanding the
molecular steps of the ubiquitin-proteasomal degradation of
AhR will provide new insights into the regulation of bHLH/PAS
transcription factors in general.
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