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Insulin like growth factor (IGF)-1 and IGF-2 stimulate normal growth, development and breast cancer cell
proliferation. Cyclin D1 (CCND1) promotes cell cycle by inhibiting retinoblastoma protein (RB1). The aryl
hydrocarbon receptor (AHR) is a major xenobiotic receptor that also regulates cell cycle. The purpose of
this study was to investigate whether IGF-2 promotes MCF-7 breast cancer proliferation by inducing AHR.
Western blot and quantitative real time PCR (Q-PCR) analysis revealed that IGF-2 induced an approxi-
mately 2-fold increase (P < .001) in the expression of AHR and CCND1. Chromatin immunoprecipitation
(ChIP), followed by Q-PCR indicated that IGF-2 promoted (P < .001) a 7-fold increase in AHR binding on
the CCND1 promoter. AHR knockdown significantly (P < .001) inhibited IGF-2 stimulated increases in
CCND1 mRNA and protein. AHR knockdown cells were less (P < .001) responsive to the proliferative
effects of IGF-2 than control cells. Collectively, our findings have revealed a new regulatory mechanism
by which IGF-2 induction of AHR promotes the expression of CCND1 and the proliferation of MCF-7 cells.
This previously uncharacterized pathway could be important for the proliferation of IGF responsive can-
cer cells that also express AHR.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The aryl hydrocarbon receptor (AHR) is a ligand-activated tran-
scription factor whose activity is regulated by lipid soluble envi-
ronmental toxicants [1]. 2,3,7,8 Tetrachlorodibenzo-p-dioxin
(TCDD) is a prototypical AHR agonist which is found in Agent
Orange [1]. The binding of TCDD to AHR stimulates the AHR to trans-
locate into the nucleus and stimulate transcription through specific
xenobiotic response elements (XREs) in enhancers and promoters of
TCDD stimulated genes [1,2]. TCDD through AHR induces the expres-
sion of a ‘‘battery’’ of phase I and phase II drug metabolizing enzymes
including the prototype TCDD–AHR gene target cytochrome P450,
family 1, subfamily A, polypeptide 1 (CYP1A1) [1,2].

The AHR also regulates cell cycle in part by binding with Cyclin
D1 (CCND1) and cyclin dependent kinase 4 (CDK4) [3,4]. CDK4
phosphorylates retinoblastoma protein 1 (RB1), which inhibits
RB1-mediated repression of E2F transcription factors [5–7]. The
activation of E2F induces the expression of E2F target genes that
are important for DNA synthesis and cell cycle advance [5–7].
Mitogens promote CDK4 activity by increasing the levels of cyclin
proteins including CCND1 [5–7]. By functioning as a regulatory
subunit on CDK holoenzymes, CCND1 promotes the phosphoryla-
tion and inhibition of RB1 to promote cell cycle advance and
proliferation [5–7]. The AHR binds to CDK4 during advance
through the cell cycle in human MCF-7 breast cancer cells [4].
TCDD binding to AHR attenuates AHR binding with CDK4, which
correlated with cell cycle arrest and reductions in RB1 phosphory-
lation in MCF-7 cells [4]. CCND1 was also present in CDK4-AHR
complexes [4].

Insulin like growth factor (IGF)-1 and IGF-2 stimulate growth,
development and the proliferation of human cancer cells including
breast cancer cells [8,9]. MCF-7 breast cancer cells have been re-
ported to express high levels of IGF-1 receptor (IGF-1R) and insulin
receptor subtype A receptor (IR-A) [8,9]. IGF-R1 and IR-A mediate
the proliferative effects of IGFs on human breast cancer cells by
inducing the phosphoinositide 3-kinase (PI3K)/AKT (protein kinase
B) pathway and the mitogen-activated protein kinase (MAPK)
pathway [8–10]. IGF-1 and IGF-2 have also been reported to in-
crease levels of CCND1 to induce proliferation [6,8,9]. CCND1 pro-
moter activity is regulated through multiple enhancers including
activator protein-1 (AP-1) and T-cell factor-1 (Tcf-1)/lymphoid
enhancing factor-1 (Lef-1) sites [11–14]. The transcription factors
Jun and Fos bind to the AP-1 response elements [11,12]. The tran-
scriptional co-activator b-catenin confers transcriptional activity to
TCF/LEF transcription factors bound to TCF/LEF elements in the
CCND1 promoter [13,14].

We have recently shown that adipocytes secrete levels of IGF-2
that are sufficient to stimulate the proliferation of MCF-7 and T-
47D breast cancer cells [15]. We also found that AHR knockdown
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MCF-7 cells were less responsive to the proliferative effects of IGF-
2 [15]. The purpose of this study was to investigate if: (1) IGF-2
signaling regulates the AHR and (2) IGF-2 induction of CCND1 re-
quires AHR. We provide evidence that IGF-2 signaling activates
AHR and that AHR is important for inducing the expression of
CCND1 and MCF-7 proliferation. This is a new link between IGF-2
signaling and AHR.
2. Methods

2.1. Materials and MCF-7 cell culture

Dulbecco’s Modified Eagle Medium/High glucose (DMEM) with
L-glutamine and sodium pyruvate, 10% fetal bovine serum, penicil-
lin, and streptomycin (100 lg/mL) and phosphate buffered saline
(PBS) were purchased from Fisher Scientific. Non-specific control
RNA (cRNAi) (cat # D-001810-01-20), short interfering RNA
against the AHR (AHRi) (J-004990-08-0010) and Dharmafect trans-
fection reagent (#1) were purchased from Thermo Scientific. MCF-
7 human breast cancer cells were purchased from ATCC (Manassas)
and maintained in DMEM, 10% FBS, with penicillin (100 U/mL) and
streptomycin (100 lg/mL) and .01 lg/mL bovine insulin (Cell
Applications, Inc.) Insulin like growth factor 2 (IGF-2) was pur-
chased from R & D systems and reconstituted in phosphate buf-
fered solution.

2.2. Western blot analysis to determine IGF-2 induction of AHR and
CCND1

200,000 MCF-7 cells plated in 35 mm plates (50% confluent)
were serum starved overnight in phenol red-free DMEM and then
treated with PBS vehicle or IGF-2 (100 ng/mL) for 3 h. This time
point was selected based on our preliminary time course experi-
ments showing that IGF-2 induction of CCND1 mRNA is maximal
at 3 h post IGF-2 (data not shown). Total cellular extract was iso-
lated in 200 lL of 2� sample lysis buffer (Bio-RAD; cat #161-
0737) and approximately 12.5 lg of protein was subjected to SDS
PAGE and transferred to polyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad; Hercules, CA). Membranes were blocked in PBS,
.01% Tween 20 (Bio-Rad; Hercules, CA) (PBS-T), 5% (wt/vol) lowfat
powdered milk for 1 h and incubated overnight with primary anti-
body at 4 �C with gentle mixing. Membranes were rinsed five times
(five minutes each wash) with PBS-T and then incubated with an
appropriate HRP-labeled secondary antibody (diluted 1:10,000 in
PBS, .01% tween-20, 5% milk) (Thermo Scientific, Pierce) for 1 h, fol-
lowed with rinsing five times (five minutes each wash) in PBS-T.
Membranes were developed with enhanced chemiluminescent
substrate (Millipore, Immobilon ECL substrate) and exposure to
X-ray film (Midwest Scientific). Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) antibody was purchased from Millipore (cat #
MAB374), AHR antibody from Santa Cruz (Cat # H-211) and CCND1
antibody from Millipore (cat # 04-1151). Equal protein loading was
confirmed by GAPDH Western blots. Normalized levels of AHR, and
CCND1 were expressed as a ratio of AHR/GAPDH and CCND1/GAP-
DH. Densitometry was calculated with ImageJ PC-based software
(National Institute of Health).

2.3. Q-PCR analysis to determine IGF-2 induction of AHR, CYP1A1 and
CCND1

200,000 MCF-7 cells plated in 35 mm plates were serum starved
overnight in phenol red-free DMEM, and then treated with PBS
vehicle or IGF-2 (100 ng/mL) for 3 h. Total RNA was isolated in
TRI-Reagent and quantitated by Nanodrop spectrophotometry.
RNA was reverse transcribed to complementary DNA (cDNA)
(Verso cDNA kit; Thermo Fisher Scientific; cat # AB-1453/B).
Resulting cDNAs were subjected to quantitative real-time PCR
(Q-PCR) using gene specific primers (300 nM per reaction) and 40
cycles of PCR in accordance with Absolute Blue SYBR Green Rox
Mix (Thermo Fisher Scientific; cat # AB-4162/B) protocols. Relative
gene expression between controls and IGF-2 treated cells was cal-
culated using the formula 2�DDCT, as described by Livak and Sch-
mittgen [16]. Glyceraldehyde-3-phosphate (GAPDH) mRNA levels
served as the internal control. Primer sequences for GAPDH, AHR,
CCND1 and CYP1A1 were: GAPDH (forward, 50-CATGAGAAGTATG
ACAACAGCCT-30; reverse, 50-AGTCCTTCCACGATACCAAAGT-30),
AHR (forward, 50-ACATCACCTACGCCAGTGG-30; reverse, 50-CTCTAT
GCCGCTTGGAAGGAT-30), CCND1 (forward, 50-CCGCAATGACCCCGC
ACGAT-30; reverse, 50-AGGGCAACGAAGGTCTGCGC-30) and CYP1A1
(forward, 50-CTTCACCCTCATCAGTAATGGTC-30; reverse, 50-AGGCTG
GGTCAGAGGCAAT0-3). The Harvard Primer Bank http://pga.mgh.
harvard.edu/primerbank/ was used to design primers. Primer spec-
ificity was verified with melt curve analysis and NIH primer blast
search engines http://www.ncbi.nlm.nih.gov/tools/primer-blast/
index.cgi?LINK_LOC=BlastHome.
2.4. Chromatin immunoprecipitation

MCF-7 cells (500,000 per 60 mm plate) were serum starved
overnight in phenol red-free DMEM, and then treated with PBS
vehicle or IGF-2 (100 ng/mL) for 3 h. Formaldehyde (1%) was then
added to medium for 10 min, followed by Glycine (.5 M) for 5 min.
Cells were rinsed with PBS, collected in PBS, pelleted by centrifuga-
tion, and lysed in 300 lL of lysis buffer (1% SDS; 5 mM EDTA;
50 mM Tris–HCl, pH 8) per 60 mm plate plus protease inhibitors
(Thermo Scientific) for 15 min on ice. Cell extracts were sonicated
(5 times, each time 10 s) and diluted 1:10 in dilution buffer
(16.7 mM Tris–HCl, pH 8; 167 mM NaCl; 1.2 mM EDTA; 0.01%
SDS; 1.1% Triton X-100), rotated overnight at 4 �C with 1 lg of
non-specific IgG (Santa Cruz; cat # 2027) or anti-AHR antibody
(Santa cruz; cat # H-211). Antibody-chromatin complexes were
collected using 5 lL of magnetic protein A beads (life technologies;
cat # 100.01D) with rotation at 4 �C for 90 min. Using magnetic
separation (life-technologies; part # 49-2025), beads were washed
sequentially with buffer 1 (20 mM Tris–HCl, pH 8; 150 mM NaCl;
2.0 mM EDTA; 0.1% SDS), buffer 2 (20 mM Tris–HCl, pH 8;
500 mM NaCl; 2.0 mM EDTA; 0.1% SDS), buffer 3 (10 mM Tris–
HCl (pH 8); 0.25 M LiCl; 1 mM EDTA; 1% NP-40; 1% deoxycholate),
and then 1� TE buffer for five minutes each, and incubated at 65 �C
for 4–6 h in elution buffer (1% SDS, 0.1 M NaHCO3) with proteinase
K. DNA was purified (Qiagen; cat # 28204) and analyzed using real
time PCR. Primers spanning AP-1 and TCF/LEF response elements
in the CCND1 promoter and xenobiotic response elements (XREs)
in the CYP1A1 promoter were used: AP-1 (forward, 50-GGCAGAG
GGGACTAATATTTCCAGCA-30; reverse, 50-GAATGGAAAGCTGAGAA
ACAGTGATCTCC-30) [17], TCF/LEF (forward, 50-GCTCCCATTCTCTGC
CGG-30; reverse, 50-CGGAGCGTGCGGACTCTG-30) [18] and XRE (for-
ward, 50-ACGCAGACCTAGACCCTTTGC-30, reverse, 50-CGGGTGCGC
GATTGAA-30) [19]. ChiP data was expressed as % input, in which
signals obtained from the ChIP are divided by signals obtained
from an input sample.

2.5. AHR knockdown experiments

MCF-7 cells were reverse transfected using methods we have
used previously to selectively target genes for knockdown [20].
Briefly, 200,000 MCF-7 cells were plated in phenol red-free DMEM,
5% charcoal treated FBS, 50 nM cRNAi or AHRi, 2 lL of Dharmafect
#1 per well of a 6 well plate for 12 h and then new media was ap-
plied for 24 h. Cells were then serum starved overnight in phenol

http://www.pga.mgh.harvard.edu/primerbank/
http://www.pga.mgh.harvard.edu/primerbank/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
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Fig. 1. IGF-2 stimulates AHR. MCF-7 cells were treated with vehicle (Veh) or IGF-2
(100 ng/mL) for 3 h. (A) Total cellular protein was then isolated and subjected to
Western blot analysis. The blot was then probed with the indicated antibodies.
Relative level of AHR and CCND1 protein was expressed as a ratio of AHR/GAPDH
and CCND1/GAPDH. Significant (P < .01) increases in AHR, CCND1 protein by IGF-2
are indicated (⁄). (B) Quantitative real-time quantitative polymerase chain reaction
(Q-PCR) analysis of relative mRNA levels of CCND1, AHR and CYP1A1, with
normalization to GAPDH internal control. The value in vehicle treated cells was set
to 1. Significant (P < .01) increases in AHR and CCND1 mRNA by IGF-2 are indicated
(⁄⁄). CYP1A1 mRNA was not significantly induced by IGF-2. Data shown are the
means ± S.E. of (A) three and (B) four independent experiments.
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Fig. 2. IGF-2 stimulates AHR binding on CYP1A1 and CCND1 gene promoters. MCF-
7 cells were treated with vehicle (Veh) or IGF-2 (100 ng/mL) for 3 h and chromatin
immunoprecipitation (ChIP) experiments were conducted, followed by Q-PCR. (A) A
significant (P < .0001) increase in AHR binding to the XRE on the CYP1A1 promoter
induced by IGF-2 is indicated (⁄). (B) A significant (P < .0001) increase in AHR
binding to the AP-1 and TCF/LEF site induced by IGF-2 is indicated as (⁄⁄). Data
shown are the means ± S.E. of three independent experiments.
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red-free DMEM, followed by treatment with PBS vehicle or IGF-2
(100 ng/mL) for 3 h. Treatments were stopped and cellular protein
or mRNA was isolated for Western blot and Q-PCR analysis, respec-
tively, as detailed in Sections 2.2 and 2.3.
2.6. Cell growth experiments

MCF-7 cells were reverse transfected with 50 nM cRNAi or AHRi
as detailed in Section 2.4 for 36 h and then serum starved
overnight in phenol red-free DMEM. Cells were treated with PBS
vehicle or IGF-2 (100 ng/mL) for three additional days. Cells were
collected in trypsin and manual cell counting using a hemocytom-
eter and trypan blue was used to determine live cell number.
2.7. Statistics

Two-tailed, paired t tests with confidence intervals of 95% were
used to determine statistically significant differences between two
groups (vehicle versus IGF-2 treatment) in Fig. 1. The Newman–
Keuls (SNK) post hoc test was used to determine statistically
significant differences among groups following one-way analysis
of variance (ANOVA) in Fig. 2–4. Specific P values are indicated in
Section 3.
3. Results

3.1. IGF-2 increases AHR expression

To investigate whether IGF-2 stimulates AHR expression, over-
night serum starved MCF-7 cells were treated with vehicle or IGF-2
(100 ng/mL) for 3 h. Western blot analysis revealed that IGF-2 in-
duced 1.7- and 1.5-fold increases (P < .01) in AHR and CCND1 pro-
tein, respectively, compared with vehicle (Fig. 1A). The observed
increases in AHR and CCND1 protein correlated with significant in-
creases (P < .01) in AHR mRNA (1.9-fold) and CCND1 mRNA (2-
fold) in IGF-2 treated cells compared with control cells (Fig. 1B).
The levels of CYP1A1 mRNA, which is a TCDD-AHR gene target,
were not induced by IGF-2 treatment (Fig. 1B). This result suggests
that IGF-2 signaling does not induce rapid increases in the levels of
a lipophilic endogenous AHR ligand capable of inducing CYP1A1
expression.
3.2. IGF-2 stimulates AHR binding to CYP1A1 and CCND1 gene
promoters

To determine if IGF-2 promotes AHR binding to gene promoters,
we performed chromatin immunoprecipitation experiments fol-
lowed by real-time quantitative PCR (Q-PCR) (ChIP–qPCR). We first
focused on AHR binding XREs in the CYP1A1 promoter [19].
AHR–ChIP–qPCR experiments revealed that AHR binding to the
XREs on the CYP1A1 promoter in vehicle treated cells was low
and not significantly higher than non-specific IgG (Fig 2A). In con-
trast, IGF-2 promoted a 5-fold increase (P < .0001) in AHR binding
to the XREs on the CYP1A1 promoter compared to vehicle and this
was significantly higher than non-specific IgG (Fig. 2A).

To determine if IGF-2 stimulates the AHR to bind to the
promoter of an induced gene, we examined AHR binding to the
AP-1 and TCF/LEF response elements on the CCND1 promoter.
These transcription factor binding sites were selected because
AP-1 and TCF/LEF sites promote CCND1 transcription [12–14].
The binding of AHR to AP-1 and TCF/LEF sites on the CCND1 pro-
moter was minimal in vehicle treated cells and not significantly
different than non-specific IgG (Fig. 2B). In contrast, the binding
of AHR to AP-1 and TCF/LEF response elements on the CCND1 pro-
moter was substantially increased (approximately 7-fold) by IGF-2
and this was significantly (P < .0001) greater than non-specific IgG
(Fig. 2B). Collectively, these results indicate that IGF-2 promotes
AHR binding to CYP1A1 and CCND1 gene promoters.
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3.3. AHR knockdown inhibits IGF-2 induction of CCND1

Next, experiments were conducted to investigate if IGF-2 induc-
tion of CCND1 requires AHR. Overnight serum starved control and
AHR knockdown MCF-7 cells were treated with vehicle or IGF-2
(100 ng/mL) for 3 h. As shown in Fig. 3A, AHR protein levels were
lower (P < .0001) in AHR knockdown cells (by 10-fold) than control
cells. IGF-2 stimulated (P < .001) approximately 2-fold increases in
AHR and CCND1 protein in control cells, which was completely
abrogated in AHR knockdown cells (Fig. 3A). Analysis of mRNA re-
vealed that IGF-2 stimulated a 1.5-fold increase in CCND1 mRNA,
which was reduced (P < .01) to 1.3-fold in AHR knockdown cells
(Fig. 3B). These findings indicate that AHR knockdown cells are less
responsive to IGF-2-stimulated increases in CCND1 mRNA and
CCND1 protein.
3.4. AHR knockdown compromises MCF-7 proliferation

To determine the role of AHR in cell proliferation, MCF-7 control
and AHR knockdown cells were treated with vehicle or IGF-2
(100 ng/mL) for 3 days. IGF-2 stimulated a 2.3-fold increase the
number of live MCF-7 cells, which was reduced (P < .0001) to
1.2-fold by AHR knockdown (Fig. 4A). Reduced proliferation is con-
sistent with observed reductions in CCND1 levels in AHR knock-
down cells compared with control cells (Fig. 3A), given that
CCND1 induces cell cycle progression.
4. Discussion

Our data indicates that IGF-2 signaling increases the levels of
AHR mRNA and protein (Fig. 1) as well as the binding of AHR to
AP-1 and TCF/LEF response elements on the CCND1 promoter
(Fig. 2). We propose that the observed increase in AHR binding to
the CCND1 promoter is important for the induction of CCND1
expression. Indeed, we found that AHR knockdown completely
abrogated IGF-2 stimulated increases in CCND1 protein and signif-
icantly inhibited the induction of CCND1 mRNA compared to con-
trol cells (Fig. 3).

Modeled in Fig. 4B are our findings herein and the findings of
Barhoover et al. 2010. We show that IGF-2 increases AHR, which
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in turn stimulates increases in CCND1 protein (Figs. 1–3). Based
on the results of Barhoover et al. 2010 [4], the observed in-
creases in AHR and CCND1 would bind to CDK4, which would
promote the phosphorylation and inhibition of RB1 to promote
cell cycle advance and MCF-7 proliferation (Fig. 4B). Our results
showing that AHR knockdown cells are significantly less respon-
sive to the proliferative effects of IGF-2 (Fig. 4A) support a
requirement of AHR for the induction of CCND1 and CDK4-in-
duced phosphorylation of RB1 in MCF-7 cells [4]. Collectively,
our results and the findings of Barhoover et al. 2010 [4], provide
two different but complementary mechanisms of action by
which AHR may mediate the proliferative effects of IGF proteins
and perhaps other mitogens that induce CCND1. These new find-
ings suggest that human cancer cells that are highly responsive
to IGF growth factors may require the AHR for maximal
proliferation.

Specific transcriptional proteins have been reported to stimu-
late the expression of AHR. Nuclear Factor, Erythroid 2-Like 2
(NRF-2) through the activation of an antioxidant response ele-
ment (ARE) in the promoter of AHR, induces AHR transcription
[21]. Overexpression of constitutively active b-catenin stimulated
increases in AHR mRNA and AHR protein in human colon cancer
cells [22]. A prior report showed that the application of medium
containing 10% calf serum, platelet-derived growth factor (PDFG)
or basic fibroblast growth factor (bFGF) to overnight serum
starved murine 3T3 fibroblasts stimulated increases in the levels
of AHR protein and the activity of a murine AHR promoter re-
porter construct, which correlated with the onset of DNA synthe-
sis [23]. Our finding that IGF-2 induced increases in AHR in
MCF-7 cells further links growth factor signaling with endoge-
nous AHR regulation. Our result showing that IGF-2 induction
of AHR is important for the induction of CCND1 provides insight
as to the mechanism by which endogenous AHR regulation stim-
ulates proliferation.

In conclusion, we provide evidence that IGF-2 induction of AHR
is important for the induction of CCND1 and MCF-7 proliferation.
Barhoover et al. 2010 have shown that TCDD inhibits MCF-7 cell
cycle by disrupting interactions between CDK4 and AHR in
MCF-7 cells [4]. We postulate that TCDD and other exogenous
AHR ligands may impact cell proliferation by interfering with
AHR-protein interactions on the CCND1 promoter.
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