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ABSTRACT

The aryl hydrocarbon receptor (AHR) is a ligand-activated tran-
scription factor with constitutive activities and those induced by
xenobiotic ligands, such as 2,3,7,8-tetrachlorodibenzo-p-di-
oxin (TCDD). One unexplained cellular role for the AHR is its
ability to promote cell cycle progression in the absence of
exogenous ligands, whereas treatment with exogenous ligands
induces cell cycle arrest. Within the cell cycle, progression from
G, to S phase is controlled by sequential phosphorylation of the
retinoblastoma protein (RB1) by cyclin D-cyclin-dependent ki-
nase (CDK) 4/6 complexes. In this study, the functional inter-
actions between the AHR, CDK4, and cyclin D1 (CCND1) were
investigated as a potential mechanism for the cell cycle regu-
lation by the AHR. Time course cell cycle and molecular exper-
iments were performed in human breast cancer cells. The re-

sults demonstrated that the AHR and CDK4 interact within the
cell cycle, and the interaction was disrupted upon TCDD treat-
ment. The disruption was temporally correlated with G, cell
cycle arrest and decreased phosphorylation of RB1. Biochem-
ical reconstitution assays using in vitro-translated protein reca-
pitulated the AHR and CDK4 interaction and showed that
CCND1 was also part of the complex. In vitro assays for CDK4
kinase activity demonstrated that RB1 phosphorylation by the
AHR/CDK4/CCND1 complex was reduced in the presence of
TCDD. The results suggest that the AHR interacts in a complex
with CDK4 and CCND1 in the absence of exogenous ligands to
facilitate cell cycle progression. This interaction is disrupted by
exogenous ligands, such as TCDD, to induce G, cell cycle
arrest.

The aryl hydrocarbon receptor (AHR) is a ligand-activated
transcription factor and a member of the basic helix-loop-
helix, period/aryl hydrocarbon receptor nuclear translocator
(ARNT)/single-minded (PAS) superfamily. In the canonical
model for AHR signaling, the unliganded form of the receptor
exists in the cytoplasm in a stable complex with HSP90, the
AHR-interacting protein, and PTGES3 (Petrulis and Perdew,
2002). After ligand binding, the AHR translocates to the
nucleus and binds with ARNT. The AHR/ARNT heterodimer
binds to xenobiotic response elements and regulates a diverse
set of genes (Poland and Knutson, 1982; Hankinson, 1995;
Kolluri et al., 1999; Thomsen et al., 2004; Hsu et al., 2007).
Although it is widely believed that the majority of biological
effects resulting from AHR ligand activation are driven
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through direct binding to xenobiotic response elements
(Bunger et al., 2008), regulation of the AHR effects through
protein interactions and other nongenomic mechanisms have
been proposed as an important route of AHR activity. For
example, ligand activation of the AHR has been shown to
induce proteosome degradation of estrogen receptor «,
thereby reducing the ability of the cell to respond to estro-
gens (Wormke et al., 2003). In addition, the AHR can repress
acute-phase gene expression by inhibiting the recruitment of
RELA and CEBPB to the promoters of target genes (Patel et
al., 2009). Other nongenomic effects of the AHR have been
proposed in regulating the CUL4B (Ohtake et al., 2009),
mitogen-activated protein kinase (Tan et al., 2002), protein
kinase A (Dong and Matsumura, 2009), and SRC (Dong and
Matsumura, 2009; Haarmann-Stemmann et al., 2009) sig-
naling pathways.

There is considerable evidence indicating that the AHR
plays a role in regulating cell growth (Hahn et al., 2009).
Early studies using the AHR-deficient variant of the mouse

ABBREVIATIONS: AHR, aryl hydrocarbon receptor; ARNT, aryl hydrocarbon nuclear translocator; CDK4, cyclin-dependent kinase 4; ER—,
estrogen receptor negative; ER+, estrogen receptor positive; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; RB1, retinoblastoma protein; CCND1,
cyclin D1; FBS, fetal bovine serum; C/D FBS, charcoal-stripped fetal bovine serum; E2, 17-B-estradiol; HSP90, 90-kDa heat shock protein; DMSO,
dimethyl sulfoxide; DMEM, Dulbecco’s modified Eagle’s medium; PAGE, polyacrylamide gel electrophoresis; PVDF, polyvinylidene difluoride;
PCR, polymerase chain reaction; IP, immunoprecipitation; ECL, enhanced chemiluminescence; MEM, minimal essential medium.
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Hepalclc?7 cell line identified an increased doubling time and
prolonged G, progression compared with the wild-type cell
line (Ma and Whitlock, 1996). In addition, cell cycle progres-
sion of murine or human hepatoma cells from G; to S is
prolonged by transfection of antisense cDNA or small inter-
fering RNA targeting the AHR (Ma and Whitlock, 1996;
Abdelrahim et al., 2003). These and other studies suggest a
role for the AHR in facilitating progression through G; in the
absence of an exogenous ligand. In a seemingly contradictory
role, treatment with the exogenous AHR ligand 2,3,7,8-tet-
rachlorodibenzo-p-dioxin (TCDD) inhibited DNA synthesis in
rat primary hepatocytes and in the 5L rat hepatoma cell line
(Hushka and Greenlee, 1995). In the 5L rat hepatoma cell
line, the inhibition of proliferation by TCDD was linked to G,
cell cycle arrest (Hushka and Greenlee, 1995; Weiss et al.,
1996; Elferink et al., 2001).

To date, no unifying model exists that explains the appar-
ent contradictory roles of the AHR in the cell cycle. However,
multiple models have been proposed to explain the mecha-
nism of G, arrest by the ligand-activated AHR. The generally
accepted model holds that in an unliganded state, HSP90
binding masks the LXCXE motifs within the Per/ARNT/Sim
domain of the AHR (Elferink et al., 2001). Upon ligand bind-
ing, the AHR sheds HSP90, translocates to the nucleus, and
performs two separate functions that lead to G, arrest. First,
the ligand-bound AHR interacts with a hypophosphorylated
RB1 (Ge and Elferink, 1998; Puga et al., 2000; Elferink et al.,
2001). The interaction of the ligand-bound AHR with RB1
inhibits the recruitment of EP300 and maintains its interac-
tion with E2F, resulting in the repression of cell cycle pro-
gression genes (Marlowe et al., 2004). Second, the ligand-
bound AHR interacts with ARNT and stimulates the
transcription of the cell cycle inhibitory protein CDKN1B
(p27Kipl) (Kolluri et al., 1999). Together, the nongenomic
and genomic roles of the ligand-activated AHR result in cell
cycle arrest.

Advancement through G; of the cell cycle is primarily
regulated by RB1. The active, hypophosphorylated RB1 ar-
rests cells in G; through repressive interactions with E2F
and the inhibition of genes involved in cell cycle progression
(Flemington et al., 1993). Entry into S phase occurs after RB1
inactivation by cyclin D-CDK4/6 mediated hyperphosphory-
lation (Kato et al., 1993). The present study investigated the
functional interactions between the AHR, CDK4, and
CCND1 as a potential mechanism for the AHR-mediated cell
cycle effects. The results show that AHR, CDK4, and CCND1
physically interact in the absence of exogenous ligands. The
interaction is disrupted after treatment with TCDD, and the
disruption was temporally correlated with G, cell cycle arrest
and decreased phosphorylation of RB1. The AHR/CDK4 in-
teraction and its disruption by TCDD was confirmed using
biochemical reconstitution assays. In vitro assays for CDK4
kinase activity also demonstrated that RB1 phosphorylation
by the AHR/CDK4/CCND1 complex was reduced in the pres-
ence of TCDD.

Materials and Methods

Chemicals. TCDD (C,,H,C1,0,) was purchased from Accu-
Standard (New Haven, CT). Dimethyl sulfoxide (DMSO; Me,SO,) and
(17p)-estra-1,3,5(10)-triene-3,17-diol (17B-estradiol, E2; C,5H,,0,) was
purchased from Sigma-Aldrich (St. Louis, MO).

Cell Lines and Growth Conditions. Two human breast cancer
cell lines were used in this study: the estrogen receptor-negative
(ER—) cell line MDA MB-231; and the estrogen receptor-positive
(ER+) cell line MCF-7. Both cell lines were maintained in a 50:50
mixture of Dulbecco’s modified Eagle’s medium and Ham’s F-12 with
L-glutamine (DMEM/Ham’s F-12; 50:50) (Mediatech, Manassas, VA).
The media were supplemented with 8% fetal bovine serum (FBS), 1%
100X MEM nonessential amino acids, and 1% 100X MEM sodium
pyruvate solution (Invitrogen, Carlsbad, CA). The cells were main-
tained in a humidified environment at 37°C and 5% CO,. Before
experiments, cells were split into DMEM/Ham’s F-12 50:50 without
phenol red (Mediatech) and supplemented with 8% charcoal-stripped
FBS (C/D FBS) (HyClone, Logan, UT), 1% 100X MEM nonessential
amino acids, and 1% 100X MEM sodium pyruvate solution. For cell
cycle and coimmunoprecipitation experiments, cells were synchro-
nized for 24 h in DMEM/Ham’s F-12 50:50 without phenol red and
supplemented with 0.2% C/D FBS and 1% 100X HEPES (Invitro-
gen). When specified, cells were treated with TCDD to a final con-
centration of 10 nM. Control cells were treated with an equal volume
of the DMSO vehicle (0.1% of the total volume).

Cell Cycle Experiments. The MDA MB-231 and MCF-7 cell lines
were plated in six-well culture dishes in phenol red-free media at a
density of 0.1 X 10 cells/ml. For the synchronized cell studies, the cells
were allowed to incubate overnight before serum starvation in 0.2% C/D
FBS media for 24 h. The cells were then stimulated with 8% C/D FBS
medium and treated with 10 nM TCDD or DMSO vehicle. For asyn-
chronous cell studies, cells were allowed to incubate overnight after
plating, and then the media were changed to treated medium as men-
tioned above. E2 was also added to the media of MCF-7 treated and
control cells. After treatment, cells were fixed in 70% ethanol at the
indicated time points and stored at 4°C for cell cycle analysis. For the
dose-response studies, synchronized cells were treated with 0.1, 0.3, 3,
or 10 nM TCDD or DMSO vehicle and harvested at the 24-h time point.
Cells were stained with Guava Cell Cycle reagent (Guava Technologies,
Hayward, CA) according to the manufacturer’s instructions. Cell cycle
data were obtained using the Guava Personal Cell Analysis System
(Guava Technologies). A total of three experimental replicates in each
cell line were performed.

Cellular Coimmunoprecipitation and Western Blotting. The
MDA MB-231 and MCF-7 cell lines were plated at a cell density of 1.0 X
10° cells/ml in 100-mm cell culture plates. The cells were treated simul-
taneously with the cell cycle experiments as described above. At the
indicated time points, cells were harvested by scraping in ice-cold phos-
phate-buffered saline. Cells were pelleted and stored at —80°C until
analysis was performed. Cells were lysed in 1 ml of Mammalian Protein
Extraction Reagent (Thermo Fisher Scientific, Waltham, MA) supple-
mented with 1% 100X Halt Protease Inhibitor Single-Use Cocktail
(Thermo Fisher Scientific). The total protein concentration was mea-
sured based on the absorbance at 260 nm. For Western blot experi-
ments, 10 to 50 ug of total protein per sample was analyzed by SDS-
PAGE and transferred to PVDF as described above. The membranes
were probed with a-phospho-RB1 (Ser780) antibody (Cell Signaling
Technology, Danvers, MA). An antibody for B-actin (Santa Cruz Bio-
technology, Santa Cruz, CA) was used as a loading control. For the
coimmunoprecipitation experiments, 500 to 1000 ug of total protein per
sample was allowed to incubate overnight with 2 pg of antibody,
a-CDK4 (DCS-35) (Santa Cruz Biotechnology), or a negative control
a-GAL4 (DNA binding domain) (N-19) (Santa Cruz Biotechnology). The
antibody-bound protein was incubated with 50 ul of Immobilized Pro-
tein A/G resin (Pierce, Rockford, IL) for 2 h while rotating at ambient
temperature. The immobilized Protein A/G resin was washed four times
by adding 1 ml of BupH Tris-buffered saline (IP buffer) (Pierce) and
centrifuged at 2500g for 5 min. The supernatant was then discarded.
The complex-bound Protein A/G resin was washed with 1 ml of deion-
ized water, centrifuged at 2500g for 5 min, and the supernatant was
discarded. Electrophoresis loading buffer (Pierce) was added to the
complex-bound protein A/G resin, incubated at 95°C for 5 min, and
centrifuged at 2500g for 5 min. The supernatant was separated by
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SDS-PAGE on an 8% Tris-glycine gel (Invitrogen). The gel was trans-
ferred to PVDF membrane (Bio-Rad Laboratories, Hercules, CA) and
probed with a-AHR (N-Term) (Zymed, San Francisco, CA) followed by
ECL detection (GE Healthcare, Chalfont St. Giles, Buckinghamshire,
UK). For densitometry, the films were scanned on the Bio-Rad Versa-
Doc Imaging System, and the acquired images were analyzed for band
density using Bio-Rad’s PD Quest 2-D analysis software.

In Vitro Transcription/Translation. Plasmids were constructed
using polymerase chain reaction (PCR) and the Gateway system (In-
vitrogen). Primers were designed for the AHR, CDK4, and CCND1 with
DNA recombination sequences (att sites) flanking the open reading
frames. The primers were as follows: AHR, 5'-GGGGACAAG-
TTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACC-
ATGGGAGGCAGCAGCAGCGCCAACATCACC-3' (forward) and
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACA-
GGAATCCACTGGATGTCAAATCAGG-3' (reverse); CDK4, 5'-
GGGGACAATGTTGTACAAAAAAGCAGGCTTCGAAGGA-
GATAGAACCATGGCTACCTCTCGATATGAGC-3" (forward)
and 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACT-
CCGGATTACCTTCATCC-3" (reverse); CCND1, 5'-GG-
GGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGAT-
AGAACCATGGAACACCAGCTCCTGTCG-3" (forward) and
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGATGT-
CCACGTCCCGCACG-3' (reverse); (boldface bases signify att
sites). The open reading frames were amplified by PCR and cloned
in the pDONR 221 entry vector (Invitrogen). The open reading
frames for each gene were transferred by recombination cloning
into the pcDNA3.1nV5-DEST vector (Invitrogen).

For the in vitro transcription/translation reaction, 2 ug of plasmid
was used in a 50-ul in vitro TNT Quick Coupled Transcription/
Translation system (Promega, Madison, WI). Reactions were incu-
bated at 30°C for 1.5 h. Total protein concentration was determined
using the Bio-Rad Protein Assay Kit (Bio-Rad) using BSA as the
protein standard. Protein expression was confirmed by Western blot-
ting, and the translated proteins were used in the complex reconsti-
tution and kinase assays.

Biochemical Reconstitution Assays. To our knowledge, no stoi-
chiometric studies have been performed for AHR, CDK4, and CCND1
proteins. As a result, reconstitution assays were carried out using equal
amounts of protein (200 ug) based on the total protein concentration.
The proteins were incubated for 30 min on ice in the presence of either
10 nM TCDD or an equal volume of DMSO vehicle (0.1% of the total
reaction volume). After the incubation, 2 ug of a-CDK4 agarose conju-
gate (DCS-35) or a-CCND1 agarose conjugate (DCS-6) (Santa Cruz
Biotechnology) was added and allowed to incubate overnight while
rotating at 4°C. The complexes were washed three times with IP buffer
and once with deionized water. The washed complexes were boiled for 5
min in protein loading buffer, run on an 8% Tris-glycine gel (Invitro-
gen), and transferred to PVDF membrane (Bio-Rad). The membrane
was probed with a-AHR (N-Term) (Zymed) and detected with ECL (GE
Healthcare). Densitometry was performed as described in the preceding
sections.

In Vitro CDK4 Kinase Assays. Equal amounts of each protein (200
ung) were combined and allowed to form complexes on ice for 30 min.
After the incubation, 2 ug of anti-CDK4 agarose conjugate (DCS-35)
(Santa Cruz Biotechnology) was added and allowed to incubate over-
night while rotating at 4°C. Complexes were washed with 200 ul of
kinase buffer (Cell Signaling Technology). The agarose beads were
pelleted and the buffer removed. The complexes were resuspended in 45
wul of kinase buffer containing ATP (C,oH;¢N;0,5P;) (Cell Signaling
Technology) to a final concentration of 0.3 mM, 2.5 ug of retinoblastoma
protein (p110%B) (QED Biosciences, San Diego, CA), and 10 nM TCDD
or DMSO (0.1% of total reaction volume). Reactions were incubated for
30 min at 30°C with slow shaking. The agarose beads were pelleted, and
the supernatant was removed and prepared for SDS-PAGE analysis as
described below. Complexes were washed three times with IP buffer
and once with deionized water. Pellets were resuspended in protein
loading buffer, boiled for 5 min, separated by SDS-PAGE on an 8%
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Tris-glycine gel (Invitrogen), and transferred to PVDF membrane (Bio-
Rad). The membrane was probed with «-RB1 (C-15) (Santa Cruz Bio-
technologies) and a-phospho-RB1 (Ser780) (Cell Signaling Technology)
and detected with ECL (GE Healthcare). Densitometry was performed
as described in the preceding sections.

Results

AHR Ligand Activation Inhibits the Progression of
ER+ and ER— Human Breast Cancer Cells at the G;—S
Transition in the Cell Cycle. The presence of AHR protein
was verified by Western blotting in both MCF-7 (ER+, PR+,
HER2-) and MDA MB-231 (ER—, PR—, HER2—) breast cancer
cell lines (data not shown). The biological activity of the AHR
was assessed based on the induction of CYP1A1 mRNA using
quantitative real-time PCR. In both cell lines, CYP1A1 mRNA
was up-regulated after TCDD treatment (data not shown).

To evaluate the cell cycle effects of AHR ligand activation,
time course flow cytometry measurements were performed in
both MCF-7 and MDA MB-231 breast cancer cell lines after
treatment with 10 nM TCDD or the DMSO vehicle. 173-
Estradiol (E2) was also added to the medium for the estro-
gen-dependent MCF-7 cells. The results showed that TCDD
treatment resulted in G; arrest in both synchronous and
asynchronous cells and in both cell lines (Fig. 1). For syn-
chronous cells, neither the MDA MB-231 cells nor the MCF-7
cells treated with TCDD significantly progressed out of G,
arrest over the 48-h time period. In contrast, only ~40% of
the MDA MB-231 vehicle control cells and ~45% of the
MCF-7 E2/vehicle control cells remained in G, arrest at the
end of 48 h. For asynchronous cells, an increasing percentage
of cells in G; was observed over the 48-h period for both cell
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Fig. 1. TCDD induced G, arrest in both ER— (MDA MB-231) and ER+
(MCF-7) human breast cancer cells. Subconfluent, synchronous popula-
tions of MDA MB-231 (A) and MCF-7 (B) cells were serum-stimulated
and treated with either DMSO or 10 nM TCDD. Subconfluent, asynchro-
nous populations of MDA MB-231 (C) and MCF-7 (D) cells were treated
with either DMSO or 10 nM TCDD. For both synchronous and asynchro-
nous experiments, E2 was added to the media of MCF-7 cells. Cells were
harvested at the indicated time points, fixed in ethanol, and stained with
Guava Cell Cycle reagent (Guava Technologies). DNA content was deter-
mined using the Guava Personal Cell Analysis System (Guava Technol-
ogies). The data represent the mean + S.D. from three separate experi-
ments. *, p < 0.05 based on a two-sample Student’s ¢ test.

Time (Hours)

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet.’

198

Barhoover et al.

lines after treatment with TCDD. Control cells maintained a
stable percentage of cells in G;. Thus, ligand activation of the
AHR inhibits cell cycle progression in both ER— and ER+
human breast cancer cell lines.

Dose-response studies of the cell cycle effects of TCDD
were performed at the 24-h time point in both MCF-7 and
MDA MB-231 breast cancer cell lines. In both cell lines, a
dose-response trend was observed (Fig. 2). In the MDA MB-
231 cells, significant G, arrest was observed at 0.1 nM
TCDD, whereas in MCF-7 cells, significant G; arrest was
observed at 0.3 nM.

RB1 Phosphorylation Is Decreased by TCDD. To in-
vestigate the temporal association of the TCDD-induced G,
arrest with RB1 phosphorylation, time course Western blot
analysis was performed using an RB1 phosphospecific anti-
body. The results show a significant increase in RB1 phos-
phorylation at the 24-h time point in both breast cancer cell
lines treated with the DMSO vehicle (Fig. 3). A small amount
of RB1 phosphorylation was present at other time points in
the MDA MB-231 cells and may be due to reduced synchro-
nization in this cell line. The extent of RB1 phosphorylation
was decreased by TCDD treatment in both cell lines, and the
results were temporally correlated with G; cell cycle arrest
(Fig. 1). The TCDD-related decrease in RB1 phosphorylation
is consistent with a previous study in MCF-7 cells (Wang et
al., 1998).

Coimmunoprecipitation of AHR with CDK4 Is Dis-
rupted after Treatment with TCDD. Progression from G,
to S phase is controlled by sequential phosphorylation of RB1
by cyclin D-CDK4/6 complexes. Although previous studies
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Fig. 2. Dose-response changes in G, arrest in both ER— (MDA MB-231)
and ER+ (MCF-7) human breast cancer cells after exposure to TCDD.
Subconfluent, synchronous populations of MDA MB-231 (A) and MCF-7
(B) cells were serum-stimulated and treated with either DMSO or differ-
ent concentrations of TCDD. E2 was added to the media of MCF-7 cells.
Cells were harvested at the 24-h time point, fixed in ethanol, and stained
with Guava Cell Cycle reagent (Guava Technologies). DNA content was
determined using the Guava Personal Cell Analysis System (Guava Tech-
nologies). The data represent the mean * S.D. from three separate
experiments. *, p < 0.05 based on a two-sample Student’s ¢ test.

have shown a physical interaction between AHR and the
hypophosphorylated form of RB1 (Ge and Elferink, 1998;
Puga et al., 2000; Elferink et al., 2001), no published studies
have demonstrated a functional interaction with CDK4. In
parallel with the cell cycle studies, time course coimmuno-
precipitation experiments were performed to examine both
the physical interaction between AHR and CDK4 and the
ligand-dependent nature of the interaction. The results show
that the AHR interacts with CDK4 in both MDA MB-231 and
MCF-7 human breast cancer cells. At time 0 after synchro-
nization, a strong interaction between AHR and CDK4 was
observed in both treated and untreated cells and in both the
ER+ and ER— cell lines. After treatment with TCDD, the
AHR/CDK4 interaction was diminished by the 12-h time
point for both cell lines (Fig. 4, A and B), and at the 24-h
time point, greater than an 80% reduction was observed (Fig.
4C). The disruption of the AHR/CDK interaction temporally
correlated with the decreased RB1 phosphorylation and G,
cell cycle arrest. The data suggest that disruption of the
AHR/CDK4 interaction has functional consequences within
the cell cycle.

In Vitro Reconstitution of the AHR/CDK4/CCND1
Complex. To confirm the interaction between AHR and
CDK4, biochemical reconstitution experiments were per-
formed using in vitro-translated proteins. The AHR/CDK4
interaction was examined in the presence and absence of
ligand and the CDK4 binding partner, CCND1. The results
demonstrate that the AHR and CDK4 can form protein com-
plexes in vitro and support the time course coimmunoprecipi-
tation experiments in the breast cancer cells (Fig. 5). Fur-
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Fig. 3. TCDD decreases RB1 phosphorylation in human breast cancer
cells. Subconfluent, synchronous populations of MDA MB-231 (A) and
MCF-7 (B) cells were serum-stimulated in the presence of DMSO or 10
nM TCDD. E2 was added to the media of MCF-7 cells. Total cell lysates
were evaluated for total RB1 phosphorylation by SDS-PAGE and West-
ern blotting with a a-phospho-RB1 antibody. The blots are representative
of three independent experiments. C, densiometric measurements on the
24-h time point and normalized as a percentage of the DMSO vehicle
control. The results are mean = S.D. from three separate experiments.
#, p < 0.05 based on a one-sample Student’s ¢ test.
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thermore, the AHR can be pulled down with both a-CDK4
and «-CCND1 antibodies, indicating that these three pro-
teins are part of a larger complex. Treatment with the exog-
enous AHR ligand TCDD completely disrupts the AHR/
CDK4 interaction, whereas the addition of CCND1
partially rescues the interaction. It should be noted that
the actual interaction of these proteins inside cells may
depend on their concentrations and relative ratios. It is
possible that the conditions in the reconstitution experi-
ments may be outside the range of the conditions existing
within cells. Therefore, interpretation of the reconstitution
experiments must be performed together with the cellular
coimmunoprecipitation experiments.

CDK4 Kinase Activity by the AHR/CDK4/CCND1
Complex Is Inhibited by TCDD in Vitro. To evaluate the
functional effects of the AHR/CDK4/CCND1 interaction, the
biochemical reconstitution experiments were expanded to
include the addition of RB1. The phosphorylation status of
RB1 was measured using a phosphospecific antibody. The
data demonstrate the ability of the AHR/CDK4/CCND1 com-
plex to phosphorylate RB1 (Fig. 6). The extent of phosphor-
ylation is decreased in the presence of TCDD compared with
the vehicle control. To ensure that this kinase activity is
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Fig. 4. The AHR associates with CDK4 in the cell cycle, and the inter-
action is disrupted by TCDD. Subconfluent, synchronous populations of
MDA MB-231 (A) and MCF-7 (B) cells were serum-stimulated in the
presence of DMSO or 10 nM TCDD. E2 was added to the media of MCF-7
cells. Cells were harvested at the indicated time points by scraping in
ice-cold phosphate-buffered saline, pelleted, and frozen. Cell pellets were
lysed with M-PER Mammalian Protein Extraction Reagent, and protein
complexes were pulled down with anti-CDK4 agarose conjugated resin.
Immunoprecipitates were analyzed by SDS-PAGE and Western blotting
for AHR. The blots are representative of three independent experiments.
No AHR protein was detected when an irrelevant antibody was used for
the immunoprecipitation (data not shown). C, densiometric measure-
ments on the 24-h time point and normalized as a percentage of the
DMSO vehicle control. The results are mean + S.D. from three separate
experiments. *, p < 0.05 based on a one-sample Student’s ¢ test.
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specific to the protein complex, each of the proteins was
assayed individually for their ability to phosphorylate RB1,
and none of the proteins alone was able to phosphorylate RB1
(data not shown). The results of the kinase reconstitution
experiments demonstrate that AHR/CDK4/CCND1 complex
is functional and that disruption of the complex by TCDD
inhibits RB1 phosphorylation.

Discussion

The developmental and cancer-related effects of exposure
to exogenous AHR agonists have been widely investigated.
Multiple studies and review articles have attempted to link
these endpoints with the known effects of AHR agonists on
the cell cycle, regulation of oncogenic pathways, and inter-
ference with apoptosis (Marlowe and Puga, 2005; Ray and
Swanson, 2009). Despite the multitude of studies, fundamen-
tal questions still remain regarding the role of the AHR in the
cell cycle. One of these questions is how the AHR facilitates
cell cycle progression in the absence of exogenous ligands,
whereas exposure to exogenous ligands arrests cells in Gj;.
Because of the role of CDK4 and CCND1 in the G; to S
progression of the cell cycle, the functional interaction be-
tween the AHR, CDK4, and CCND1 was investigated as a
potential mechanism.

The results demonstrate that in the absence of exogenous
ligands, the AHR interacts with CDK4 through the G; to S
transition of the cell cycle, and the interaction correlates with
RB1 phosphorylation. Biochemical reconstitution assays con-
firm that the AHR exists in a complex with CDK4 and
CCNDL1. The reconstitution assays also demonstrate that the
AHR/CDK4/CCND1 complex can phosphorylate RB1. Taken

A a-CDK4 Co-IP a-CCDN1 Co-IP

AHR
+ + + + + + AHR
+ + + CDK4
+ - - + +  CCND1
- + - + - + TCDD
B
S 100 -
=
8 801 = DMSO
9 60
mTCDD
Z 40 4
S 20
x
0 4
+CCND1 +CCND1
a-CDK4 Co-IP a-CCND1 Co-IP

Fig. 5. Formation of the AHR/CDK4/CCND1 complex is disrupted by
TCDD in vitro. AHR, CDK4, and CCND1 were in vitro-translated and
allowed to form complexes in the presence or absence of 10 nM TCDD or
0.1% DMSO vehicle control. A, the protein complexes were pulled down
with «-CDK4 or a-cyclin D1 agarose-conjugated beads and analyzed by
SDS-PAGE and Western blotting. The results are representative of three
independent experiments. B, densiometric measurements were normal-
ized as a percentage of the DMSO vehicle control. The results are mean *
S.D. from three separate experiments. *, p < 0.05 based on a one-sample
Student’s ¢ test.
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together, these results suggest that the AHR may act as a
scaffolding protein and may aid in the recruitment of RB1 to
the AHR/CDK4/CCND1 complex (Fig. 7). The recruitment of
RB1 allows its phosphorylation by CDK4 and facilitates cell
cycle progression.

Upon exposure to the exogenous ligand TCDD, the inter-
action between the AHR and CDK4 is inhibited, and the

A Unbound RB1
a-CDK4 Co-IP Fraction protein

+ kil - AHR
+ * - CDK4
+ + + - CCND1
. + = + - TCDD
B _ 100
S
5 80
o mDMSO
§ 60
8 4 mTCDD
6 *
X 20
0

a-CDK4 Co-IP Unbound Fraction

Fig. 6. CDK4 kinase activity by the AHR/CDK4/CCND1 complex is
inhibited by TCDD in vitro. AHR, CDK4, and CCND1 were in vitro-
translated and allowed to form complexes. After overnight coimmunopre-
cipitation with a-CDK4 agarose-conjugated beads, recombinant RB1 pro-
tein, 10 nM TCDD, or 0.1% DMSO vehicle control, kinase buffer, and ATP
were added and allowed to incubate at 30°C for 30 min with shaking.
A, the protein complexes were washed, eluted, and analyzed by SDS-
PAGE and Western blotting. The results show a representative of three
separate experiments. B, densiometric measurements were normalized
as a percentage of the DMSO vehicle control. The results are mean = S.D.
from three separate experiments. *, p < 0.05 based on a one-sample
Student’s ¢ test.

‘P,
d

E2F1-regulated cell

0 RB1 y
= y cycle genes
L > E2r 1\ P300 (e.g., CDK2, CCNE)

Facilitation of Cell Cycle Progression

temporal nature of the inhibition correlates with decreased
RB1 phosphorylation and G, cell cycle arrest. In the biochem-
ical reconstitution assays, exposure to the exogenous ligand
TCDD caused the AHR to dissociate from CDK4 and CCND1,
and the phosphorylation of RB1 was inhibited (Fig. 7). Based
on previous studies, the ligand-bound receptor would subse-
quently bind to hypophosphorylated RB1, leading to the in-
hibition of EP300 recruitment (Marlowe et al., 2004). This
assembly of proteins at E2F-responsive promoters leads to
the repression of S-phase genes aiding in G; arrest. The
ligand-bound AHR would also bind to ARNT and would pro-
mote transcription of the cell cycle inhibitor CDKN1B
(p27Kipl) (Kolluri et al., 1999). The combination of these
events would result in G; cell cycle arrest.

The role of an endogenous ligand for AHR in this process is
unknown. In cells treated with only the vehicle, the AHR
bound with CDK4 to facilitate RB1 phosphorylation and cell
cycle progression. The interaction between AHR and CDK4
was replicated in reticulocyte lysate translations. If an en-
dogenous ligand was present in both systems, it is clear that
it is either required for the interaction to occur or at least
does not hinder the process.

Although the present study expands the role for the AHR
in cell cycle regulation, there are conflicting studies in the
literature on the role of the receptor in the cell cycle. For
example, one study reported that treatment of MCF-7 cells
with TCDD did not induce G, cell cycle arrest and that
knockdown of the AHR using RNA interference resulted in
increased G,/G; to S phase progression (Abdelrahim et al.,
2003). This study is inconsistent with our results; however,
there are several methodological and technical issues that
hinder a direct comparison. First, the previous study used
serum-free conditions after synchronization, which would
keep the cells in growth arrest. In our study, cells were
released from growth arrest with 8% charcoal-dextran-
stripped FBS in the media after synchronization. Second, the
previous study was performed in duplicate and only observed
less than a 2% change in the percentage of cells in G/G, after
treatment with TCDD and a 5% change in the percentage of
cells in Gy /G, after knockdown of the AHR. This is signifi-

Fig. 7. Conceptual model of the role of the AHR in cell
cycle regulation. The proposed model depicts the dual
role of the AHR in both facilitating and inhibiting cell
cycle progression based on both the present investiga-
tion and previous studies (Kolluri et al., 1999; Marlowe
et al.,, 2004). In the absence of an exogenous ligand

E2F1-regulated cell

(e.g., CDKN1B)
(Kolluri et al., 1999)

Inhibition of Cell Cycle Progression

(ExL), the AHR assists in the formation of the CDK4/
CCND1/RB1 complex, leading to RB1 hyperphosphory-
lation and cell cycle progression. On the other hand, in
the presence of an exogenous ligand, such as TCDD, a
conformation change in the AHR causes it to dissociate
v from CDK4/CCND1 and bind to the hypophosphory-

cycle genes S Phase lated RB1 (Marlowe et al., 2004). The AHR/RB1 com-

(e-g-, CDK2, CCNE) — plex prevents the recruitment of EP300 inhibiting the

{Marlowe et al., 2004) expression of S-phase-dependent E2F1-regulated genes,
such as CDK2 and CCNE (cyclin E). In addition, ligand-
bound AHR also binds ARNT and promotes the tran-
scription of the cell cycle inhibitor CDKN1B (p27Kip1l)

AHIIQ-reguIated cell (Kolluri et al., 1999).

cycle genes S—
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cantly smaller than the differences observed in our study and
is consistent with a lack of growth release after synchroniza-
tion. The study also did not include validation with a second,
independent small interfering RNA duplex to eliminate the
possibility of off-target effects (Jackson et al., 2003). None-
theless, our results are consistent with a separate study
using MCF-7 cells and similar synchronization methods that
showed a 15 to 20% increase in the percentage of cells in G,
after treatment with TCDD (Marlowe et al., 2004).

In summary, we have demonstrated a functional interac-
tion between the AHR and CDK4 in both ER— and ER+
human breast cancer cell lines that allows the receptor to
function as a molecular switch within the cell cycle. This
switch-like function is compatible with the existing model of
the role of the AHR in the cell cycle while extending the
model to provide a mechanism by which the receptor can also
facilitate cell cycle progression. Within mammary epithelial
cells, the integrated model can explain both the lack of mam-
mary development in the AHR knockout mice, in which fa-
cilitation of cell cycle progression by the receptor is absent
(Hushka et al., 1998), as well as the epidemiological and
rodent data demonstrating the inhibition of mammary tu-
morigenesis by exogenous AHR ligands (Bertazzi et al., 1997;
National Toxicology Program, 2006; Viel et al., 2008).
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