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Abstract
We previously established that Indole-3-Carbinol (I3C), a natural hydrolysis product of
glucobrassicin in cruciferous vegetables, arrests the proliferation of estrogen-dependent human
breast cancer cells and induces protein degradation of estrogen receptor-alpha (ERα). We
demonstrate in human MCF-7 breast cancer cells that I3C ablates expression of Insulin-like
Growth Factor Receptor-1 (IGF1R) and Insulin Receptor Substrate-1 (IRS1), downstream
effectors of the IGF1 signaling pathway. Exogenous ERα reversed the I3C mediated loss of
IGF1R and IRS1 gene expression demonstrating that down-regulation of ERα is functionally
linked to I3C control of IGF1R and IRS1 expression. I3C disrupted binding of endogenous ERα,
but not Sp1, to ERE-Sp1 composite elements within the IGF1R/IRS1 promoters. Exogenous ERα
abrogated, and combined expression of IGF1R and IRS1 attenuated, the I3C mediated cell cycle
arrest. Therefore, I3C inhibits proliferation of estrogen-sensitive breast cancer cells through
disruption of ERα-mediated transcription of cell signaling components within the IGF1 cascade.
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1. Introduction
The Insulin-like Growth Factor-1 Receptor (IGF1R) is a transmembrane receptor tyrosine
kinase that is activated upon binding to its ligand, Insulin-like Growth Factor-1 (IGF1),
resulting in phosphorylation of tyrosine residues in the receptor itself and of intracellular
protein substrates such as Insulin Receptor Substrate-1 (IRS1). Phosphorylated IGF1R and
IRS1 recruit cellular signal transduction molecules that can activate down stream pathways
involved in proliferation of hormone sensitive breast cancer cells (Chitnis et al., 2008).
Aside from being a requisite for normal growth and development, the IGF1R signaling
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pathway is also associated with the genesis of breast cancer (Jones et al., 2009; Jones et al.,
2007). High levels of serum IGF1 can increase breast cancer risk by up to 7-fold in pre-
menopausal women, and is therefore often used as a prognostic indicator in these women. In
this regard, elevated levels of IGF1R and IRS1 protein levels correlate extremely well with
increased tumorigenicity, metastases, and invasion (Nagle et al., 2004). IGF1R expression
increases by up to 14-fold in estrogen sensitive breast cancer cells compared to normal
epithelial cells (Happerfield et al., 1997).

The pro-proliferative activities of estradiol (E2) in breast cancer cells are mediated by the
Estrogen Receptor-alpha (ERα) dependent transcriptional regulation of target genes that
trigger cell cycle progression and cell survival responses. E2 activated ERα interacts with its
target gene promoters through binding as homodimers to Estrogen Response Elements
(ERE) or binding as heterodimers with transcription factor binding partners to composite
DNA elements that contain an ERE half site and the corresponding transcription factor
binding site (Marino et al., 2006). The resulting transcription factor complex that is tethered
to the estrogen receptor includes breast cancer cell expressed co-activators and chromatin
remodeling factors that direct transcription of genes involved in cell proliferation (Shibata et
al., 1997; Schultz-Norton et al., 2011). Several studies show that the expression of IGF1R
and IRS1 is regulated by E2 in estrogen sensitive breast cancer cells (Clarke et al., 1997;
Mauro et al., 2001; Stewart et al., 1990), whereas, ERα negative breast cancer cell lines
express comparatively low levels of IGF1R and IRS1 (Surmacz and Bartucci, 2004).

Elucidation of the IGF1 receptor activated signaling cascade and its role in controlling
proliferation of breast cancer cells has influenced the development of several therapeutic
strategies that target this pathway. One approach has been to disrupt IGF1 binding to
IGF1R, either by employing neutralizing monoclonal antibodies directed against IGF1, or by
increasing levels of IGF Binding Proteins (IGFBP), which naturally bind and sequester IGF1
(Goya et al., 2004; Van den Berg et al., 1997). In a complementary manner, monoclonal
antibodies can be directed toward IGF1R to induce receptor-mediated endocytosis, followed
by proteolytic degradation (Lee et al., 2003; Sachdev et al., 2003; Wang et al., 2005).
However, antibody binding can, in some cases, induce partial activation of the receptor and
its proliferative pathway (Li et al., 2000).

An alternative strategy is to chemically disrupt IGF1R activity with membrane permeable
tyrosine kinase inhibitors that block IGF1R phosphorylation and subsequent interaction with
specific sets of cell signaling molecules (Carboni et al., 2005; Garcia-Echeverria, 2006;
Wittman et al., 2005). The lack of specificity of currently used inhibitors, due to the
homology between receptor tyrosine kinases, makes this strategy less promising because of
the high probability of off-target effects (Riedemann J. and Macaulay V.M., 2006). Because
IGF1R and IRS1 are expressed in the majority of normal tissues, and for example play
essential roles in enhanced neuronal survival, maintenance of cardiac function, and survival
of pancreatic beta cells, disruption of these activities can potentially lead to significant side
effects (Da Silva Xavier et al., 2004; Liu et al., 2009). Therefore, an important issue is to
develop new therapeutic strategies that target the IGF signaling axis with increased efficacy
and reduced side effects.

Epidemiological and physiological studies have suggested that phytochemicals from
vegetables and fruits represent intriguing natural sources to uncover new classes of potential
anti-cancer molecules with minimal adverse side effects (Manson et al., 2005). One such
phytochemical is Indole-3-Carbinol (I3C), a natural compound derived by hydrolysis from
glucobrassicin produced in Brassica cruciferous vegetables such as cabbage, broccoli, and
Brussels sprouts (Aggarwal and Ichikawa, 2005). There is compelling evidence in estrogen-
sensitive human breast cancer cell lines, such as MCF-7 and T47D, that I3C treatment
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disrupts estrogen responsive gene expression and inhibits estrogen-dependent cell
proliferation (Auborn et al., 2003; Cover et al., 1999; Wang et al., 2006; Sundar, et al., 2006;
Firestone and Sundar, 2009). We now demonstrate that I3C blocks expression of both
IGF1R and IRS1 transcript and protein levels in estrogen responsive human breast cancer
cells through the targeted disruption of ERα expression and loss of endogenous ERα
interactions with the promoters of both genes. We also show that the down regulation of
IGF1R and IRS1 expression contributes to the I3C cell cycle arrest of human breast cancer
cells that express functional ERα.

2. Materials & methods
2.1 Reagents

Indole-3-Carbinol (I3C), 17β-Estradiol (E2), and dimethylsulfoxide (DMSO) were obtained
from Sigma Chemical Company (St. Louis, MO). Propyl pyrazole triol (PPT) was obtained
from LC Laboratories (Woburn, MA). All other chemicals were of the highest quality
available.

2.2 Cell Culture
MCF-7 human breast cancer cells were obtained from American Type Culture Collection
(Manassas, VA). Cells were grown in Dulbecco’s Modified Eagles Medium (DMEM) from
BioWhittaker (Walkersville, MD), supplemented with 10% fetal bovine serum from
Mediatech (Manassas, VA), 10 mg/ml insulin, 50 U/ml penicillin, 50 U/ml streptomycin,
and 2 mM L-glutamine from Sigma (St. Louis, MO). Cells were grown to subconfluency in
a humidified chamber at 37°C containing 5% CO2. Stock solutions of 200 mM I3C, 100
mM PPT and 10 mM E2 were prepared by dissolving each in DMSO. I3C, PPT, or E2 was
then diluted 1:1000 in media prior to culture plate application. Phenol red-free media
supplemented with 10% dextran charcoal-stripped media from Gemini Bio-Products
(Sacramento, CA) was employed for all estrogen sensitivity assays.

2.3 Western Blotting
After the indicated treatments, western blots were performed as previously indicated
(Sundar et al., 2006). Rabbit anti-IRS1 (CS-2382), and rabbit anti-IGF1R (CS-3027) were
diluted 1:200 in Tris-Buffered Saline and Tween 20 (TBST) (Cell Signaling Technology,
Danvers, MA). Mouse anti-ERα (sc-8005), was diluted 1:200 in TBST (Santa Cruz
Biotechnology, Santa Cruz, CA). HSP90 (#610419 BD Transduction laboratories, Franklin
Lakes, NJ), HSP60 (Cell Signaling Technology, Danvers, MA), and actin (#AAN01
Cytoskeleton, Inc. Denver, CO) were used as loading controls, and antibodies for these were
diluted 1:2000 and 1:1000 respectively, in TBST. Immunoreactive proteins were detected
after incubation with horseradish peroxidase-conjugated secondary antibodies diluted
3×10−4 in 1% Non-Fat Dried Milk (NFDM) in TBST. Blots were then treated with enhanced
chemiluminescence reagents (Eastman Kodak, Rochester NY) visualization on film.

2.4 Expression Plasmid Transfection
Cells were grown and indicated treatments performed on 10 cm tissue culture plates from
Nunc (Fisher Scientific, Rochester, NY). Human CMV-IRS1 expression plasmid was
obtained from Addgene, “Addgene plasmid 11238” (Cambridge, MA). Human pBABE-
IGFIR plasmid was obtained from Addgene “Addgene plasmid 11212” (Cambridge, MA).
Human CMV-ERα was a kind gift from Dr. Benita Katzenellenbogen, University of Illinois
at Urbana-Champagne. Transfection of expression vectors was performed using Polyfect
transfection reagent from Qiagen (Valencia, California) per manufacturers’ recommended
protocol.
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2.5 RT-PCR
Total RNA from MCF-7 cells treated with indicated compounds was isolated with Trizol
Reagent according to manufacturer’s protocol from Sigma (St. Louis, MO). Total RNA (4
μg) was used to synthesize cDNA using Moloney murine leukemia virus-reverse
transcriptase from Promega Corp (Madison, WI) with random hexamers as primers. The
cDNA reaction product (400 ng) was amplified with primers of the following sequences:
ERα Forward: 5′-AGC ACC CAG TGA AGC TAC T-3′, ERα Reverse: 5′-TGA GGC
ACA CAA ACT CCT-3′; IGF1R Forward: 5′-TGA GGA TCA GCG AGA ATG TG-3′,
IGF1R Reverse 5′-GAC CCA TTC CCA GAG AGA GA-3′; PR Forward: 5′-CGA AAA
CCT GGC AAT GAT TTA GAC-3′, PR Reverse 5′-GAA CCA GAT GTG ATC TAT
GCA GGA-3′; IRS1 Forward: 5′-CAG AGG ACC GTC AGT AGC TCA A-3′, IRS1
Reverse 5′-GGA AGA TAT GAG GTC CTA GTT GTG AAT-3′; GAPDH Forward 5′-
TGA AGG TCG GAG TCA ACG GAT TTG-3′, GAPDH Reverse: 5′-CAT GTG GGC
CAT GAG GTC CAC CAC-3′. PCR products were analyzed on 1.2 % agarose gel along
with 1-kb Plus DNA ladder from Invitrogen (Carlsbad, CA) and the products were
visualized with GelRed from Biotium (Hayward, CA).

2.6 Chromatin Immunoprecipitation (ChIP) Assays
MCF-7 cells were grown to subconfluency and treated for 48 hours with 200 μM I3C or
DMSO vehicle control. ChIP was performed as previously described (Sundar et al, 2008).
Primers for ChIP experiments were as follows: pIRS1 Forward: 5′-ACA CCC ATT GAA
CCA CCC TA-3′, Reverse: 5′-CGT TTG TTT GTG GGG AGA CT-3′; pIGF1R Forward:
5′-GGA GCC GCT CAT TCA TTT TGA C-3′, Reverse: 5′-CTA GGC GAG GAA AAA
CAA GC-3′. Products were visualized on a 1.5 % agarose gel buffered with Tris-Boric
Acid-EDTA.

2.7 Flow Cytometry
MCF7 cells were plated onto six-well tissue culture dishes and grown in phenol red-free
media containing dextran charcoal-stripped 10 % FBS. Cells were treated with 10 nM E2 or
100 nM PPT in the presence or absence of 200 mM I3C. Cells were exposed to the indicated
treatments for 48 hours and hypotonically lysed in 300 mL of DNA staining solution (0.5
mg/mL propidium iodide, 0.1 % sodium citrate, and 0.05 % Triton-X 100). Nuclear emitted
fluorescence wavelength of more than 585 nm was measured with a Coulter Elite instrument
with laser output adjusted to deliver 15 mW at 488 nm. Nuclei (10,000) were analyzed from
each sample at a rate of 300-500 nuclei/second. The percentage of cells within the G1, S, and
G2/M phases of the cell cycle were determined by analysis with the Multicycle computer
program provided by Phoenix Flow Systems in the Cancer Research Laboratory
Microchemical Facility of the University of California, Berkeley. This experiment was
repeated twice to confirm results.

2.8 Statistical Analysis
Statistical Analysis was performed using Prism 5 Software. Dose responses, multi cell line
treatment, and overexpression graphs were determined using a one-way repeated measures
ANOVA with the Bonferroni multiple comparisons correction to all combinations. Post-tests
for linear trend were also performed on dose response graphs and deemed significant. Time
courses were analyzed using paired t-tests with bonferroni correction. P values denoted as
follows, “ns” > 0.05, “*”<0.05, “**”<0.01, “***”<0.001.
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3. Results
3.1 I3C down-regulates expression of Insulin-like Growth Factor Receptor-1 (IGF1R) and
Insulin Receptor Substrate (IRS1) in MCF-7 human breast cancer cells

Because of the critical role of the IGF1 receptor signaling pathway in the proliferation of
human breast cancer cells (Werner and Bruchim, 2009), we initially examined whether the
I3C anti-proliferative response is associated with altered expression of key signaling
components within this growth factor receptor pathway in human MCF-7 breast cancer cells.
These cells are highly estrogen responsive and express functional ER. Initially, MCF-7 cells
were treated with increasing concentrations of I3C for 48 hours, and the levels of Insulin-
like growth factor-1 receptor (IGF1R) and insulin receptor substrate-1 (IRS-1) protein and
transcripts determined in comparison to ERα. Western blot analysis of electrophoretically
fractionated total cell extracts (Fig 1A and 1B) and RT-PCR analysis of total isolated
cellular RNA (Fig 1C and 1D) revealed that I3C strongly down regulated the protein and
transcripts of both IGF1R and IRS1. The half-maximal response for IGF1R was
approximately at 75 μM I3C, which closely approximated that observed for ERα, consistent
with previous observations showing that ER can be down-regulated by I3C in estrogen
sensitive breast cancer cells (Marconett et al., 2010; Sundar et al., 2006; Wang et al., 2006).
Hsp60 was used as a gel loading control for the western blots and GAPDH represented a gel
loading control for the RT-PCR.

In contrast to the effects on IGF1R expression, slightly higher concentrations of I3C were
needed to attain the half maximal down regulation of IRS1, which likely reflects the relative
cellular stability of the IRS1 gene products (Cui et al., 2006). I3C regulation of IRS1
transcription was surprising given that IRS1 regulation typically occurs at the level of
protein stability (Kang et al., 2006; Parathath S.R., 2008; Ruiz-Alcaraz A.J., et al., 2005). By
200 μM I3C, the maximal down-regulation of IGF1R and IRS1 were observed, which
corresponded to the indolecarbinol concentration required for the maximal cell cycle arrest
of MCF-7 breast cancer cells (Cover et al., 1999). This concentration of indole was used in
the subsequent experiments.

3.2 Time course of I3C mediated down-regulation of IGF1R and IRS1 expression
The kinetics of I3C down-regulation of IGF1R, IRS1 and ERα gene expression in MCF7
cells were compared over a 72 hour time course. With generally similar kinetics, I3C rapidly
down-regulated the levels of IGF1R and ERα protein (Fig 2A and 2B) and transcripts (Fig
2C and 2D). At the 24 hour time point, I3C strongly inhibited the expression of both genes
and by 72 hours treatment, expression of both IGF1R and ERα was barely detectable. The
I3C down-regulation of IRS1 displayed a delayed kinetics in that only a minor effect was
observed at 24 hours, while at 48 hours and beyond I3C significantly reduced IRS1
expression. Throughout this time course, no changes were detected in either of the gel
loading controls, HSP60 (protein) or GAPDH (mRNA).

3.3 I3C disrupts IGF1R signaling via ERα in an estrogen dependent manner in ERa-
expressing cell lines

To initially determine whether there is any mechanistic link between the I3C down-
regulation of ERα expression and that of IGF1R and IRS1 expression, the effects of 48 hour
treatment of I3C on IGF1R and IRS1 expression was measured in multiple breast cancer cell
lines of both hormone sensitive (ERα+) and hormone resistant (ERα−) phenotypes. MCF-7
cells express functional ERα, whereas, both MCF10A and MB-MDA-231 cells do not
produce ERα (Zhou et al., 2007). Western blot analysis revealed that I3C strongly down
regulated both IGF1R and IRS1 protein levels in the ERα+ MCF-7 cell line and failed to
alter the expression levels of either gene product in the two ERα− cell lines (Fig 3A). Also,
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I3C downregulated IRS1 and IGF1R transcript levels in multiple estrogen sensitive cell
lines, including MCF10T and T47D cells (Shekhar et al., 1998) in addition to the MCF7
cells, whereas, I3C was unable to affect transcript levels of these genes in the estrogen
insensitive cell lines such as MDA-MB-231 and MCF10A cells (Fig 3B). Take together, the
I3C down-regulation of IGF1R and IRS1 expression was consistently observed only in
breast cancer cell lines with an ERα+ phenotype, indicating a correlation between IGF1R
and IRS1 expression and ERα.

We previously established that I3C blocks ERα expression by a process that is highly
specific to the chemical structure of I3C, as the natural self-condensation product of I3C,
3,3′diindoylylmethane (DIM), is able to induce a G1 cell cycle arrest of MCF-7 cells but
fails to alter ERα expression (Marconett et al., 2010; Sundar et al., 2006). In order to
determine if the I3C mediated down-regulation of IGF1R and IRS1 was consistent with the
effects of I3C on ERα, MCF-7 cells were treated for 48 hours with the DMSO vehicle
control, 200 μM I3C, 30 μM DIM, or with 200 μM tryptophol, which is an indole with
similar structure to I3C but with no observable affect on proliferation. Total RNA was
harvested and subjected to RT-PCR. As shown in Fig 3C, I3C selectively blocked IGF1R
and IRS1 transcript expression under conditions in which treatment with either DIM or
tryptophol had no effect. This result shows that the down-regulation of IGF1R and IRS1
expression are specific to the mechanism by which I3C inhibits ERα expression, and not a
generalized effect of overall growth arrest or due to any nonspecific indole response.

Estrogen has been shown to induce IGF1R promoter activity in a receptor dependent manner
(Maor et al., 2006), and ligand-activated ERα can bind to regulatory regions of the IRS1
promoter and subsequently increase IRS1 transcription in mice (Mauro et al., 2001).
Because I3C can stimulate the proteasome-mediated degradation of ERα that leads to the
loss of ERα expression (Marconett et al., 2010), the ablation of ERα by I3C is predicted to
disrupt estrogen dependent IGF1R and IRS1 gene expression. To directly test this concept,
MCF-7 cells were grown in steroid deficient media in the presence or absence of 200 μM
I3C and/or 10 nM 17-β-estradiol (E2) for 48 hours and levels of IGF1R and IRS1 protein
examined. As shown in Fig 3D (upper panels), in the absence of I3C, treatment with 10 nM
E2 strongly enhanced production of both IGF1R and IRS1 protein, whereas, in the presence
of I3C the estrogen responsive production of both proteins was ablated. To assess whether
ERα mediates this response, MCF7 cells cultured in steroid deficient medium were treated
with 10 nM E2, which binds to both ER subtypes (ERα and ER ), or 10 nM propyl pyrazole
triol (PPT), a relatively specific ERα ligand agonist, in the absence or presence of 200 μM
I3C for 48 hours. As shown in Fig 3D (lower panels), quantification of RT-PCR analysis of
total isolated RNA showed that both E2 and PPT significantly increased IRS1 and IGF1R
expression, and that I3C ablated both increases in gene expression. Taken together, these
results show that I3C blocks ERα dependent stimulation of IRS1 and IGF1R expression in
estrogen sensitive MCF-7 breast cancer cells.

3.4 I3C disrupts ERα protein interactions with IGF1R and IRS1 promoters
The ability of I3C to disrupt estrogen induced expression of IGF1R and IRS1 suggests that
the effects are mediated through I3C regulated interactions of ERα with each corresponding
gene promoter. The mouse IGF1R and IRS1 promoter activities and transcripts have
previously been shown to be stimulated by ligand-activated ERα (Maor et al., 2006; Mauro
et al., 2001), however, relatively little is known about ERα interactions with these gene
promoters in estrogen responsive human cancer cells. The sequence of the IRS1 promoter
regulatory region diverges between mice and humans at the identified ERα binding site
(Fig. 4A). Two potential ERα binding sites were identified in the human IGFR1 promoter
within 1 kB upstream of the transcription start site; one located 222 bases upstream (−222
IGF1R) and the other 426 bases upstream (−426 IGF1R) of the transcription start site (Fig.
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4B). Also, within the IRS1 gene promoter, sequence analysis revealed one potential ERα
binding site at −1975 (−1975 IRS1) that is within 2 kB of the transcription start site.

Interestingly, the −426 IGF1R and −1975 IRS1 ER consensus binding sites are half-ERE
elements located in close proximity to predicted Sp1 binding sites, potentially forming an
Sp1-ERE composite element (Fig. 4B). The Sp1 transcription factor has been shown to be
involved in target gene activation (Fry C.J. and Farnham P.J., 1999; Saville et al., 2000), and
Sp1 activity can be selectively disrupted by I3C in a target gene specific manner (Cram et
al., 2001; Marconett et al., 2011). Therefore, chromatin immunoprecipitation (ChIP) was
used to determine whether I3C could affect endogenous ERα and/or Sp1 recruitment to the
native IGF1R and IRS1 promoters in human breast cancer cells. MCF7 cells were treated
with or without 200 M I3C for 24 hours. DNA derived from chromatin immunoprecipitated
with anti-human ERα or anti-Sp1 antibodies was PCR amplified with primers specific to the
Sp1-ERE composite element DNA binding sites contained within each promoter. ERα and
Sp1 bound to both the −426 IGF1R and −1975 IRS1 sites in the absence of indole treatment,
but not on the predicted −222 IGF1R site (Fig. 4C). Treatment with I3C ablated endogenous
binding of ERα to each promoter, but had no effect on Sp1 interactions, thereby indicating
that the I3C disruption of ERα binding to both the IFGR1 and IRS1 gene promoters directly
leads to reduced transcription of both genes.

3.5 Expression of exogenous ERα rescues the I3C down-regulation of IGF-1R and IRS1
gene expression

A key prediction of whether the I3C dependent down-regulation of ERα is sufficient for loss
of IGF1R and IRS1 gene expression is that transfected exogenous ERα should prevent the
I3C inhibition of both gene products. To test this possibility, MCF-7 cells were stably
transfected with either a CMV-ER expression vector or with a CMV-Neo empty vector
control and examined for ER, IGF1R and IRS1 protein (Fig 5A and 5B) and transcript (Fig
5C and 5D) levels in the presence or absence of I3C. CMV-ERα transfected cells express
higher levels of ERα than control CMV-Neo transfected cells (Fig. 5A and 5B). The
exogenous ERα protein is down-regulated in I3C treated cells as predicted by the indole
induced proteasomal degradation of ERα protein (Marconett et al., 2010). However, enough
residual exogenous ERα protein remained that the overall ERα levels in I3C treated cells
are not significantly different from endogenous levels in CMV-Neo transfected cells treated
with the vehicle control. In the presence of exogenous ERα protein, the I3C-induced down-
regulation of endogenous IGF1R and IRS1 transcripts and protein was effectively blocked
(Fig 5). Because ectopic expression of ERα reversed the I3C down-regulation of IGF1R and
IRS1 transcript expression, the I3C disruption of ERα interactions with the IGF1R and IRS1
promoters mediates the I3C-dependent loss of IGF1R and IRS1 gene expression,
respectively.

3.6 Ectopic expression of ERα or the combination of IGF1R and IRS1 disrupts I3C-
mediated cell cycle arrest

To functionally test the role of IGF1R and IRS1 down-regulation in the I3C-mediated cell
cycle arrest of estrogen treated breast cancer cells, MCF-7 cells were transfected with
individual or combinations of IRS1 and IGF1R expression plasmids driven from constitutive
viral promoters (CMV-IRS1 and/or CMV-IGF1R), or with an ERα expression plasmid
(CMV-ERα). Cells were also transfected with an empty expression vector (CMV-Neo) as a
control for any non-specific effects of the transfection on indole responsiveness. Verification
of constitutive expression was performed by western blot analysis (data not shown). All
transfected cell lines were then cultured in steroid-free medium and treated with the
indicated combinations of 200 μM I3C, 10 nM E2, and 100 nM PPT, an ERα specific
agonist, and subjected to flow cytometry of propidium iodide stained nuclei. As expected,
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E2 and PPT induced proliferation of control CMV-Neo transfected cells as measured by an
increase of cell population in S phase, whereas, I3C treatment alone or in combination with
either ERα agonist arrested the cells in the G1 phase of the cell cycle (Fig. 6A). In contrast,
ectopic expression of ERα induced an increased proliferative capacity, regardless of
whether the cells were treated with E2, PPT, or I3C (Fig. 6B). Also, it is important to point
out that consistent with the known pro-proliferative effects of ERα, expression of exogenous
ERα increased the number of S phase MCF7 cells observed in the absence of any hormone
or I3C treatment (Fig 6B vs 6A, first set of bar graphs). Our results functionally demonstrate
that the I3C down-regulation of ERα and its gene targets play an important role in the I3C-
mediated cell cycle arrest in hormone sensitive breast cancer.

The potential effect of expressing combinations of exogenous IGF1R and IRS1 on the I3C-
mediated cell cycle arrest was assessed by flow cytometry. Ectopic expression of either
IGF1R or IRS1 alone was unable to block the I3C-mediated arrest (data not shown).
However, co-expression of IGF1R and IRS1 in MCF-7 cells eliminated the I3C driven G1
cell cycle arrest (Fig. 6C, left two sets of bar graphs) in that there were no observed
increased in G1 arrested cells or significant decrease in S phase cells. Furthermore, in the
presence of the E2 and PPT estrogen agonists, I3C treatment only partially triggered a loss
of S phase cells or increased the number of G1 phase cells compared to the effects of I3C
observed in the control CMV-Neo transfected cells (Fig 6C vs Fig 6A, middle and right sets
of bar graphs). Thus, exogenous expression of a combination of IGF1R and IRS1 were able
to override the I3C-dependent cell cycle arrest in the absence of active ERα, and attenuate
the cell cycle arrest in the presence of estrogen agonists. These results implicate a role of
IGF1R and IRS1 triggered down-stream signaling in the I3C anti-proliferative response.

4. Discussion
Our results demonstrate that the I3C mediated down-regulation of ERα causes the loss of
ERα binding to the human IGF1R and IRS1 gene promoters and ablation of estrogen
dependent transcriptional induction of these two ERα target genes. For both gene promoters,
I3C disrupted endogenous ERα interactions with an ERE-Sp1 composite DNA element in
which Sp1 binding is not altered in indolecarbinol treated cells. We also observed that the
I3C mediated loss of IGF1R and IRS1 expression significantly dampens the estrogen
dependent proliferation of hormone sensitive MCF-7 human breast cancer cells. Consistent
with a critical role for ERα in this process, exogenous expression of this steroid receptor
ablated the I3C down-regulation of IGF1R and IRS1 gene expression and blocked the I3C
induced cell cycle arrest. Moreover, I3C treatment prevented either estradiol, which binds to
both ER isotypes, or PPT, an ERα selective agonist, from stimulating IGF1R and IRS1 gene
expression and cell proliferation.

The cellular connections between ERα function and proliferation in breast cancer involve
several distinct mechanisms of cross-talk between IGF1R and ERα signaling pathways
(Santen et al., 2009). For example, the IGF1 induced intracellular phosphorylation of IGF1R
and IRS1 triggers down stream cascades that can lead to phosphorylation and ligand
independent activation of ERα (Strissel et al., 2008). Furthermore, E2 can stimulate the
nuclear translocation of IRS-1 (Morelli et al, 2004) and that the direct binding of ERα to
IRS-1 involved the activation function-1 and DNA binding domain region of ERα and the
N-terminal pleckstrin homology domain and a region within the C-terminus of IRS-1 (Sisci
et al., 2007). Knock down of IRS-1 can also reduce the IGF-1-dependent transcriptional
activity of unliganded ERα (Sisci et al., 2007). In mice, ERα induces IRS1 transcription
(Mauro et al., 2001), and E2 has been shown to stimulate IGF1R transcript levels (Stewart et
al., 1990). Together with our previous report (Marconett et al., 2010), our results have
defined the cellular cascade by which I3C disrupts the proliferation of ERα expressing
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human breast cancer cells through the loss of IGF1 signaling. We propose that I3C induces
the degradation of ERα protein, which disrupts an ERα/GATA3 positive regulatory loop,
resulting in the loss of ERα gene transcription (Marconett et al., 2010). The down regulation
of ERα causes the steady state loss of estrogen dependent transcription of the IGF1R and
IRS1 genes and thereby disrupts down stream signaling events involved in the IGF1R and
IRS1 mediated proliferation of ERα-expressing human breast cancer cells.

In human cells, ERα-target genes regulate E2-dependent cascades that control cell
proliferation, and through these regulated pathways this ER isotype has been proposed to
play a role in the etiology of breast cancer. IGF1R and its ligand IGF1 have been implicated
in metastatic breast cancer (Klinakis et al, 2009), and although the precise mechanism is
unknown, it has been speculated that progression from estrogen-sensitive to estrogen-
insensitive breast cancer is carried out by ERα-mediated increases in expression and/or
activity of IGF1 and IGF1R (Fagan and Yee, 2008). This response causes an increase in
growth factor signaling pathways that leads to growth and proliferation independent of
hormone responsive ERα (Osborne and Schiff, 2011). Thus, growth factor signaling
components represent important targets of therapeutic strategies for breast cancer (Ryan and
Goss, 2008).

Current therapies targeting IGF1 receptor-dependent signaling in breast cancer directly
inhibit receptor tyrosine kinase activation through the use of small molecule inhibitors,
antibodies, or modulation of the growth hormone-IGF axis. However, these strategies can
disrupt the functioning of IGF signaling in off-target tissues, such as pancreatic islet
function. I3C is a strong potential therapeutic candidate for estrogen-sensitive breast cancers
because this indolecarbinol molecule selectively decreases the levels or activities of several
proteins involved in cell proliferation and deregulated in human breast cancer, including
many ERα-regulated gene products (Wang et al., 2006; Sundar, et al., 2006; Firestone and
Sundar, 2009). Our results directly implicate the expression of IGF1R and IRS1 as two
critical ERα-regulated target genes that is disrupted in I3C treated cells. We are currently
assessing the effects of more potent and stable indolecarbinol derivatives of I3C on IGF
signaling as targeted therapeutic molecules for estrogen sensitive breast cancer.
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Fig. 1.
Dose-response of I3C down-regulation of IGF1R and IRS1 protein and transcript
expression. MCF-7 breast cancer cells were treated with indicated concentrations of I3C for
48 hours. (A) Isolated cell lysates were fractionated by SDS polyarylamide gel
electrophoresis and IGF1R ( and/or isoforms), IRS1 and ERα protein was monitored by
western blot analysis in comparison the HSP90 gel loading control. Representative blots
from four independent experiments are shown. (B) Densitometry quantification of the data
shown in Fig 1A normalized to HSP60. Statistically significant differences are noted with
asterisks. (C) Total cellular RNA was isolated, and IGF1R, IRS1 and ERα transcript
expression was determined by RT-PCR in comparison to the GAPDH constitutively
expressed control transcript. The PCR products were visualized on a 1% agarose gel stained
with ethidium bromide. Representative gels from four independent experiments are shown.
(D) Densitometry quantification of the data shown in Fig 1C normalized to GAPDH.
Statistically significant differences are noted with asterisks.
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Fig. 2.
Kinetic analysis of the effects of I3C on the expression of IGF1R and IRS1 protein and
transcripts. MCF-7 cells were treated with or without 200 μM I3C for the indicated times.
(A) The levels of IGF1R ( and/or isoforms), IRS1 and ERα protein was monitored by
western blot analysis in comparison the HSP90 gel loading control. Representative blots
from four independent experiments are shown. (B) Densitometry quantification of the data
from Fig 2A normalized to HSP60. Statistically significant differences are noted with
asterisks. (C) IGF1R, IRS1 and ERα transcript expression was determined by RT-PCR in
comparison to GAPDH constitutively expressed control transcript. The PCR products were
visualized on a 1% agarose gel stained with ethidium bromide. Representative gels from
four independent experiments are shown. (D) Densitometry quantification of the data from
Fig. 2C normalized to GAPDH. Statistically significant differences are noted with asterisks.
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Fig. 3.
I3C down-regulation of IGF1R and IRS1 expression in estrogen responsive human breast
cancer cell lines. (A) Estrogen responsive MCF-7 or estrogen insensitive MCF10A and
MDA-MB-231 human breast cancer cells were treated with or without 200 μM I3C for 48
hours. Total cell lysates were fractionated by SDS-polyacrylamide electrophoreisis and the
levels of IGF1R ( and/or isoforms) and IRS1 protein were monitored by western blot
analysis in comparison the HSP90 gel loading control. Representative blots from three
independent experiments are shown. (B) Densitometry quantification of fold changes in
IGF1R and IRS1 expression in multiple breast cancer cell lines treated with or without 200
μM I3C for 48 hours. Bands were normalized to the GAPDH loading control and DMSO
treatment for each cell line. Estrogen sensitive cell lines: MCF10T (denoted as 10T), MCF7,
and T47D; Estrogen insensitive cell lines: MCF10A (denoted as 10A) and MD-MBA-231
(denoted as 231). (C) MCF-7 cells were treated with the indicated indole compounds or with
the DMSO vehicle control for 48 hours, total RNA isolated and the levels of IGF1R and
IRS1 transcript expression was determined by RT-PCR in comparison to the GAPDH
constitutively expressed control transcript. The PCR products were visualized on a 1%
agarose gel stained with ethidium bromide. Representative gel results from three
independent experiments are shown. (D) MCF-7 cells were grown in steroid deficient media
for 24 hours, then treated with the indicated combinations of 200 μM I3C, 10 nM E2, 100
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nM PPT or the DMSO vehicle control for 48 hours. IGF1R ( and/or isoforms), IRS1 and
ERα protein expression was monitored by western blot analysis compared to an actin gel
loading control (upper panel). Representative western blot from three independent
experiments is shown. IGF1R, IRS1 and ERα transcript expression was determined by RT-
PCR and the transcript levels were quantified and normalized to the constitutively expressed
GAPDH (lower panel). The fold change in transcript expression relative to the DMSO
vehicle control is shown as an average of three independent experiments.
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Fig. 4.
I3C disrupts endogenous ERα protein binding to ERE-Sp1 composite elements in the
IGF1R and IRS1 gene promoters. (A) Alignment of human and mouse genomic sequence
revealed sequence divergence at the previously identified ERE site within the mouse IRS1
promoter. Human genomic sequence is on top, mouse genomic sequence is on the bottom.
Matching bases denoted by vertical line. (B) Genomic sequences of the IRS1 and IGF1R
promoters contain composite ERE −Sp1 sites. Primers used to amplify ERE site for
chromatin immunoprecipitation are underlined. Sequence and chromosomal location were
obtained from the UCSC Genome Browser. (C) Chromatin immunoprecipitation (ChIP) was
employed to characterize endogenous ERα interactions with the ERE region of the IGF1R
and IRS1 promoter regions. Chromatin was isolated from MCF-7 cells treated with or
without 200 μM I3C for 24 hours. ERα or Sp1 were immunoprecipitated from total cell
extracts using Sepharose G bound to either anti-ERα antibodies or anti-Sp1 antibodies.
DNA released from ERα or Sp1 was amplified using the indicated oligonucleotide primers.
Control primers directed at an alternate site in the IGF1R promoter (−426) showed no
amplification in IP samples. Input samples represent total genomic DNA from each
treatment (loading control). Representative gels from three independent experiments are
shown.
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Fig. 5.
Expression of exogenous ER reverses the I3C down-regulation of IGF1R and IRS1 gene
expression. CMV-ER or CMV-neo transfected MCF-7 cells were treated with or without
200 μM I3C for 48 hours. (A) Total cell lysates were fractionated by SDS polyarylamide gel
electrophoresis and IGF1R ( and/or isoforms), IRS1 and ERα protein was monitored by
western blot analysis in comparison the HSP90 gel loading control. (B) Densitometry
quantification of data from Fig 5A normalized to HSP90. Statistically significant differences
are noted with asterisks. (C) Total cellular RNA was isolated, and IGF1R, IRS1 and ERα
transcript expression was determined by RT-PCR in comparison to the GAPDH
constitutively expressed control transcript. The PCR products were visualized on a 1%
agarose gel stained with ethidium bromide. Representative gels from 3 independent
experiments shown. (D) Densitometry quantification of data from Fig 5C normalized to
GAPDH. Statistically significant differences are noted with asterisks.
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Fig. 6.
Exogenous expression of ERα, or the combination of IGF1R and IRS1, disrupts I3C-
mediated cell cycle arrest. MCF-7 cells were transiently transfected with the empty vector
CMV-Neo (A: upper panel), CMV-ERα (B: middle panel), or CMV-IGF1R and CMV-IRS1
(C: lower panel) plasmids. Cells were subsequently cultured in steroid deficient media
supplemented with 10% dextran charcoal stripped phenol red-free medium for 16 hours,
then treated for 48 hours with the indicated combinations of 200 μM I3C, with or without 10
nM E2, or with or without 100 nM PPT. Cells were harvested in PBS and stained with a
hypotonic solution containing propidium iodide. Stained nuclei were subjected to flow
cytometry analysis as described in the methods and materials section. Flow cytometry
results from three independent experiments were quantified and the results averaged. The
bar graphs indicate percent cells in G1, S and G2/M phases with S.E bars.
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