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ABSTRACT The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription
factor that is known as a mediator of toxic responses. Recently, it was shown that
the AhR has dual functions. Besides being a transcription factor, it also possesses an
intrinsic E3 ubiquitin ligase function that targets, e.g., the steroid receptors for protea-
somal degradation. The aim of this study was to identify the molecular switch that de-
termines whether the AhR acts as a transcription factor or an E3 ubiquitin ligase. To do
this, we used the breast cancer cell line MCF7, which expresses a functional estrogen re-
ceptor alpha (ERa) signaling pathway. Our data suggest that aryl hydrocarbon receptor
nuclear translocator (ARNT) plays an important role in the modulation of the dual func-
tions of the AhR. ARNT knockdown dramatically impaired the transcriptional activation
properties of the ligand-activated AhR but did not affect its E3 ubiquitin ligase function.
The availability of ARNT itself is modulated by another basic helix-loop-helix (bHLH)-Per-
ARNT-SIM (PAS) protein, the repressor of AhR function (AhRR). MCF7 cells overexpressing
the AhRR showed lower ERa protein levels, reduced responsiveness to estradiol, and
reduced growth rates. Importantly, when these cells were used to produce estrogen-
dependent xenograft tumors in SCID mice, we also observed lower ERa protein lev-
els and a reduced tumor mass, implying a tumor-suppressive-like function of the
AhR in MCF7 xenograft tumors.

KEYWORDS aryl hydrocarbon receptor, molecular switch, E3 ubiquitin ligase,
transcription factor, aryl hydrocarbon receptor nuclear translocator, aryl hydrocarbon
receptor repressor
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cator (ARNT)-SIM (PAS) proteins function as biological sensors that respond to
physiological stimuli and environmental signals to mediate adaptive cellular responses.
In general, these proteins form heterodimers that consist of a signal-induced subunit
and an unregulated, ubiquitously expressed subunit (1). A member of the family of
bHLH-PAS proteins is the AhR. Initially identified by Poland and Knutson (2) as a binding
site for planar, nonhalogenated, and halogenated xenobiotics, in particular the highly
toxic 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the AhR was viewed for a long time as
a mediator of xenobiotic-induced toxicity and carcinogenesis. However, mouse knock-
down studies have revealed a role for the AhR beyond xenobiotic-induced toxicity and
carcinogenesis. For example, the AhR has been shown to be involved in fetal liver
development (3), immune cell modulation and differentiation (4-6), and gastrointesti-
nal homeostasis (7, 8). The developmental defects observed in AhR~/~ mice and the
strong conservation of the AhR throughout evolution (for a review, see reference 9)
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clearly point toward an essential role of this receptor in cell proliferation and differen-
tiation in both developmental and physiological processes.

The molecular events following the activation of the AhR by ligands such as TCDD
are fairly well understood. In its latent form, the AhR resides in the cytoplasm bound to
heat shock protein 90 and cochaperones. Upon ligand binding, the AhR translocates to
the nucleus, where it dimerizes with its partner protein ARNT and binds to its cognate
response elements, the so-called xenobiotic response elements (XREs), in the promoter
regions of target genes such as the cytochrome P4501A1 (CYPTAT) and cytochrome
P4501B1 (CYP1B1) genes encoding xenobiotic-metabolizing enzymes (for a review, see
reference 10). The activity of the ligand-activated AhR is controlled by several attenu-
ating mechanisms. The half-life of the activated receptor is restricted by ubiquitinyla-
tion and, subsequently, proteasomal degradation (21). The availability of the activating
ligand is controlled through metabolic clearance by the AhR-induced expression of
metabolizing enzymes (12). Moreover, the AhR induces the expression of another
bHLH-PAS protein, the repressor of AhR function (AhRR) (13). Previous studies by
Oshima et al. showed that the AhRR competes with the AhR for heterodimerization with
ARNT at XRE sites (14), thereby negatively regulating AhR signaling.

Besides functioning as a ligand-activated transcription factor, in 2007, the AhR was
identified by Ohtake et al. as a ligand-dependent E3 ubiquitin ligase targeting substrate
proteins for proteasomal degradation (15). Unlike typical CUL4BP<FA E3 ubiquitin
ligases, which contain damaged DNA binding protein 1 (DDB1)- and CUL4-associated
factors (DCFA), the CUL4APR complex uses the activated AhR as an adaptor protein for
substrate recognition. Consisting of the scaffold protein CUL4B, the ring finger protein
RBX1, the B-transducin-like protein transducin-B-like 3 (TBL3), the proteasomal 19S
particle, and DDB1, this atypical CUL4B ligase assembles and functions only in the
presence of the activated AhR. Among substrate proteins identified for the CUL4ANR
complex are steroid receptors such as estrogen receptor alpha (ERa), ERB, and andro-
gen receptor (15).

An antitumorigenic role of the AhR was observed in steroid receptor signaling-
dependent tumors such as prostate and breast cancers (15, 16). The development and
progression of breast cancer are highly linked to excessive ERa signaling due to the
increased production of 17B-estradiol (E,) as well as high ER« levels. The activated AhR
has been shown to interfere with ER« signaling through (i) the activation of ER« in the
absence of E, on ERa target genes (17), (ii) inhibitory XREs in the promoter region of
ERa target genes (17), (iii) the modulation of E,-synthesizing enzymes such as CYP19
(18), (iv) competition for coactivators such as ARNT (19), and (v) targeting of ER« for
proteasomal degradation (15).

To date, it is not clear how the dual function of the AhR is regulated. In this study,
we investigate whether ARNT is the main factor governing the ability of the AhR to
switch between the two different functions. Since AhR-mediated ERa degradation is
not affected by ARNT knockdown, we hypothesize that the AhR functions as a tran-
scription factor when ARNT is available but that in the absence of ARNT, the E3 ligase
function is favored.

RESULTS AND DISCUSSION

ERa degradation by the CUL4BAPR complex is not dependent on ARNT. The AhR
is the only bHLH-PAS protein identified so far that possesses both an intrinsic tran-
scription factor function as well as an E3 ubiquitin ligase function. Equipped with these
two functions, the AhR is able to regulate cellular protein levels by two distinct
processes, transcription and proteasomal degradation.

However, the molecular mechanisms regulating the transcription factor and E3
ubiquitin ligase functions of the AhR have not yet been identified. We used the human
breast cancer cell line MCF7 expressing a functional ERa signaling pathway to study the
molecular switch that regulates the dual functions of the AhR. As expected, we show
that ligand activation of AhR function by treatment with 10 nM TCDD for 0 to 6 h
markedly reduced total ER« levels (Fig. 1A, left) in MCF7 cells. The AhR itself was also
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FIG 1 The E3 ubiquitin ligase function of the AhR is favored in cells in which AhR transcriptional activity is impaired
by ARNT knockdown. (A) Western blotting (top) and relative AhR protein levels (bottom). MCF7 cells were
transfected with negative-control siRNA (siCtrl) or siRNA targeting the AhR (siAhR) and incubated for 48 h. The cells
were then treated with TCDD (5 nM) for the indicated times. Cycloheximide at 10 uM was included in all treatment
regimes. Whole-cell extracts were prepared, separated on SDS-PAGE gels, and analyzed by immunoblotting using
ERa, AhR, and B-actin antibodies. The band intensities of ERa immunoblots were quantified by using ImageJ
software, and the relative ERa protein levels were normalized to B-actin levels and are presented as mean values
from three independent experiments. (B) Cells were treated with 10 nM TCDD in the presence of 10 uM the
proteasomal inhibitor MG132 for up to 6 h, and whole-cell extracts were prepared. Extracts were analyzed following
immunoprecipitation (IP) with an ERa antibody by immunoblotting using antiubiquitin (anti-Ub). (C) Following
transfection with siRNA, MCF7 cells were treated with 10 nM TCDD for 0 to 6 h. Total RNA was prepared, and the
expression of the AhR target gene CYP1AT was analyzed by RT-qPCR. HPRT was used as an endogenous control for
AAC; analysis. Data are presented as means *+ SD of results from three independent experiments performed in
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degraded upon ligand treatment but only after 6 h, as previously shown (20, 21).
Nevertheless, in cells in which the AhR was transiently downregulated by RNA inter-
ference, ERa degradation was almost completely abolished (Fig. 1A, right). Further-
more, immunoprecipitation studies with anti-ERa revealed that ERa was polyubiquiti-
nated in MCF7 cells treated with 10 nM TCDD for 6 h in the presence of the proteasomal
inhibitor MG132 (10 wM) but not in cells that received only vehicle or MG132 treatment
(Fig. 1B). Taken together, these results confirm that the AhR functions as a ligand-
activated E3 ubiquitin ligase targeting ERa for proteasomal degradation.

To function as a transcription factor, the AhR needs to heterodimerize with its
partner protein ARNT. We therefore examined the role of ARNT in the regulation of the
transcription factor and E3 ubiquitin ligase functions of the AhR. To examine the
transcription capacity of the AhR, we used CYP1A1, which is one of the best-studied
AhR target genes. MCF7 cells transiently transfected with scrambled small interfering
RNA (siRNA) showed a tremendous increase in the CYP1TA1 mRNA level with treatment
with 10 nM TCDD over a time course of 0 to 6 h (Fig. 1C). However, MCF7 cells in which
ARNT expression was downregulated by RNA interference responded to TCDD treat-
ment with a significantly lower level of induction of CYPTAT mRNA expression, sug-
gesting that ARNT is essential as a partner protein for the AhR to function properly as
a transcription factor. Surprisingly, when we investigated ERa degradation in TCDD-
treated MCF7 cells in which ARNT was downregulated by siRNA, we observed an even
better reduction in total ERa levels compared to those in cells receiving control siRNA
(Fig. 1D). We further investigated the levels of endogenous ubiquitinated ERa in cells
in which ARNT levels were greatly reduced due to RNA interference. In accordance with
the ERa degradation data, immunoprecipitation experiments revealed that these cells
showed very similar or even higher levels of ubiquitinated ER« than cells that received
scrambled siRNA (Fig. 1E). ARNT was originally identified by Ohtake and colleagues (15)
as part of the Cul4BA"R complex together with the activated AhR, cullin 4B, Rbx1, DDB1,
TBL3, and the 19S regulatory particle. However, we could not identify Arnt as a part of
the Cul4BAPR complex in MCF7 cells treated with TCDD when coimmunoprecipitated
with a Cul4B antibody (Fig. 1F, left). In addition, MCF7 cells were transfected with
Flag-tagged Arnt, and a Flag antibody was used in the coimmunoprecipitation assay. As
expected, the AhR was a part of the coimmunoprecipitated complex, but neither Cul4B
nor ERa was detected (Fig. 1F, right), in accordance with the Cul4B coimmunoprecipi-
tation results. In contrast to our data, Ohtake et al. (15) used Flag-tagged AhR overex-
pressed in Hela cell nuclear extracts to coimmunoprecipitate the Cul4BAhR complex
and thus probably obtained a mix of AhR-ARNT transcription factor and Cul4BAhR E3
ubiquitin ligase complexes for detection. Their observation that ARNT is part of the E3
ligase complex may therefore be mistakenly based on the occurrence of ARNT within
AhR-ARNT transcription factor complexes but not within the E3 ubiquitin ligase com-
plexes (see Fig. 1 and 2D in reference 15).

The degradation of the ligand-activated AhR is dependent on the ARNT. An
important mechanism to restrict the function and activity of transcription factors and
E3 ubiquitin ligases is to highly control their expression levels. Also, AhR levels are

FIG 1 Legend (Continued)

duplicate. (D) Western blotting (left) and relative AhR protein levels (right). Cells were treated with 10 nM TCDD for
0 to 6 h, and whole-cell extracts were collected. Cell extracts were separated on an SDS-PAGE gel and transferred
onto a membrane for immunoblotting. The blots were analyzed by using ERa, ARNT, and B-actin antibodies. The
band intensities of ERa immunoblots were quantified by using ImageJ software, and the relative ERa protein levels
were normalized to B-actin levels and are presented as mean values from three independent experiments. (E) MCF7
cells were transiently transfected with negative-control siRNA or siRNA against ARNT. Forty-eight hours after
transfection, cells were treated with 10 uM the proteasomal inhibitor MG132 and 10 nM TCDD. Cells were
harvested, an immunoprecipitation assay was preformed with an ERa antibody, and cells were immunoblotted as
indicated. (F) MCF7 cells were treated with the proteasomal inhibitor MG132 (10 uM) and TCDD (10 nM) for 6 h.
(Left) Cell extracts were coimmunoprecipitated with anticullin, and immunoblotting was performed as indicated.
(Right) MCF7 cells were transfected with Flag-tagged Arnt, and a Flag antibody was used in the coimmunopre-
cipitation assay. The immunoprecipitation experiments were repeated several times, and the data show the results
of a representative experiment.
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FIG 2 Degradation of the AhR is impaired in cells where ARNT protein levels are reduced. (A) Western
blotting (top) and relative AhR protein levels (bottom). Whole-cell extracts were prepared from TCDD-
treated Hepa-1c1c7 (wild-type [WT]) and Hepa C4 (C4) cells at the indicated time points and separated
by SDS-PAGE. Immunoblots were analyzed by using AhR and GAPDH antibodies. The band intensities of
AhR immunoblots were quantified by using ImageJ software, and the relative AhR protein levels were
normalized to GAPDH levels and are presented as mean values from three independent experiments. (B)
Western blot analysis of ARNT protein levels in Hepa-1c1c7 cells (WT) and Hepa C4 cells (C4). (C) Western
blotting (top) and relative AhR protein levels (bottom). MCF7 cells were transiently transfected with
negative-control siRNA and siRNA targeted to ARNT and treated with TCDD. At the indicated time points,
cells were harvested, and whole-cell extracts were subjected to immunoblotting. Blots were analyzed for
anti-AhR, anti-ARNT, and anti-B-actin. The data show results from a representative experiment. The band
intensities of AhR immunoblots were quantified by using ImageJ software, and the relative AhR protein
levels were normalized to B-actin levels and are presented as mean values from three independent
experiments. (D) ARNT mRNA expression in MCF7 cells transfected with control siRNA or specific siRNA
against ARNT. The data represent the means = SD of results from three independent experiments
performed in duplicate.

tightly regulated in a time- and dose-dependent way when activated by ligands such
as TCDD (21-24). Observations reported previously by Ma and Baldwin (21) suggest
that functional ARNT is essential for the ligand-induced ubiquitinylation of the AhR.
Indeed, AhR protein levels were downregulated in wild-type mouse hepatoma (Hepa)
cells (Fig. 2A, left), whereas Hepa C4 cells harboring a point mutation in the PAS domain
of ARNT (25, 26) showed very little ligand-induced AhR degradation (Fig. 2A, right). In
these cells, mutant ARNT has highly increased protein turnover, leading to a large
reduction of total ARNT protein levels (Fig. 2B). Similar to Hepa C4 cells, ligand-induced
AhR degradation was delayed in MCF7 cells in which ARNT levels were reduced by RNA
interference (Fig. 2Q). Figure 2D shows that ARNT mRNA levels in MCF7 cells transfected
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FIG 3 Overexpression of the AhRR affects AhR signaling by diminishing the transcription factor function
of the AhR. (A) AhRR expression levels in MCF7 cells stably overexpressing the AhRR. Clones stably
overexpressing the Myc-tagged AhRR were generated by transfection with pEFIRESpuro or pEFIRESpu-
romycAhRR constructs and subsequent selection with puromycin. Shown are data from analyses of AhRR
MRNA expression levels (left) and protein levels (right) in MCF7 control cells and two selected clones. (B)
Effect of AhRR overexpression on AhR-regulated gene expression. MCF7 cells were treated with 10 nM
TCDD for 6 h. Total RNA was prepared, and the expression of CYP1A1 was analyzed by RT-qPCR. HPRT
was used as an endogenous control for AAC; analysis. Data are presented as means =+ SD of results from
three independent experiments performed in duplicate. (C) Recruitment of the AhR to the CYP1A1
promoter is impaired by overexpressed AhRR. ChIP was performed on MCF7 cells treated with DMSO or
10 nM TCDD for 2 h, using antibodies (Ab) against AhRR, AhR, and IgG (as a negative control). The
immunoprecipitated DNAs were analyzed by quantitative PCR using primers spanning an XRE-containing
region of CYPTA1. Data are presented as means = SD of results from three independent experiments
performed in duplicate.

with siRNA targeting ARNT are largely decreased. Taken together, these data show that
ARNT has a pivotal role for ligand-induced AhR degradation but not for the E3 ubiquitin
ligase function of the Cul4BAhR complex.

Overexpression of the AhRR disrupts DNA binding of the AhR and thereby
negatively regulates AhR transcriptional function. The availability of ARNT itself is
modulated by another bHLH-PAS protein, the AhRR, as identified by Mimura and
colleagues (13). The structural organization of this protein resembles that of the AhR,
with the exception of the ligand binding domain and the transactivation domain. Thus,
the AhRR cannot be activated by ligands. Oshima and colleagues (14) showed that
mutual sumoylation enhanced the interaction between the AhRR and ARNT, thereby
competing with the AhR/ARNT heterodimer for XRE binding and suppressing AhR
signaling, consistent with both the AhR and AhRR utilizing ARNT as a dimerization
partner. We generated MCF7 cells with stable overexpression of the Myc-tagged AhRR
(Fig. 3A) and characterized these clones with regard to TCDD-induced AhR signaling.
Clones overexpressing the AhRR showed both lower basal mRNA expression levels of
the AhR target gene CYPTAT as well as lower ligand-induced expression levels of the
CYP1AT gene (Fig. 3B). In accordance with the mRNA data, CYP1A1 protein levels and
CYPT1A1 enzyme activity were upregulated in response to TCDD only in the clone
expressing an empty control vector, whereas clones overexpressing the AhRR showed
no upregulation of protein levels and enzyme activity (data not shown). Furthermore,
the recruitment of the AhR to its DNA binding site (XRE) on the target gene CYP1AT
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FIG 4 Estrogen receptor alpha signaling is impaired in MCF7 breast cancer cells overexpressing the
repressor of AhR function. (A) MCF7 cells were treated with 10 nM E, for 24 h, total RNA was prepared,
and the expression levels of the estrogen receptor target genes CTSD (left) and PR (right) were
analyzed by RT-gPCR. Beta-actin was used as an endogenous control for AAC; analysis. Data are
presented as means = SD of results from three independent experiments performed in duplicate. (B)
TCDD-induced ERa degradation is increased in MCF7 cells stably overexpressing the Myc-tagged AhRR.
Shown are data for Western blotting (top) and relative AhR protein levels (bottom). Cells were treated
with 10 nM TCDD for the indicated times, and whole-cell extracts were prepared and subjected to
immunoblotting with anti-ERe, anti-Myc tag, and anti-B-actin. The band intensities of ERa immunoblots
were quantified by using ImageJ software, and the relative ERa protein levels were normalized to B-actin
levels and are presented as mean values from three independent experiments. (C) TCDD-induced ERa
ubiquitinylation in MCF7 cells stably overexpressing the AhRR. Cells were treated with 10 uM the
proteasomal inhibitor MG132 and 10 nM TCDD. Whole-cell extracts were immunoprecipitated with
anti-ERa and immunoblotted with antiubiquitin.

was impaired when the AhRR was overexpressed (Fig. 3C, right), and the seques-
tering of the AhR from the XRE was due to the binding of the AhRR to the same
sequence (Fig. 3C, left). These data clearly indicate that both the DNA binding and
the transactivation properties of the ligand-activated AhR are disrupted by the
overexpression of the AhRR.

Estrogen responsiveness and ERa protein levels are reduced in MCF7 cells
stably overexpressing the AhRR. We further investigated whether the E3 ubiquitin
ligase function of the AhR is affected by the overexpression of the repressor of AhR
function. Since the ubiquitin ligase function of the AhR targets ERa for proteasomal
degradation, we compared the responses to estrogen treatment (E,) in MCF7 cells with
or without overexpression of AhRR. MCF7 cells stably transfected with an empty control
vector responded to 24 h of E, treatment with an upregulation of the ER« target genes
cathepsin D (CTSD) (Fig. 4A, left) and progesterone receptor (PR) (Fig. 4A, right). In
contrast to the control cells, AhRR-overexpressing clones (AhRR#1 and AhRR#2) showed
a reduced responsiveness to E, treatment, suggesting that their unresponsiveness may
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be due to lower ERa protein levels. We therefore investigated ERa protein and ERa
ubiquitinylation levels in MCF7 cells overexpressing the AhRR. Clones that overexpress
the AhRR had in general lower ERa protein levels than did control cells. TCDD-induced
ERa degradation was observed in control cells as well as AhRR-overexpressing clones,
with the exception of clone 2, which showed the lowest ERa protein levels and seemed
not to be further degradable (Fig. 4B). A similar pattern was also observed for ubig-
uitinylated ERa. While control cells and clone 1 showed TCDD-induced ERa ubiquiti-
nylation, high levels of ubiquitinylated ERa were detected in clone 2 irrespective of
TCDD treatment (Fig. 4C). By sequestering ARNT, the AhRR impairs the transcription
factor function of the AhR, thereby switching the receptor toward its E3 ubiquitin ligase
function. It was previously shown that the ARNT could function as a coactivator for both
ERa and ERPB regulating estrogen-dependent transcription (19). It is therefore possible
that competition for the recruitment of coactivators plays a role in the responsiveness
of ERa target genes to estrogen treatment. It is plausible that the overexpression of the
AhRR can affect other signaling pathways that regulate ERa stability and function;
however, our results obtained in experiments on ERa protein levels and ubiquitinyla-
tion using siRNA targeting ARNT rather point toward a role of ARNT in the regulation
of the transcription factor and E3 ligase function of the AhR.

Reduced tumor volume and ER« expression in MCF7 xenograft tumors stably
overexpressing the AhRR. By targeting the ERa for proteasomal degradation through
its E3 ubiquitin ligase function, the AhR may serve as an important new therapeutic
target in ER-dependent tumors. In order to investigate the functional consequences of
reduced ERa protein levels for tumor cell behavior, we investigated tumor growth of
MCF7 breast cancer cells in which AhR function was modulated by AhRR overexpres-
sion in vitro and in vivo. MCF7 cells with overexpressed AhRR (AhRR#2 cells, which also
have low levels of ERa without ligand treatment) showed a lower growth rate than that
of control cells in vitro, while there was no statistically significant difference between
control cells and AhRR#1 (Fig. 5A). This is in line with previous work done by Zhang and
coworkers that showed an enhanced proliferation of MCF7 and BT474 cells, both
estrogen-dependent cell lines, when the AhR was silenced with siRNA. In contrast, the
knockdown of the AhR in MDA-MB-468 cells, an estrogen-independent cell line, did not
affect cell proliferation (27). Hypoxia-inducible transcription is important for tumor
progression (28). Since hypoxia-inducible factors (HIFs) also use ARNT as a partner
factor, the AhRR may affect HIF signaling. In order to investigate whether AhRR
overexpression influences hypoxia-inducible gene transcription, we cultured MCF7 cells
with and without the overexpressed AhRR in 21% or 1% oxygen for 18 h and
investigated the expression of three well-characterized hypoxia-inducible genes, phos-
phoglycerate kinase 1 (PGK1), Dec1, and prolyl hydroxylase 3 (PHD3) (29). As shown in
Fig. 5B, the induction of these genes was not affected by the overexpression of the
AhRR, suggesting that the AhRR does not alter the HIF signaling pathway. It was
previously shown that HIF-1a exhibited a very high affinity for Arnt, resulting in
competition with the ligand-activated AhR for the recruitment of Arnt (30), and we
believe that HIF1« has a higher affinity for Arnt than for the AhRR. Since AhRR#2 cells
showed reduced growth without a ligand, we injected these cells and control cells into
SCID mice. Interestingly, xenograft tumor volumes were reduced in animals that
received MCF7 cells with high levels of the AhRR in comparison to xenograft tumors
that contained control cells (Fig. 5C). Figure 5D shows that AhRR mRNA expression
levels are indeed higher in these tumors. We further investigated ERa protein levels in
these tumors. In accordance with the data from the cell studies, ERa protein levels were
lower in tumors from mice that received MCF7 cells overexpressing the AhRR (Fig. 5E).
Furthermore, paraffin sections were prepared from the tumors and immunostained for
ERa (Fig. 5F). Reduced ERa staining was detected in sections of tumors of mice that
received MCF7 cells overexpressing the repressor of AhR function (Fig. 5F, right). Taken
together, our data clearly point toward a tumor-suppressive role of the AhR in MCF7
xenograft tumors. In contrast to our study, Moennikes et al. and Andersson et al. (31,
32) described that the AhR functions in a protumorigenic manner, promoting the
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FIG 5 Estrogen-dependent tumor growth and ERa levels are reduced in SCID mice injected with MCF7 breast cancer cells stably overexpressing
the AhRR. (A) MCF7 control cells and MCF7 cells stably overexpressing the AhRR (AhRR#1 and AhRR#2) were cultured for up to 96 h. At the
indicated time points, cells were harvested, and the optical density at 600 nm (OD 600) was measured. Data are presented as means * SD of
results from three independent experiments in quadruplicate (P value of 0.0126). (B) AhRR overexpression does not affect hypoxia-inducible gene
factors in MCF7 cells. MCF7 control and AhRR-overexpressing (AhRR#1 and AhRR#2) cells were cultured for 18 h in 21% or 1% oxygen. Cells were
subsequently harvested, and expression levels of the hypoxia target genes PGK1, Dec1, and PHD3 were analyzed by RT-qPCR. HPRT was used as
an endogenous control for AAC; analysis. Data are presented as means = SD from three independent experiments. (C) SCID mice (n = 10) were
injected with MCF7 cancer cells with or without overexpressed AhRR (AhRR#2) in the presence of estrogen-releasing pellets. Tumors were
measured by palpation. After 22 days, the mice were sacrificed, tumors were removed, and the tumor volume was determined. Data are presented
as means = standard errors of the means (n = 10) (*, P = 0.05; **, P = 0.01 [by two-way analysis of variance]). (D) AhRR mRNA levels in xenograft
tumors from SCID mice injected with control cells (Ctrl) or AhRR-overexpressing cells (AhRR#2). Expression levels were analyzed by RT-qPCR. TBP
was used as an endogenous control for AAC; analysis. Data are presented as means = SD of results from four different tumors. (E) ERa protein
levels in tumors from SCID mice injected with control cells (Ctrl) and cells overexpressing the AhRR (AhRR#2). The data show results from a
representative experiment with 6 different tumors. (F) Immunohistochemical analysis of ERa levels in tumors from mice injected with (right) or
without (left) AhRR-overexpressing cells. The tumors were stained with an antibody against ERa and counterstained with hematoxylin. Data show
results from a representative experiment.

development of liver and stomach tumors in transgenic mice expressing a constitu-
tively active AhR (CA-AhR). In these mice, the constitutively active AhR, which was
constructed by deleting the ligand binding domain, mimics the situation of constant
activation by persistent ligands, implying that prolonged receptor activation can be
deleterious or that the mutated AhR may not have ubiquitinylation activity. However,
in accordance with our data, Kawajiri and colleagues (7) observed a higher incidence of
gastrointestinal tumors in AhR™/~ mice due to abnormally high levels of B-catenin,
suggesting an important antitumorigenic role of the AhR. As described here for ER,
even B-catenin serves as a substrate protein for the E3 ubiquitin ligase function of the
AhR. Thus, we propose a tumor-suppressive function for the E3 ubiquitin ligase
function of the AhR.

Hormone-dependent tumors, e.g., breast cancer, are widely treated with aromatase
inhibitors, inhibiting the production of E,, or with so-called selective estrogen receptor
modulators such as tamoxifen. Unfortunately, resistance to the above-mentioned
treatment is frequently observed, with progression to more aggressive phenotypes in
which ERa phosphorylation renders the receptor in an activated conformation inde-
pendent of ligand activation (33). Therapeutic treatment that can affect the cellular
levels of activated ERa therefore needs to be developed.

As schematically summarized in Fig. 6, our data suggest an important role of ARNT
in the modulation of the dual functions of the AhR. We show that ARNT may serve as
the molecular switch that determines whether the AhR will serve as a ligand-activated,
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FIG 6 Arnt availability regulates the AhR switch from a transcription factor to an E3 ubiquitin ligase. (A
and B) If ARNT is available, the AhR functions as a ligand-induced transcription factor (A) and is
subsequently degraded via the proteasome complex (B). (C and D) If ARNT is occupied by other partner
factors, e.g., the AhRR (C), the AhR functions as an E3 ubiquitin ligase targeting substrate proteins for
proteasomal degradation, for instance, ERa. L, AhR ligand; HDACs, histone deacetylases.

sequence-specific transcription factor or be part of the CUL4BAPR ubiquitin ligase
complex targeting, e.g., ERa for proteasomal degradation. The knockdown of ARNT or
overexpression of the AhRR, another dimerization partner for ARNT, impaired dramat-
ically the transcriptional activation properties of the AhR but mostly did not affect the
recognition of substrate proteins by the CUL4BAPR complex. Thus, the availability of
ARNT seems to determine whether the AhR is directed toward an E3 ligase function or
acts as a transcription factor. Furthermore, we show that MCF7 cells overexpressing
the AhRR have lower growth rates, lower levels of ERa protein, and a reduced
estrogen-dependent xenograft tumor growth capacity, clearly indicating that AhRR
protein levels can modulate AhR function via ARNT. More work utilizing both in vitro
and in vivo models is needed to elucidate the full function of the AhR as an E3
ubiquitin ligase. Nevertheless, our work provides evidence for a tumor-suppressive
role of the E3 ubiquitin ligase function of the AhR. It will therefore be interesting to
assess if the AhR can be used as a therapeutic target for the treatment of
estrogen-dependent tumors.

MATERIALS AND METHODS

Reagents. TCDD (Wellington Laboratories, Guelph, Ontario, Canada) and the proteasomal inhibitor
MG132 (Calbiochem, Merck, Darmstadt, Germany) were dissolved in dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, St. Louis, MO). E, and cycloheximide (CHX) (both from Sigma-Aldrich) were dissolved in ethanol.
The final concentration of the vehicle did not exceed 0.1% (vol/vol). Puromycin and N-ethylmaleimide
were purchased from Sigma-Aldrich and dissolved in H,0.

Cell culture conditions and treatments. The ERa™ human breast cancer cell line MCF7 was cultured
in Dulbecco’s minimum Eagle medium (DMEM) (4.5 g/liter glucose) supplemented with 10% fetal bovine
serum (FBS), streptomycin (100 wg/ml), and penicillin (100 U/ml) at 37°C in a 5% CO, atmosphere. For
analysis of ERa protein levels, cells were grown in phenol red-free DMEM supplemented with 5%
charcoal-treated FBS at least 48 h before treatment regimes. To generate MCF7 cells stably overexpress-
ing the Myc-tagged AhRR, MCF7 cells were transfected with either pEFIRESpuro (for control cells) or
PEFIRESpuromycAhRR using Lipofectamine 2000 according to the manufacturer’'s recommendations.
Cells were then selected based on puromycin resistance and routinely propagated in DMEM additionally
supplemented with 0.5 pg/ml puromycin. The murine liver hepatoma cell lines Hepa-1c1c7 and
Hepa-1c1c7c4 were routinely grown in minimal essential medium (MEM) supplemented with 10% FBS,
streptomycin (100 ug/ml), and penicillin (100 U/ml) at 37°C in a 5% CO, atmosphere. The Hepa-1c1c7c4
cell line contains a point mutation in the PAS domain of ARNT, which markedly contributes to the
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TABLE 1 Primers?

Target Forward primer sequence Reverse primer sequence

AhRR  5'-TCT TAA TGG CTT TGC TCT GGT CG-3" 5'-GTT CTG GTG CAT TAC ATC CGT CTG-3'
ARNT  5’-GAA CCA GCT CCT TTA CTT TCC-3’ 5'-GGC TAG AGT TCT TCA CAT TGG-3'
CTSD  5'-ACA GGC ACT TCC CTC ATG GT-3' 5'-GGG ATC ATG TAC TCG CCC TGA-3'
CYP1A1 5'-CCT TCA TCC TGG AGA CCT TCC-3' 5'-ATG GTT GAT CTG CCA CTG GTT T-3’
PR 5'-CGC GCT CTA CCC TGC ACT C-3’ 5'-TGA ATC CGG CCT CAG GTA GTT-3’

HPRT  5'-GCA GCC CTG GCG TCG TGA TTA G-3"  5'-TGA TGG CCT CCC ATC TCC TTC ATC-3’
TBP 5'-CCA CTC ACA GAC TCT CAC AAC-3’ 5'-CTG CGG TAC AAT CCC AGA AC-3'
PGK1 5'-GGA ACA CGG AGG ATA AAG TCA G-3" 5'-CAG GAA CTA AAA GGC AGG AAA G-3’
PHD3  5’-ATC GAC AGG CTG GTC CTC TA-3' 5'-CTT GGC ATC CCA ATT CTT GT-3'

aFor Dec1, TagMan assay Hs01041212_m1 was used, and for B-actin, TagMan assay 4326315E was used.

increased turnover of the protein. All cell culture growth media and supplements were purchased from
Life Technologies (Carlsbad, CA).

Plasmids. The pEFIRESpuromycAhRR construct was generated by subcloning an Xbal-Notl fragment
containing the Myc-tagged human AhRR (hAhRR) from pCMV-myc-AhRR into the Xbal-Notl-digested
PEFIRESpuro vector. The cytomegalovirus (CMV)-Myc-hAhRR construct was generated by the insertion of
a Sall-BamHI fragment from pBS-hAhRR (a kind gift from Yoshiaki Fujii-Kuriyama, Tohoku University,
Japan) into Sall-Bglll-digested pCMV-myc (Clontech). To generate the hAhRR in frame with the Myc tag,
a PCR fragment containing the hAhRR (400 bp) with Ecol-Nsil ends was subcloned into the former
construct. All constructs were confirmed by sequencing.

RNA interference experiments. For RNA interference experiments, MCF7 cells were seeded into
6-well plates and grown for 12 h before transfection. Negative-control siRNA and siRNA targeted against
the AhR or ARNT were purchased from Qiagen (Hilden, Germany). The levels of the AhR and ARNT were
downregulated by transient transfection with siRNA interference (20 nM) using Lipofectamine 2000
according to the manufacturer's recommendations. Upon transfection, cells were incubated for 48 h
before the start of treatment.

Total RNA isolation and RT-qPCR. Total RNA was prepared from MCF7 cells by using the Nucle-
oSpin RNA Il kit from Macherey-Nagel (Diiren, Germany). To obtain total RNA from tumors, the tumors
were disrupted in TRIzol (Invitrogen) by using a Qiagen TissueLyser Il instrument (frequency of 22.0 Hz,
three times for 2 min), and total RNA was isolated according to the manufacturer’s protocols. RNA (0.5
1g) was reverse transcribed by using the Maxima first strand cDNA synthesis kit for reverse transcription-
quantitative PCR (RT-gPCR) (Thermo Scientific) according to the manufacturer's recommendations.
RT-gPCR was performed by using the ABI7300 instrument with PowerSYBR green or TagMan PCR master
mix (Applied Biosystems). The primers used are listed in Table 1.

The comparative threshold cycle (AAC;) method was used for the relative quantification of target
DNA amplification. Hypoxanthine phosphoribosyltransferase (HPRT), B-actin, and TATA binding
protein (TBP) served as endogenous controls. All measurements were performed three times in
duplicate.

Preparation of cell extracts and immunoblotting. For the analysis of total protein levels, whole-cell
extracts were prepared in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris-HCI
[pH 7.5], 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40) supplemented with T mM dithiothreitol (DTT)
and a complete protease inhibitor cocktail (Roche, Basel, Switzerland). The protein concentration was
then determined by using a colorimetric assay (Bio-Rad). Proteins were separated by SDS-PAGE, trans-
ferred onto a nitrocellulose membrane, and blotted according to standard procedures with the following
antibodies: anti-hAhR (1:500) (catalog number sc-133088), anti-ERa (1:1,000) (catalog number sc-543;
both from Santa Cruz Biotechnology, Dallas, TX), antiubiquitin (catalog number Z0458; Dako), anti--
actin (1:20,000) (catalog number AC-15; Abcam, Cambridge, UK), anti-mouse AhR (mAhR) (1:500) (catalog
number BML-SA210; Enzo, New York, NY), anti-ARNT (1:1,000) (catalog number 611079; BD, Franklin
Lakes, NJ), anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) (1:10,000) (Fitzgerald Indus-
tries, Acton, MA), and anti-Myc (1:2,000) (catalog number 631206; Clontech, Mountain View, CA).
Beta-actin and GAPDH served as loading controls. Bands were visualized by using enhanced chemilu-
minescence reagents (GE Healthcare, Pittsburgh, PA).

The tumors were disrupted in lysis buffer (500 mM NaCl, 20% glycerol, 50 mM Tris-HCI [pH 7.4], and
1% NP-40), including a complete protease inhibitor cocktail (Roche), 1 mM DTT, and 5 mM
B-mercaptoethanol, using the Qiagen TissueLyser Il instrument (frequency of 22.0 Hz, three times for
2 min). Lysates were centrifuged at 14,000 rpm for 30 min, and the protein concentrations in the
supernatants (whole-cell extracts) were determined by using the Bradford method (34). The proteins
were then separated on an 8% SDS-PAGE gel and transferred onto a nitrocellulose membrane by using
a semiwet method (Pierce G2 Fast Blotter; Thermo Scientific). Subsequently, the membranes were
incubated with antibodies against human ERa (1:5,000) (catalog number sc-543; Santa Cruz) or actin
(1:20,000) (catalog number AC-15; Abcam) at 4°C overnight, followed by incubation with horseradish
peroxidase (HRP)-conjugated anti-rabbit and anti-mouse secondary antibodies (Dako). Proteins were
visualized by using enhanced chemiluminescence (Pierce ECL Western blotting substrate) according to
the manufacturer’s instructions. Band intensities were compared on the same blots and quantified by
using ImageJ.

Immunoprecipitation. For immunoprecipitation experiments, cell lysates were collected in BC buffer
(20% glycerol, 0.2 mM EDTA, 0.05% NP-40, 180 mM KCl, 20 mM HEPES [pH 7.9]) supplemented with 1 mM
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DTT, a complete protease inhibitor cocktail (Roche), and 10 mM N-ethylmaleimide. In Fig. 1F (right), the
cells were transfected with the pCMV-Flag-Arnt plasmid before cell lysates were prepared. A total of 1 to
2 mg of the precleared lysate was immunoprecipitated with anti-ERa (catalog number sc-543; Santa
Cruz), anti-Flag (M2; Sigma-Aldrich), or anti-cullin 4B (catalog number ab67035; Abcam) overnight at 4°C
with rotation before absorption on a 50% protein G-Sepharose slurry at 4°C for 90 min. After five washes
with BC buffer supplemented with 0.1% NP-40, precipitated proteins were separated by SDS-PAGE and
transferred onto a nitrocellulose membrane. Blots were analyzed by using antiubiquitin (catalog number
70458; Dako, Glostrup, Denmark), anti-ERa (catalog number sc-543; Santa Cruz), anti-Arnt (BD Biosci-
ences), anti-AhR (Santa Cruz), and anti-cullin 4B (Abcam). Beta-actin (Abcam) served as a loading control.
Proteins were visualized by using enhanced chemiluminescence (Pierce ECL Western blotting substrate)
according to the manufacturer’s instructions.

AhRR antibody. A peptide corresponding to amino acids 370 to 385 of the human AhRR was
synthesized, and antisera were produced in rabbits by standard techniques (MedProbe). The sera were
further purified with an AhRR-specific antigen (Innovagen), and the antibody was found to have a strong
binding affinity for the human AhRR in a chromatin immunoprecipitation (ChIP) assay.

ChIP assays. Briefly, MCF7 cells with or without the overexpressed AhRR were treated with 10 nM
TCDD or the vehicle only (0.1% DMSO) for 2 h. ChIP analyses combined with quantitative PCR were
performed as previously described (35), with minor changes, using antibodies against AhRR, AhR (36), or
19G (as a negative control) (Jackson ImmunoResearch). PCR primers flanking the XRE of the CYPTAT gene
(position —1020/—889) were forward primer 5'-GAA TGG GTC GGC TGG GTG GC-3’ and reverse primer
5'-GCG CCG GCG ACA TCC CTC TA-3', giving a product of 131 bp. The AAC; method was used for the
relative quantification of target DNA amplification using SYBR green. All of the ChIP assays were
performed three times in duplicate.

Crystal violet staining. Crystal violet staining was used to measure cell growth, and stained cells
are proportional to the number of cells per unit area. MCF7 cells with or without the overexpressed
AhRR were seeded onto 96-well plates at a density of 1,200 cells/well, and the cells were grown for
24, 48,72, or 96 h before harvest. The cells were then fixed with 2% formaldehyde for 20 min, stained
with a 0.04% crystal violet solution for 30 min, and allowed to dry. The crystal violet stain was
dissolved in 1% SDS, and the intensity was measured at 600 nm in a plate reader. Data are presented
as means =* standard deviations (SD) of results from three independent experiments in quadrupli-
cate.

Mice and xenograft tumor study. All animals were housed and maintained at the MTC breeding
unit according to Karolinska Institute (KI) guidelines. Mice were kept on a 12-h-light/dark cycle with ad
libitum access to water and chow. Six days prior to tumor cell injections, an estrogen pellet was placed
subcutaneously in 20 SCID (CM17sc) female mice (approximately 9 weeks of age). Mice were kept under
anesthesia (2.4% isoflurane) during the entire procedure. Hair was removed, a small incision was made
between the shoulders and carefully expanded with closed scissors, the pellet (0.72 mg estradiol, 60-day
release) (catalog number SE 121; Innovative Research of America, Sarasota, FL) was placed subcu-
taneously with forceps, and the wound was closed with Vetbond tissue adhesive (3M9). MCF7 breast
cancer cells with or without the overexpressed AhRR (2 X 10¢ cells) in Matrigel (BD Matrigel Matrix,
growth factor reduced, high concentration; BD Bioscience, Bedford, MA) were injected into the right
flank of female SCID mice. Mice were sacrificed 22 days after injection, and tumors were dissected.
The tumor volume was calculated by using the formula X X Y X Y X /6, where X and Y are the long
and short tumor dimensions, respectively, and = equals 3.14. All experiments were performed
according to rules stipulated and approved by an animal ethics permit of the Swedish board of
agriculture.

Immunohistochemistry. Tumors were fixed in 4% formaldehyde and paraffin embedded. Sec-
tions (7 wm thick) were dewaxed by using Histolab-Clear (Histolab Products, Spanga, Sweden) and
hydrated with decreasing concentrations of ethanol. Microwave antigen retrieval was performed in
target retrieval solution (pH 6.1) (Dako, Glostrup, Denmark). The endogenous peroxidase activity was
blocked with 3% H,O, in methanol. All sections were incubated with mouse-on-mouse (MOM)
blocking (Vector Laboratories, Burlingame, CA) for 60 min and CAS blocking (Invitrogen) for 30 min,
before incubation with the anti-ERa primary antibody (catalog number M7047; Dako) overnight at
4°C. Subsequently, the sections were incubated with an HRP-conjugated secondary antibody for 1
h at room temperature, and the immunoreactive signal was visualized with a 3,3’-diaminobenzidine
(DAB) substrate kit (Vector Laboratories). Finally, the sections were counterstained with hematoxylin,
dehydrated with increasing concentrations of ethanol, and mounted with Pertex mounting medium
(Histolab Products). Chromogenic signals were detected by using a Leica DM5500 B microscope. To
determine tissue and tumor morphology, tissue sections were stained with hematoxylin and eosin
(Histolab Products).
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