
487© 2008, Japanese Society for Alternatives to Animal Experiments

A new signaling pathway of dioxin receptor ligands 
through targeted protein degradation

Shigeaki Kato1,2, Yoshiaki Fujii-Kuriyama3 and Fumiaki Ohtake1,2

1ERATO, Japan Science and Technology Agency,
2Institute of Molecular and Cellular Biosciences, University of Tokyo,

3TARA Center, University of Tsukuba

Corresponding author: Shigeaki Kato
Institute of Molecular and Cellular Biosciences, University of Tokyo

Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan
Phone: +(81)-3-5841-8478, Fax: +(81)-3-5841-8477, uskato@mail.ecc.u-tokyo.ac.jp

Abstract
Fat-soluble ligands for ligand binding-dependent sequence-specific transcription factors, such as sex steroid 
hormones and environmental toxins, transduce signals via a target gene-selective transcriptional regulatory 
system. However, the mechanisms of cellular perception of fat-soluble ligand signals through other target-
selective systems are unclear. The ubiquitin-proteasome system regulates target protein-selective degradation, 
in which the E3 ubiquitin ligases determine target selectivity. Here, we characterise a fat-soluble ligand-
dependent ubiquitin ligase complex, where dioxin receptor (AhR) acts as a ligand-dependent component of 
the cullin 4B ubiquitin ligase complex, CUL4BAhR. The ligand-activated AhR is integrated as a substrate-
specific adapter component within the CUL4BAhR complex to promote degradation of sex steroid receptors, 
reflecting adverse sex hormone-related actions of AhR ligands. Our findings uncover a novel role for AhR as 
an atypical component of ubiquitin ligase, and demonstrate a signaling pathway in which fat-soluble ligands 
regulate target protein-selective degradation through a ubiquitin ligase complex. 
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Introduction
Two classes of sequence-specific transcription 

factors are known to be functionally regulated 
by ligand binding and thus mediate the selective 
biological effects of fat-soluble ligands such as 
hormones(4, 27, 31, 39) and environmental toxins(7, 
44). Estrogen and androgen receptors (ERα, ERβ, 
AR; sex steroid receptors), members of the nuclear 
receptor superfamily, mediate estrogen and androgen 
(sex hormone) signaling through target gene-selective 
transcriptional regulation(23, 27, 31). AhR/Arnt 
heterodimer, of which the components are members 
of the basic helix-loop-helix (bHLH)/PAS family, 
is likewise regulated by dioxin-type environmental 
ligands and other endogenous/exogenous aromatic 
hydrocarbons(14, 33, 36, 41). However, other 
signaling pathways for these fat-soluble ligands still 
remain to be investigated, although some pathways 
such as cell-membrane receptor-mediated pathways 
have been reported(10). 

In the ubiquitin-proteasome system, association 
of substrates with ubiquitin ligases is the initial step 
and is generally triggered by covalent modifications 

of substrates(8, 15, 21). The SCF (Skp1/cullin-
1(CUL1)/F-box proteins) modular ubiquitin ligase 
complexes typically recognize phosphorylated 
substrates for destruction(46), whereas a CUL2-based 
VHL complex recognizes prolyl-hydroxylated HIF-
1α(19, 20, 30). However, the regulatory mechanisms 
of ubiquitin ligase function in response to various 
extracellular signals are not fully understood at the 
molecular level.

Activated AhR promotes protein degradation of 
sex steroid receptors

Dioxin-type compounds reportedly modulate 
estrogen and androgen signaling both positively 
and negatively through AhR(1, 5, 6, 12, 25, 29). 
Moreover, functional/developmental impairments 
of male and female reproductive organs were 
described in mice deficient of AhR, suggesting 
roles of AhR in sex hormonal signaling(3, 25). We 
have previously reported that the ligand-activated 
AhR/Arnt heterodimer directly associates with 
ERα(35). Through this association, AhR potentiates 
17β - e s t r ad io l (E 2) -unbound ERα -med ia t ed 
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Fig. 1. Activated AhR acts as an E3 ubiquitin ligase
a, b, c, d, Proteasomal degradation of (a, b) hERα, (c) hER β,  (d) hAR by AhR-ligands. MCF-7 cells (a, b), KGN cells (c), and 
LNCaP cells (d) incubated with E2 (10 nM), DHT (10 nM) and/or 3MC (1 μM), β-naphthoflavone (βNF, 1 μM), benzo[a]pyrene 
(BaP, 100 nM), an AhR-antagonist α-naphthoflavone (αNF, 1 μM) in the presence or absence of MG132 (10 μM) for 3 hrs. Results 
observed by Western blotting with the specific antibodies.
e, Ubiquitination of ERα by an AhR-ligand. MCF-7 cells were incubated with the indicated ligands for 6 hrs, then subjected to 
immunoprecipitation with the indicated antibodies. The precipitates were Western blotted and subjected to dark exposure to detect 
poly-ubiquitinated forms of receptors.
f, Ubiquitin ligase activity of AhR-associated proteins in vitro. FLAG-HA-AhR associated proteins were immunoprecipitated from 
293T cells in TNE buffer, and the self-ubiquitination activity of the immunoprecipitated AhR complexes was assayed in vitro. Self-
ubiquitination of AhR was detected in the presence of E1/E2/ubiquitin/ATP.
g, Modulation of the ERα-mediated transcription by activated AhR mediates proteasome-mediated protein degradation. MCF-7 
cells were transfected with the reporter plasmid ERE-luciferase in the presence or absence of the ligands. Luciferase assays were 
performed with the cell extracts. All values are means +/- S.D. for at least three independent experiments.
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transcription of estrogen-responsive genes through 
co-activator recruitment and also represses E2-
bound ERα–mediated transcription. Several AhR 
agonists, such as 3-methylcholanthrene (3MC)(32), 
β-naphthoflavone (βNF)(16), and 2,3,7,8-tetra 
-chlordibenzo-p-dioxin (TCDD)(33), as well as 
a constitutive active AhR (CA-AhR) deficient in 
ligand-binding(2), were effective to activate ERα 
function(35). However, after further analysis of 
AhR-mediated repression of liganded ERα, we 
unexpectedly observed that ligand-bound AhR did 
not block co-activator recruitment of liganded ERα 
in the repression by ChIP analysis. Similarly, the 
transcriptional activity of androgen receptor (AR) 
is both positively and negatively modulated by 
association with activated AhR (Fig. 3a). 

Exploring the functions of AhR in sex hormone 
signaling, we found that protein levels of endogenous 
ERα (in mammary tumor-derived MCF-7 cells), 
ERβ (in ovarian tumor-derived KGN cells), and 
AR (in prostate cancer-derived LNCaP cells), were 
drastically decreased without altering mRNA levels 
(data not shown) upon activation of AhR by binding 
of 3MC, irrespective of binding to their cognate sex 
hormones (Fig. 1a-d. Other AhR-agonists, βNF and 
benzo(a)pyrene (BaP)(33), were also effective for 
ERα (Fig. 1b) and for the other sex steroid receptors 
(data not shown), in agreement with a previous report 
on ERα down-regulation in rat uterus(38). 

Activated AhR acts as an E3 ubiquitin ligase
Since AhR and ERα proteins are destabilized by 

binding of cognate ligands through ubiquitination 
for proteasome-mediated degradation(24, 26, 34, 
37), we tested whether functional modulation of 
ERs and AR by activated AhR is attributed to this 
degradation system. 3MC-enhanced degradation of 
sex steroid receptors was clearly attenuated in the 
presence of a proteasome inhibitor MG132 (Fig. 
1a-d), and 3MC-enhanced poly-ubiquitination of 
ERα was consistently observed (Fig. 1e). Moreover, 
FLAG-AhR immunoprecipitated complex exerted 
a self-ubiquitination activity in an E1/E2 enzyme-
dependent manner in vitro (Fig. 1f). MG132 treatment 
abrogated transcriptional modulation of liganded 
sex steroid receptor function by activated AhR (Fig. 
1g). We observed 3MC-dependent recognition of 
sex steroid receptors by AhR (ref(29, 35) and Fig. 
3a) and accelerated degradation of AhR itself upon 
activation of degradation of sex steroid receptors (Fig. 
1a and 1e). Taken together, these properties of AhR 
resemble that of classical adapter components of the 
E3 ubiquitin ligase complex such as F-box proteins(8, 
11) and VHL(30). Therefore we reasoned that 
activated AhR may serve as an E3 ubiquitin ligase 
component.

Identification of a ligand-dependent ubiquitin 
ligase complex, CUL4BAhR

To address this idea, we first tested if activated 
AhR forms a ubiquitin l igase complex. AhR-
containing complexes from the HeLa cells stably 
expressing FLAG-AhR in the presence of 3MC or 
an AhR-antagonist α-naphthoflavone (αNF) were 
purified(23, 40, 45). AhR formed large complexes 
only in the presence of 3MC but not αNF as revealed 
by a glycerol density gradient. Further fractionation 
by complex size on a glycerol gradient and by 
heparin-affinity chromatography revealed five 
major complexes containing AhR (Fig. 2a) only in 
the presence of 3MC (data not shown). Of these, 
complexes A and C turned out to be complexes 
containing well-known co-activators TRAP220/
DRIP205/Med220 and p300(39). Endogenous ERα 
was immunodetected in complexes B and C, but 
ubiquitinated components were seen only in complex 
B (Fig. 2b-c). 

By a mass-spectrometric analysis, the complex 
B was shown to be composed of the ubiquitin 
ligase core components, cullin 4B (CUL4B)(8, 47), 
damaged-DNA binding protein 1 (DDB1)(13, 17, 18, 
42, 43), Roc1(Rbx1)(8), together with subunits of 
19S regulatory particle (19S RP) of 26S proteasome 
as well as Arnt and transducin-beta-like 3 (TBL3) 
(Fig. 2d). These identities were confirmed by 
Western blotting (Fig. 2e). These AhR-interactants 
co-eluted within the same size-separated fractions 
(Fig. 2e) only in the presence of 3MC, but not αNF 
(data not shown), suggesting that AhR is a ligand-
dependent component to form a CUL4B complex. 
Neither CUL4A nor known substrate-specific 
adapter components for CUL4A such as DDB2, 
CSA, Det1(13, 42, 43) were present in the complex, 
although DDB1 appeared a common component of 
both the CUL4A and CUL4B complexes. 

Assembly and ubiquit in l igase act iv i ty of 
CUL4BAhR are ligand-regulated

Next we addressed whether complex assembly 
and/or ubiquitin ligase activity of CUL4BAhR is 
ligand-regulated. By co-immunoprecipitation of 
AhR, endogenous CUL4B was detected only in 
the presence of 3MC in MCF-7 and LNCaP cells 
(Fig. 3a). In addition, using two separately prepared 
components of recombinant AhR and CUL4B/DDB1/
Roc1 purified from Sf9 cells, we showed that complex 
assembly was 3MC-dependent (Fig. 3b). Direct 
and 3MC-dependent interaction of the conserved 
C-terminal acidic domain of AhR with the N-terminal 
region of CUL4B, which is specific for CUL4B but 
not for CUL4A and other cullins, was observed in 
a GST-pull down assay (Fig. 3c). DDB1 bound to a 
conserved region within CUL4A and CUL4B (Fig. 
3c) as expected, but did not bind to AhR (Fig. 3c).
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An AhR mutant lacking the CUL4B-binding 
acidic domain (AhR Δacid) was unable to promote 
ERα degradation, although this mutant still retained 
3MC-dependent transcriptional activity through 
AhR-binding xenobiotics responsive elements (Fig. 
3e). These results show that the ubiquitin ligase 

function of AhR is independent of ligand-induced 
transactivation function.

Discussion
Substrate recognition by the other substrate-

specific components in ubiquitin ligase complexes 

Fig. 2. Activated AhR is a core component of the CUL4B ubiquitin ligase complex.
a, b, Separation of AhR-associated complexes. The associated proteins for FLAG-AhR stably expressed in HeLa cells in the presence 
of 3MC or αNF, were first fractionated by a glycerol density gradient (Fr. 1-12 in top), and then eluted from AF-Heparin columns 
with the indicated KCl concentrations (FT - 1.0 M KCl). Shown are the samples from the 3MC-incubated cells, suggesting five 
distinct complexes. 
c, Components of an AhR-associated complex are highly ubiquitinated. Shown are Western blots using an anti-ubiquitin antibody. 
Among them, one isolated complex B was self-ubiquitinated in vivo and used for further analysis.
d, Identification of AhR-associated CUL4B ubiquitin ligase complex components. The isolated complex components were silver-
stained, and identified by MALDI-TOF/MS analysis.
e, The identified factors constitute a large complex. The identified components of the complex B were confirmed by Western blots 
with the indicated antibodies. 
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is in general evoked by substrate modifications(46). 
However, recognition and subsequent ubiquitination 
of sex steroid receptors by AhR, as a substrate-
specific component of the CUL4B-based ubiquitin 
ligase complex, requires dioxin-type fat-soluble 
compounds as ligands, but not modifications of sex 
steroid receptors. Thus, this is the first report that 
fat-soluble ligands directly control the function 
of a ubiquitin ligase complex for targeted protein 
destruction in animals (Fig. 4). In plants, auxin was 
recently found to control protein destruction via 
auxin receptor SCFTIR1, in which auxin-bound TIR1 
recognizes substrate proteins for destruction(9, 22). 
However, whereas SCFTIR1 is regulated by ligand-
dependent substrate recognition, CUL4BAhR is 
primarily regulated by ligand-dependent complex 
assembly as well as substrate recognition.  Considered 
toge ther, ub iqui t in l igase-based percept ion 
mechanisms of fat-soluble ligands may be diverse 
among different species. Possibly, other known and 

unknown receptors/binding proteins for fat-soluble 
ligands(7, 44) may also serve as key components 
of ubiquitin ligases to transduce ligand signaling to 
targeted protein-selective destruction.

Methods
Biochemical purification and separation of AhR-
associated complexes

Stable-transformed HeLa cells were incubated 
f o r o n e h o u r w i t h e i t h e r 3 M C ( 1 μ M ) o r 
α-naphthoflavone (1 μM), and the nuclear extracts 
were prepared as previously described(23, 35). The 
extracts were loaded onto M2 anti-FLAG agarose 
gel (Sigma). After being washed with a binding 
buffer, the bound proteins were eluted by incubation 
overnight with 1.0-5.0 ml of the Flag peptide 
([EYKEEEK]2, 0.2 mg/ml) (Sigma). For glycerol 
density gradients, the eluents were layered on top 
of a 13 ml linear 100-10% glycerol gradient and 
centrifuged for 16 hrs at 40,000 r.p.m. in an SW40 

Fig. 3. AhR ligand-dependent assembly and ubiquitin ligase activity of CUL4BAhR.
a, 3MC-dependent association of endogenous CUL4B and AhR with ERα/AR. 3MC-dependent assembly of endogenous CUL4B/
AhR/ERα and CUL4B/AhR/AR was determined in MCF-7 cells and LNCaP cells, respectively, by co-immunoprecipitation as 
indicated. No sex hormone was required for the 3MC-induced assembly.
b, The assembly of CUL4B complex components with AhR is 3MC-dependent. Co-immunoprecipitation of the recombinant CUL4B 
complex components as indicated was observed only when recombinant AhR was incubated with 3MC.
c, The activation domain of AhR directly binds to the N-terminus of CUL4B using an in vitro GST pull-down assay. In vitro-
translated AhR was incubated with 3MC, then direct association with GST-fused proteins was determined.
d, Ubiquitin ligase activity and transactivation function of AhR induced by ligand binding are independent. The indicated AhR-
derivatives were transfected in MCF-7 cells, then Western blotting and luciferase assays were performed as indicated. Accelerated 
degradation of the over-expressed FLAG-ERα by over-expressed wildtype AhR, but not by endogenous AhR, was observed.
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rotor (Beckman). The protein standards used were 
β-globulin (Mr 158K) and thyroglobulin (Mr 667K). 
The fractionated proteins were bound to heparin 
affinity columns (TOYOPEARL, AF-Heparin HC-
650M), then washed and eluted by binding buffer 
with different KCl concentrations (0.15 M to 1.0 M). 
AhR-associated proteins were identified by MALDI-
TOF/MS (Voyager) (23). For purification of core 
CUL4BAhR complex, the nuclear extracts were first 
bound to the GST-CUL4B-N (1 A.A.-318 A.A.) 
columns. The bound complexes were eluted with 
reduced glutathione (15 mM) in an elution buffer, and 
loaded onto anti-FLAG columns (23).

Immunoprecipitation and in vivo ubiquitination
Whole cell extracts were immunoprecipitated either 

with anti-ERα (Chemicon), anti-AhR (Santa Cruz 
Biotechnology, N-19), anti-FLAG (Sigma, F-3165), 
anti-HA (Rosche). For Western blotting, anti-ERα 
(Santa Cruz Biotechnology, HC-20), anti-AhR (Santa 
Cruz Biotechnology, H-211), anti-Arnt (Affinity 
BioReagent), anti-CUL4 (Santa Cruz Biotechnology, 
H-66), anti-DDB1 (Santa Cruz Biotechnology, H-17), 

anti-TBL3 (in our laboratory), anti-ubiquitin (Santa 
Cruz Biotechnology, P4D), anti-FLAG (Sigma, 
F-7425), anti-HA (ICL). ChIP assays were performed 
as previously described (35).

For detection of ubiquitinated proteins (28), 
cells were lysed with RIPA buffer [2 mM Tris-HCl 
(pH=7.5), 4mM EDTA, 150 mM NaCl, 1 % NP40, 
1 % deoxycholate, 0.025 % SDS], sonicated and 
extracts were prepared rapidly, and the cell extracts 
were subjected to immunoprecipitation with the 
indicated antibodies.

In vitro ubiquitination assay
The in vitro ubiquitination assays were performed 

as previously described (13, 28). Baculovirus 
particles for FLAG-CUL4B/His-DDB1/His-Roc1 
or FLAG-AhR/His-Arnt expressed by pFastBac 
(Invitrogen) were infected into Sf9 cells. After 72 
h incubation, cells were lysed by buffer B [20 mM 
Tris-HCl (pH 7.5), 0.5 % NP40, 150 mM NaCl, 2 
mM 2-mercaptoethanol, 10 % glycerol]. The lysate 
was incubated with anti-FLAG antibody for 5 h, then 
eluted with 0.2 mg/ml FLAG peptide in buffer B. 

Fig. 4. The ligand-dependent ubiquitin ligase function of AhR.
The schematic model of this study. Activated AhR assembles a ubiquitin ligase complex to regulated targeted protein destruction.
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The purified FLAG-AhR/Arnt (0.2 μg) was 
incubated either with 3MC (10 μM) or vehicle 
(DMSO) for 30 min at 25°C, then mixed with FLAG-
CUL4B/DDB1/Roc1 complex (0.2 μg) and incubated 
for 30 min at 25°C. Then the mixture was added with 
substrates [ERα (Calbiochem)], and then applied for 
a ubiquitin ligation reaction (final volume 30 μl) [50 
mM Trs-HCl (pH 7.4), 5 mM MgCl, 2 mM NaF, 2 
mM ATP and ATP-regenerating system, 0.6 mM DTT, 
12 μg ubiquitin (Calbiochem), 60 ng E1(Calbiochem), 
0.3 μg E2 mixture set (Calbiochem)] (13, 28). 
The mixtures were incubated at 30°C for 60 min, 
terminated by boiling for 5 min in SDS sample buffer. 
The ubiquitination of ERα was detected by anti-ERα 
antibody (HC-20, Santa Cruz Biotechnology). 
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