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The insulin-like growth factor (IGF) system plays an impor-
tant role in mammary gland biology as well as in the etiology of
breast cancer. The IGF-I receptor (IGF-IR), which mediates the
biological actions of IGF-I and IGF-II, has emerged in recent
years as a promising therapeutic target. The IGF and estrogen
signaling pathways act in a synergistic manner in breast epithe-
lial cells. The present study was aimed at investigating 1) the
putative translocationof IGF-IR and the related insulin receptor
(IR) to the nucleus in breast cancer cells, 2) the impact of IGF-IR
and IR levels on IGF-IR biosynthesis in estrogen receptor (ER)-
positive and ER-depleted breast cancer cells, and 3) the poten-
tial transcription factor role of IGF-IR in the specific context of
IGF-IR gene regulation.We describe here a novel mechanism of
autoregulation of IGF-IR gene expression by cellular IGF-IR,
which is seemingly dependent on ER status. Regulation of the
IGF-IR gene by IGF-IR protein is mediated at the level of tran-
scription, as demonstrated by 1) binding assays (DNA affinity
chromatography and ChIP) showing specific IGF-IR binding to
IGF-IR promoter DNA and 2) transient transfection assays
showing transactivation of the IGF-IR promoter by exogenous
IGF-IR. The IR is also capable of translocating to the nucleus
and binding the IGF-IR promoter in ER-depleted, but not in
ER-positive, cells. However, transcription factors IGF-IR and IR
display diametrically opposite activities in the context of IGF-IR
gene regulation. Thus, whereas IGF-IR stimulated IGF-IR gene
expression, IR inhibited IGF-IR promoter activity. In summary,
we have identified a novel mechanism of IGF-IR gene autoregu-
lation in breast cancer cells. The clinical implications of these
findings and, in particular, the impact of IGF-IR/IR nuclear
localization on targeted therapy require further investigation.

The insulin-like growth factors (IGFs)2 play an important
role in normal mammary gland development as well as in the
biology of breast cancer (1–4). Most of the biological actions of
IGF-I and IGF-II aremediated by the IGF-I receptor (IGF-IR), a

tyrosine kinase-containing, membrane-bound heterotetramer
with potent antiapoptotic and cell survival activities (5–8). The
presence of the IGF-IR is a fundamental prerequisite for the
acquisition of a neoplastic phenotype, and cells with a targeted
disruption of the IGF-IR gene, with a few exceptions, do not
undergo transformationwhen exposed to oncogenic agents (9).
Furthermore, IGF-IR overexpression is a typical feature ofmost
primary breast cancers (10, 11), albeit the biochemical and
molecular mechanisms responsible for enhanced IGF-IR
expression have been only partly dissected (12, 13). Likewise,
the role of the IGF axis in the progression of breast tumors from
early to advanced stages has been a controversial issue. Thus,
whereas a number of studies showed down-regulation of the
IGF-IR at advanced tumor stages, other studies showed sus-
tained IGF-IR up-regulation at metastatic stages of the disease
(14–17).
Control of IGF-IR expression ismainly attained at the level of

transcription (13). The regulatory region of the IGF-IR gene
lacks canonical TATA and CAAT sequences, two promoter
elements that are generally required for accurate transcription
initiation (18–20). Transcription of the IGF-IR gene, however,
starts from a unique “initiator” motif, a promoter element able
to direct initiation in the absence of a TATA box (13, 21). We
have recently conducted a proteomic study based on DNA
affinity chromatography followed by mass spectroscopic anal-
yses aimed at identifying IGF-IR promoter-binding proteins in
estrogen receptor (ER)-positive and ER-depleted breast cancer
cell lines (22). These analyses identified a series of nuclear pro-
teins that are potentially involved in the differential expression
of the IGF-IR in ER-positive and ER-negative breast cancers.
The interplay between the IGF and estrogen signaling path-

ways has been the focus of significant basic and translational
interest (23–26). The IGFs and estrogen act in a synergistic
fashion in breast epithelial cells (27), and both the MAPK and
Akt pathways were shown to mediate the activation of ER� by
IGF-I (28, 29). On the other hand, estrogens regulate IGF-I
signaling and the expression of key members of the IGF axis
(30). Furthermore, estrogens were shown to induce a physical
interaction between ER� and IGF-IR, leading to activation and
phosphorylation of IGF-IR and downstream signaling mole-
cules (31).
To fully understand IGF-IR function, the role of a number of

protein modifications has been investigated. Recent studies
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have shown that the IGF-IR can be modified by the small ubiq-
uitin-like modifier (SUMO) proteins, SUMO-1, -2, and/or -3,
with ensuing translocation to the nucleus (32–34). Of interest,
the ability of IGF-IR to translocate to the nucleus in human
tumor cells allowed the receptor to interact with chromatin and
to function as a transcriptional regulator (34). The functional
significance of IGF-IR SUMOylation in the specific context of
breast cancer is yet to be elucidated. Likewise, the potential
impact of IGF-IR status (i.e. levels, cellular localization, activa-
tion, etc.) on IGF-IR gene expression has not yet been addressed
in a systematic fashion. The aim of this study was to investigate
the putative nuclear localization of IGF-IR and autoregulation
of IGF-IR gene expression in ER-positive and ER-depleted
breast cancer cells and to identify the pathways involved and
biological significance of this novel mechanism. In addition,
and in view of the structural homology between IGF-IR and the
insulin receptor (IR) and given the overlapping signaling path-
ways downstreamof the receptors, someof the effects of IGF-IR
were compared with those of IR. The results of cell fraction-
ation and confocal microscopy analyses demonstrated that
both IGF-IR and IR are present in the nucleus in a SUMOylated
form.Higher IGF-IR levels were seen in total, nuclear, and cyto-
solic fractions of ER-positive in comparison with ER-depleted
cells. In contrast, higher IR levels were seen in ER-depleted in
comparison with ER-positive cells. DNA affinity chromatogra-
phy and chromatin immunoprecipitation (ChIP) assays
revealed that both IGF-IR and IR can bind to IGF-IR promoter
DNA in ER-depleted but not ER-expressing cells. However,
whereas exogenous IGF-IR enhanced IGF-IR promoter activity,
IR expression had a diametrically opposite effect, leading to
IGF-IR promoter inhibition. These results identify a novel ER-
dependent mechanism of IGF-IR gene autoregulation in breast
cancer cells. The clinical relevance of this autoregulatory loop is
yet to be investigated.

EXPERIMENTAL PROCEDURES

Cell Cultures—Human breast cancer-derived MCF7 cells
(ER-positive; American Type Culture Collection, Manassas,
VA) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
glutamine, and antibiotics. C4.12.5 (ER-depleted) cells were
derived by clonal selection of MCF7 cells grown in the absence
of estrogen for 9 months (23). C4.12.5 cells were maintained in
phenol red-free DMEM with 10% charcoal/dextran-treated
FBS, glutamine, and antibiotics. C4.12.5 cells were kindly pro-
vided by Dr. Wade V. Welshons (University of Missouri,
Columbia, MO). Cells were incubated at 37 °C in a humidified
atmosphere containing 5% CO2.
Treatments—Cells were serum-starved for 24 h, after which

theywere treatedwith increasing concentrations of IGF-I (Pep-
roTech Ltd., Rocky Hill, NJ) or �-estradiol (Sigma-Aldrich) for
24 h. All experiments were carried out at least twice.
Cell Proliferation Studies—Cells were seeded in 24-well

plates (105 cells/well) in triplicate and cultured for 24 h. For
dose-response assays, IGF-I (1–50 ng/ml) or estradiol (1–100
nM) was added to the cells for 72 h. Cells maintained in starva-
tion medium served as controls. After the incubation, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-

Aldrich) was added to each well at a concentration of 50 �g/ml
for 1 h, the medium was then removed, and DMSO was added
to the cells. The colorimetric reaction was determined at 570
nm/630 nm using a 24-well plate reader (MRX, Dynex Tech-
nologies, Chantilly, VA).
Cell Fractionation—Whole cell extracts were prepared by

lysing cells in a buffer solution containing protease inhibitors,
as described previously (22). To prepare cytosolic and nuclear
extracts, cells were washed with ice-cold phosphate-buffered
saline (PBS) and centrifuged, and the pellet was resuspended in
a buffer solution containing 10 mM Hepes (pH 7.9), 1.5 mM

MgCl2, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithi-
othreitol, and protease inhibitors and incubated for 30 min on
ice. IGEPAL (Sigma-Aldrich) was then added to a final concen-
tration of 3%, vortexed, and centrifuged, after which the super-
natant containing the cytosolic fraction was saved at �70 °C. A
second buffer (20 mMHepes, 420 mMNaCl, 1 mM EDTA, 1 mM

EGTA, and protease inhibitors) was added to the nuclei-con-
taining pellet, incubated for 30 min at room temperature, and
spun for 5min. The supernatant containing the nuclear extract
was frozen at �70 °C. Protein concentrations were determined
with the Bradford reagent (Bio-Rad) using bovine serum albu-
min (BSA) as a standard. Given that total protein concentration
was higher in the cytosol than in the nucleus, the cytosolic frac-
tion was 3.3-fold more diluted than the nuclear fraction in
order to obtain equal protein amounts in adjacent lanes in
Western immunoblots.
Western Immunoblots—Samples were electrophoresed

through 10% SDS-PAGE, followed by blotting of the proteins
onto nitrocellulose membranes. After blocking with skimmilk,
the blots were incubated overnight with the antibodies listed
below, washed, and incubatedwith the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibody. Antibodies
against IGF-IR �-subunit (C-20), ER� (MC-20), and lamin A/C
(H110) were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). An antibody against tubulin (B-5-1-2) was
purchased from Sigma-Aldrich, and anti-actin (clone C4) was
purchased from ICN Biomedicals Inc. (Aurora, OH). Anti-
phospho-IGF-IR (catalog no. 3024), anti-IR �-subunit (catalog
no. 3025), and anti-SUMO-1 (catalog no. 2A12) were obtained
from Cell Signaling Technology, Inc. (Beverly, MA). The sec-
ondary antibodieswereHRP-conjugated bovine (1:500) or don-
key (1:500) anti-goat IgG (Santa Cruz Biotechnology, Inc.),
goat anti-rabbit IgG (1:50,000), and donkey anti-mouse IgG
(1:25,000; Jackson ImmunoResearch Laboratories, West
Grove, PA). Proteins were detected using the SuperSignalWest
Pico Chemiluminescent Substrate (Pierce).
Immunoprecipitation (IP) Assays—Nuclear extracts (35 �g)

were diluted 1:2 with IP dilution buffer (0.5% Triton X-100,
0.5% deoxycholic acid, 150mMNaCl, 20mMTris-HCl (pH 7.5),
30 mM sodium pyrophosphate, and 20 mM N-ethylmaleim-
ide) and were immunoprecipitated by incubating overnight
at 4 °C with anti-IGF-IR �-subunit (1:40) or anti-IR �-sub-
unit (1:50). Protein A/G-agarose beads (SC-20003; Santa
Cruz Biotechnology, Inc.) were added to the samples and
incubated for 2 h. Samples were then washed with PBS,
mixed with sample buffer, boiled for 10 min at 95 °C, and
electrophoresed through 10% SDS-PAGE. Finally, mem-
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branes were blotted with anti-SUMO-1, anti-IGF-IR �-sub-
unit, or anti-IR �-subunit, as described above.
Quantitative RT-PCR—To measure IGF-IR mRNA levels in

MCF7 and C4.12.5 cells, quantitative real-time reverse tran-
scription-PCR analysis was performed using TaqMan� gene
expression assay kits (Applied Biosystems, Carlsbad, CA). The
PCR amplification was done using an ABI Prism 7900HT
sequence detection system under the following thermal cycler
conditions: 2 min at 50 °C and 10 min at 95 °C for 40 cycles (30
s at 95 °C and 1min at 60 °C). The data were analyzed with SDS
software (Applied Biosystems) and the RQ (relative quantity)
Manager software and were calculated based on the compara-
tive threshold cycle (Ct)method. IGF-IRmRNAexpressionwas
normalized to GAPDH mRNA levels.
DNA Affinity Chromatography—For DNA affinity chroma-

tography of the IGF-IR promoter, a 511-bp human proximal
promoter biotinylated fragment (extending from nt �458 in
the 5�-flanking region to nt �53 in the 5�-untranslated region;
nt �1 corresponds to the transcription start site) was bound to
streptavidin magnetic beads (Dynabeads� M-270 streptavidin;
Dynak BiotechASA,Oslo, Norway) and incubatedwith nuclear
extracts of MCF7 or C4.12.5 cells (35). IGF-IR promoter-bind-
ing proteins were eluted with a high salt-containing buffer and
analyzed by Western blots, as described previously (22).
ChIP Assays—ChIP assays were performed as described pre-

viously (22, 30). Briefly, MCF7 and C4.12.5 cells were cross-
linked with 1% formaldehyde at 37 °C for 10 min. Cells were
then rinsedwith ice-cold PBS and centrifuged. The pellets were
resuspended in lysis buffer (1% SDS, 10mMEDTA, 50mMTris-
HCl, pH 8.1, and protease inhibitor mixture) and sonicated for
3 min. The supernatant fraction was immunoprecipitated with
anti-IGF-IR, anti-IR, anti-ER�, or normal rabbit serum (NRS)
for 18 h at 4 °C. The next day, Protein A/G Plus-agarose beads
were added for 1 h at 4 °C. For PCR analysis of antibody-immu-
noprecipitated chromatin, a set of primers encompassing the
IGF-IR proximal promoter region (from nt �458 to �53) and
ThermolaceTM DNA polymerase reagent (Invitrogen) were
used.
Transient Transfection Assays—For transient cotransfection

experiments, an expression vector encoding the full-length
IGF-IR cDNA fused to a green fluorescent protein (GFP)
marker (in pcDNA3) was used, along with an IGF-IR promoter
luciferase reporter construct (p(�188/�640)LUC) (30). This
plasmid includes 188 nucleotides of the 5�-flanking region and
640 bp of the 5�-untranslated region of the rat IGF-IR gene. The
IGF-IR expression plasmid was kindly provided by Dr. Rose-
mary O’Connor (Department of Biochemistry, University of
Cork, Cork, Ireland). Cells were seeded in 6-well plates the day
before transfection and cotransfected with 2 �g of the IGF-IR
promoter reporter construct along with 1 �g of the GFP-
IGF-IR expression plasmid (or empty pcDNA3 vector) and 1.2
�g of a�-galactosidase expression plasmid (pCMV�, Clontech,
Palo Alto, CA) using the Jet-PEI transfection reagent (Polyplus,
Illkirch, France). Cells were harvested after 48 h, and luciferase
activity was measured as described previously (20). Promoter
activities were expressed as luciferase values normalized for
�-galactosidase activity.

IRCoexpression Studies—An IR recombinant adenoviruswas
constructed using the pAd/CMV/V5-DEST vector containing
the CMV promoter and C-terminal V5 epitope (ViraPower
Adenoviral Expression System, Invitrogen). A pGEM contain-
ing the wild type IR cDNA (a generous gift of Dr. Domenico
Accili, Columbia University, New York) was digested with SalI,
inserted into the pENTR vector (Invitrogen), and then recom-
bined with the pAD/CMV/V5-DEST vector according to the
manufacturer’s protocol. The generated recombinant adenovi-
rus was amplified and purified from lysed 293 cells and utilized
for infection of cells.MCF7 andC4.12.5 cells were infectedwith
the IR adenovirus for 24 h, after which the virus-containing
medium was removed, and cells were transfected with the
IGF-IR promoter luciferase construct, as described above.
Confocal Microscopy Analyses—MCF7 and C4.12.5 cells

were cultured for 36 h, harvested, and washed twice with PBS.
Cells were resuspended in 0.5 ml of PBS, and 20–30 �l of the
cell suspension were spread on microscope slides (poly-L-ly-
sine, Superfrost/Plus, Electron Microscopy Sciences, Hatfield,
PA). Slides were air-dried and permeabilized with 0.5% Triton
X-100 for 20 min, washed with PBS, and blocked with 4% BSA,
0.1% Triton X-100 in PBS. After 1 h, the slides were incubated
with polyclonal antibodies against IGF-IR or IR (or NRS; 1:100
in 1% BSA, 0.1% Triton X-100) overnight at 4 °C. The next day,
the slides were rinsed three times with 0.1% Triton X-100 in
PBS and further incubated with 45 �l of a 1:50 dilution of fluo-
rescent goat anti-rabbit IgG (Bio-Yeda, Rehovot, Israel) for 1 h.
The cells were then washed with PBS, propidium iodide (PI;
0.01mg/ml) was added for 30min, cells were washed again, and
then cells were mounted on Vectashield mounting medium
(Vector Laboratories Inc., Burlingame, CA). Staining was
assessed using a laser-scanning confocal microscope driven by
Scanware software (Zeiss LSM image browser). Images were
collected using the same settings for similar detections and
were processed by setting identical thresholds using Power-
point, in order to facilitate visual comparison.
Bioinformatic Analyses—The IGF-IR sequence was analyzed

for functionality by domain analysis and DNA binding predic-
tion. Various domains (including nuclear localization signals)
are shown as described in the UniProt database (UniProt:
P08069 (IGF1R_HUMAN)) (36). Four DNAbinding prediction
sites were summarized to a consensus sequence (37–40).
IGF-IR sequence conservation was obtained using the ConSurf
server (supplemental Fig. 1) (available on the World Wide
Web) (41). Twenty-four homologues were obtained from the
Pfam data base (PF01030; receptor L-domain family), and
incomplete sequences lacking the kinase or receptor domains
were omitted. Sequence alignment was performed by MAFFT
(42).

RESULTS

Analysis of Subcellular Distribution of IGF-IR and IR in ER-
positive and ER-depleted Breast Cancer Cells—The stimulatory
effect of ER action on IGF-IR levels has been well established
(30). In addition, recent studies have shown that IGF-IR can
translocate to the nucleus, although the biological significance
of this event remains undefined (32–34). To evaluate the
impact of ER status on the nuclear translocation of IGF-IR, the
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human breast cancer-derived MCF7 (ER-positive) and MCF7-
derivedC4.12.5 (ER-depleted) cell lines were used. C4.12.5 cells
were generated by clonal selection of MCF7 cells that were
maintained in estrogen-free conditions for 9 months (23).
These cells constitute a validatedmodel that allows the analysis
of ER effects on cellular and biochemical variables in an other-

wise identical genetic background. Furthermore, these cells
reflect early (MCF7) and advanced (C4.12.5) stages of the dis-
ease. Western blots showed that both total IGF-IR and phos-
pho-IGF-IR (pIGF-IR) levels were largely reduced in C4.12.5 in
comparisonwithMCF7 cells (76% for IGF-IR and 30% for phos-
pho-IGF-IR) (Fig. 1A). These results were previously reported

FIGURE 1. IGF-IR gene expression in ER-positive and ER-depleted breast cancer cells. A, Western blot analysis of IGF-IR levels. MCF7 and C4.12.5 cell lines
were lysed in the presence of protease inhibitors, and equal amounts of protein (100 �g) were separated by 10% SDS-PAGE. After electrophoresis, proteins
were transferred onto nitrocellulose membranes and blotted with antibodies against total and phosphorylated IGF-IR (pIGF-IR) and ER�, followed by incuba-
tion with an HRP-conjugated secondary antibody. Membranes were reprobed with a tubulin antibody. The figure shows the results of a typical experiment,
repeated multiple times with similar results. B, quantitative real-time PCR of IGF-IR mRNA levels. Total RNA was prepared from MCF7 and C4.12.5 cells, and
IGF-IR mRNA and GAPDH mRNA values were measured using the TaqMan� real-time PCR system. Analysis of the data was performed as described under
“Experimental Procedures.” *, p � 0.01 versus MCF7 cells. C and D, IP analysis of phospho-IGF-IR and phospho-IR abundance in MCF7 and C4.12.5 cells. Total cell
extracts (650 �g) were immunoprecipitated with antibodies against total IGF-IR or total-IR, electrophoresed, and immunoblotted with antibodies against
phospho-IGF-IR/IR, total IGF-IR, or total-IR. Exposure time for the autoradiogram shown in C was 1 min, whereas the autoradiogram shown in D was exposed
for 1 h. E–H, mitogenic effects of estradiol and IGF-I in MCF7 and C4.12.5 cells. MCF7 and C4.12.5 cells were starved overnight and then incubated with
increasing doses of estradiol (1, 10, and 100 nM) or IGF-I (1, 5, 10, 20, and 50 ng/ml) for 72 h in serum-free medium. Cellular proliferation was assessed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays. p � 0.05 versus control cells. A value of 100% was given to the number of cells in control
(unstimulated) cultures. Error bars, S.E.
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(22, 30). To assess whether these values were correlated with
corresponding changes in IGF-IRmRNA, quantitative RT-PCR
was performed. Results obtained indicate that IGF-IR mRNA
levels in C4.12.5 cells were �20 � 14% of those measured in
MCF7 cells (Fig. 1B).
To corroborate the results ofWestern blots and in viewof the

fact that the antibody used can recognize the activated forms of
both IGF-IR and IR, IP studies were performed. To this end,
MCF7 and C4.12.5 total cell extracts were immunoprecipitated
with antibodies against total-IGF-IR or total-IR, electrophore-
sed, and immunoblotted with anti-phospho-IGF-IR/phospho-
IR, anti-total IGF-IR, or anti-total IR. Comparative analyses
confirmed that phospho-IGF-IR levels were�10-fold higher in
MCF7 than in C4.12.5 cells (Fig. 1C). Furthermore, phospho-
IGF-IR levels in MCF7 cells were �7.5-fold higher than phos-
pho-IR levels (Fig. 1D).
Proliferation in response to estradiol or IGF-I treatmentswas

determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide cell viability assay. Consistent with
their reduced ER levels, C4.12.5 cells do not proliferate in
response to estradiol stimulation with doses of up to 100 nM for
72 h. MCF7 cells, on the other hand, displayed an increase in
proliferation in response to estrogen stimulation, with an
almost maximal effect (127 � 4.5% of control) seen at a dose of
1 nM estradiol (Fig. 1, compareE and F). In addition, as expected
from the lower IGF-IR levels, themitogenic response of C4.12.5
cells to IGF-I (1–50 ng/ml) stimulation was significantly
blunted in comparisonwithMCF7 cells (139� 3% versus 198�
16.5% increase at 50 ng/ml; Fig. 1, compare G and H).

To address the subcellular distribution of IGF-IR and IR in
the MCF7 and C4.12.5 cell lines, cells were fractionated as
described under “Experimental Procedures,” and IGF-IR and IR
expressions were measured by Western blots of cytosolic and
nuclear fractions (Fig. 2A). In addition to the precursor and
mature IGF-IR forms, a number of bands were visualized in
total lysates, which may correspond to partially processed or
SUMOylatedmolecules (see below).Hence, at least fourmolec-
ular species were visualized in the nuclear fractions of both
cells, and only one band was visualized in the cytosolic frac-
tions. Higher IGF-IR levels were seen in total, cytosolic, and
nuclear fractions of MCF7 in comparison with C4.12.5 cells
(Fig. 2B). Of interest, IR displayed an opposite pattern of
expression, with higher IR levels seen in total and subcellular
fractions of C4.12.5 in comparison with MCF7 cells (Fig. 2C).
Analysis of IGF-IR and IR SUMOylation—Previous studies

have suggested that SUMOylation of the receptor takes place in
a ligand-dependent fashion and is required for its nuclear trans-
location (32, 33). To determine whether IGF-IR and IR are
SUMOylated in breast cancer cells with different ER back-
grounds, nuclear extracts of MCF7 and C4.12.5 cells were
immunoprecipitated with anti-IGF-IR �-subunit or anti-IR
�-subunit, electrophoresed through 10% SDS-PAGE, and
immunoblotted with anti-SUMO-1. The results of IP assays
revealed that SUMO-1was conjugated to IGF-IR and IR in both
cell lines, as indicated by the presence of �75 and �112 kDa
bands (Fig. 3, A–D), which reflect the modification of IGF-1R
and IR by the SUMO-1 molecule. In addition, the IR precursor
(�250 kDa) was also detected with anti-SUMO-1 (Fig. 3C).

Confocal Microscopy Analysis of Nuclear IGF-IR and IR
Localization—To corroborate the results of cell fractionation
experiments showing a nuclear localization of IGF-IR and IR in
MCF7 and C4.12.5 cells, we conducted microscopic analyses
using a confocal system. The cells were stained for IGF-IR and
IR with FITC (green) and for DNA with PI (red). The merged
pictures (PI � FITC) show that IGF-IR and IR stainings are
predominantly cytoplasmic but are also detectable in the nuclei
and perinuclear areas of both cells (Fig. 4). The nuclear speckled
pattern may correspond to a nucleolar localization, as reported
previously for insulin receptor substrate-1 (43). The co-local-
ization of IGF-IR or IR and DNA is evidenced by the yellow
grains in the nuclei. Visual inspection of confocal images con-
firmedWestern blot data, indicating that nuclear IGF-IR levels
were higher in MCF7 (Fig. 4, A and B) than in C4.12.5 (Fig. 4C)
cells, whereas, in contrast, IR expression was higher in C4.12.5
cells. No staining was detected with NRS in either cell line, and
it was used as a negative control.
Analysis of IGF-IR Binding to IGF-IR Gene Promoter—To

evaluate the hypothesis that IGF-IR can control IGF-IR gene
transcription, we assessed initially the capacity of the receptor
protein to bind to the IGF-IR promoter region. To this end, we
used a proteomic approach based on DNA affinity chromatog-
raphy followed by Western blot analyses. A 511-bp human
proximal IGF-IR promoter fragment extending from nucleo-
tide �458 to �53 was labeled using a 5�-biotinylated antisense
primer, as described (22). This fragment includes most of the
proximal 5�-flanking region and comprises the “initiator” motif

FIGURE 2. Subcellular distribution of IGF-IR in MCF7 and C4.12.5 cells. A,
confluent MCF7 and C4.12.5 cells were lysed and fractionated into cytosolic
and nuclear fractions, as described under “Experimental Procedures.” Total
lysates (T; 80 �g) and cytosolic (C; 20 �g) and nuclear fractions (N; 20 �g) were
resolved on 10% SDS-PAGE and blotted with anti-IGF-IR, anti-IR, anti-tubulin,
and anti-lamin A/C (as a control for contamination of cytosolic fractions).
Quantitative analysis of IGF-IR (B) and IR (C) abundance in MCF7 and C4.12.5
cells was done by scanning densitometry of the corresponding bands. The
bars represent the mean � S.E. of three independent experiments. p � 0.01
versus MCF7 cells.
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from which transcription starts in vivo. The rationale for using
this genomic fragment was the fact that previous studies have
shown that this specific region is responsible for the largest part
of IGF-IR promoter activity (20). Nuclear extracts ofMCF7 and
C4.12.5 cells were incubated with the PCR-amplified, biotin-
labeled, streptavidin beads-attached IGF-IRproximal promoter
DNA probe. Bound proteins were eluted with a high salt buffer.
Western blot analysis identified both the IGF-IR and IR in elu-
ates of IGF-IR promoter bound material in C4.12.5 but not in
MCF7 cells (Fig. 5A).

To corroborate the results of DNA affinity chromatography,
ChIP analyses were performed using antibodies against IGF-IR,
IR, and ER�, followed by PCR amplification of the immunopre-
cipitated DNA using a set of primers against the proximal
IGF-IR promoter region, encompassing the transcription start
site. The results of ChIP assays confirmed that IGF-IR (Fig. 5B)
and IR (Fig. 5C) bound in vivo directly to the IGF-IR promoter
in ER-depleted C4.12.5 cells but not in ER-positiveMCF7 cells.
Conversely, ER� bound to the IGF-IR promoter in MCF7 but
not in C4.12.5 cells (Fig. 5B). The input bands represent the
amplified PCR product in the absence of antibodies.
Effect of IGF-IR and IR Levels on IGF-IR Promoter Activity—

The functional relevance of DNA binding data was assessed by
cotransfection experiments using IGF-IR or IR expression vec-
tors along with an IGF-IR promoter luciferase reporter. To this
end, MCF7 and C4.12.5 cells were cotransfected with an
expression vector encoding the full-length IGF-IR cDNA along
with the p(�188/�640)LUC IGF-IR promoter luciferase
reporter plasmid (Fig. 6A). The results of transient cotransfec-
tions indicate that IGF-IR induced an increase in IGF-IR pro-
moter activity in both cells lines, although significant differ-

ences were seen between cells. Thus, IGF-IR enhanced IGF-IR
promoter activity by 199 � 27% in C4.12.5 cells (exhibiting
IGF-IR binding to the IGF-IR promoter) and only by 137.5 �
11.5% in MCF7 cells (lacking IGF-IR binding) (p � 0.05).
To evaluate the functional significance of IR binding to the

IGF-IR promoter, we next analyzed the effect of IR protein on
IGF-IR promoter activity. For this purpose, MCF7 and C4.12.5
cells were infected with an IR-encoding adenovirus for 24 h,
following which the cells were transfected with the p(�188/
�640)LUC IGF-IR promoter luciferase plasmid, as described
above. After an additional 48 h, cells were harvested, and lucif-
erase and �-galactosidase activities were measured. Results
obtained indicate that IR coexpression significantly decreased
IGF-IR promoter activity in both cell lines (�50%) (Fig. 6B).

To examine the ligand dependence of these effects, MCF7
cells were transfected with the p(�188/�640)LUC IGF-IR pro-
moter plasmid along with the full-length IGF-IR or IR vectors
described above, in serum-containing medium. After 24 h,
medium was replaced with serum-free medium, and cells were
incubated for an additional 24 h in the presence of 50 ng/ml
IGF-I or insulin (or left untreated, control). Luciferase assays
indicate that IGF-I treatment slightly (�114 � 16%) increased
IGF-IR promoter activity compared with untreated cells (Fig.
6C). On the other hand, insulin reduced IGF-IR promoter activ-
ity by �43 � 9.2% (Fig. 6D).
Bioinformatic Analyses—Three functional SUMOylation

sites in the human IGF-IR sequence were recently published
(33). These sites are highlighted in the IGF-IR scheme shown in
supplemental Fig. 1. Lysines 1055 and 1130 are conserved only
in the IGF-IR and IR, whereas lysine 1150 is also conserved in
the epidermal growth factor receptor and ErbB protein family

FIGURE 3. Coimmunoprecipitation analysis of IGF-IR and IR SUMOylation. Nuclear extracts of MCF7 and C4.12.5 (35 �g) were immunoprecipitated (IP) with
anti-IGF-IR or anti-IR, electrophoresed through 10% SDS-polyacrylamide gels, and immunoblotted (WB) with anti-SUMO-1 (A and C) as described under
“Experimental Procedures.” Membranes were reprobed with IGF-IR (B) or IR (D) antibodies.
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(see supplemental Fig. 2 for sequence conservation). A consen-
sus of four different DNA binding predictions (as presented
under “Experimental Procedures”) is also provided (conserved
sites are colored in blue). These predictions support the hypoth-
esis that IGF-IR may function as a transcription factor by bind-
ing DNA in various locations and by including SUMOylation
sites.

DISCUSSION

The role of the IGF system in mammary gland biology has
been well established (44). Similarly well established is the role
of the IGF-IR as the main mediator of the proliferative and
antiapoptotic activities of IGF-I and IGF-II in breast cancer (7,
27, 45). Although the significance of IGF-IR expression levels in
terms of prognosis and clinical correlates is still a controversial
issue (11, 12), the IGF-IR emerged in recent years as a promis-
ing molecular target in biological therapy protocols (46–48).
Targeting efforts, however, are hampered by the extremely
complex, overlapping activities of the IGF-IR and IR in many
organs. In addition to mediating the effects of insulin, IR was
shown to mediate the mitogenic activities of IGF-II in breast
cancer cells, mainly via activation of the IR-A isoform (8, 49).
Therefore, the physical and functional interactions between the
IGF-IR and IR signaling pathways are of major clinical rele-
vance. An additional major player in breast cancer develop-
ment and progression is estrogen. The finely tuned bidirec-
tional interactions between the IGF-IR/IR and ER signaling
pathways, however, are still ill defined. The present study was
aimed at investigating the impact of IGF-IR levels on IGF-IR

biosynthesis in ER-positive and ER-depleted breast cancer cells
and, furthermore, to address the putative transcription factor
role of IGF-IR. Our cellular model employed MCF7-derived
C4.12.5 cells, which were generated by clonal selection of
MCF7 cells that were maintained in estrogen-free culture
medium for a long period of time. Similarly to hormone-inde-
pendent breast cancer, C4.12.5 cells express reduced levels of
ER� and IGF-IR.Our study has identified a novelmechanismof
autoregulation of IGF-IR gene expression by cellular IGF-IR,
which is tightly dependent on ER status. Regulation of the
IGF-IR gene by IGF-IR protein is mediated at the level of tran-
scription, as indicated by 1) binding assays (DNA affinity chro-
matography and ChIP) showing specific IGF-IR binding to
IGF-IR promoter DNA and 2) transient transfection assays
showing transactivation of the IGF-IR promoter by exogenous
IGF-IR. Similarly to IGF-IR, the IR is also capable of translocat-
ing to the nucleus and binding the IGF-IR promoter in ER-de-
pleted C4.12.5 cells but not in ER-positive MCF7 cells. How-
ever, transcription factors IGF-IR and IR display diametrically
opposite activities in the context of IGF-IR gene regulation.
Thus, whereas IGF-IR stimulated IGF-IR gene expression, IR
inhibited IGF-IR promoter activity. The ability of IR to inhibit
IGF-IR promoter activity in cells with both high and low IR
binding to the IGF-IR promoter is most probably explained by
the fact that these regulatory mechanisms involve multiprotein
complexes (22), and it is often difficult to appreciate the effect
of individual transcription factors. Consistent with these
results, the addition of exogenous insulin (in starvation

FIGURE 4. Confocal microscopy analysis of IGF-IR nuclear localization. A, fluorescence microscope imaging of IGF-IR and IR-expressing MCF7 cells by
confocal immunofluorescence microscopy. B, amplified fluorescence imaging of IGF-IR-expressing MCF7 cells. C, fluorescence microscope imaging of IGF-IR-
and IR-expressing C4.12.5 cells. Fixed cells were stained for DNA with PI (red) and for IGF-IR and IR with fluorescent goat anti-rabbit IgG (FITC) (green). Merging
of pictures (FITC � PI) gives a yellow color with yellow grains in the nucleus. NRS was used as a negative control (A and C).
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medium) had an inhibitory effect on IGF-IR promoter activity.
IGF-I, on the other hand, had only a slight stimulatory effect,
which can be explained by endogenous growth factor produc-
tion byMCF7 cells (22). Finally, we cannot discard the possibil-
ity that increased IGF-IR or IR expression may affect IGF-IR

promoter activity via other mechanisms that do not involve
direct binding to the IGF-IR promoter region.

Most early studies have shown down-regulation of IGF-IR by
its cognate ligand. One of us has previously demonstrated that
IGF-I reduced IGF-IRmRNA levels and IGF-IRpromoter activ-

FIGURE 5. Binding of IGF-IR and IR to IGF-IR promoter DNA. A, DNA affinity chromatography. Nuclear extracts of MCF7 and C4.12.5 cells were incubated with
a PCR-amplified, biotin-labeled IGF-IR proximal promoter DNA probe extending from nt �458 to �53, after which DNA-protein complexes were adsorbed to
streptavidin beads. Bound proteins were eluted with a high salt buffer, electrophoresed through 10% SDS-PAGE, and blotted with antibodies against IGF-IR or
IR �-subunits. The left lanes in each gel correspond to nuclear extracts, and the right lanes represent the DNA affinity chromatography eluates. B and C,
chromatin immunoprecipitation. MCF7 and C4.12.5 cells were cross-linked with formaldehyde, lysed, sonicated, and immunoprecipitated with IGF-IR (B), IR (C),
or ER� (B) antibodies, followed by PCR amplification of precipitated chromatin using primers encompassing the IGF-IR promoter. The position of the 510-bp
amplified fragments is indicated. The input bands represent the amplified PCR product in the absence of antibodies. Immunoprecipitated (IP) IGF-IR, IR, and ER
were detected by Western blots (WB) using specific antibodies (insets).
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ity in muscle and neuroblastoma cell lines (50). The present
study evaluated the regulation of IGF-IR gene expression by
IGF-IR or IR levels, regardless of their activation status. The
finding that nuclear IGF-IR, but not IR, can enhance IGF-IR
promoter activity in ER-depleted cells may constitute an

important mechanism responsible for cell cycle progression at
advanced (ER-independent) stages of the disease.
Recent proteomic analyses led to the identification of a series

of nuclear proteins that are probably responsible for the regu-
lation of IGF-IR gene expression in ER-positive and ER-nega-

FIGURE 6. Effect of IGF-IR and IR levels on IGF-IR promoter activity. A, MCF7 and C4.12.5 cells were cotransfected with the p(�188/�640)LUC IGF-IR reporter
construct, along with a full-length IGF-IR cDNA expression vector (GFP-IGF-IR) (or empty pcDNA3) and a �-galactosidase vector. Forty-eight hours after
transfection, cells were harvested and luciferase and �-galactosidase activities were measured. Promoter activities are expressed as luciferase values normal-
ized to �-gal values. A value of 100% was given to the promoter activity generated by the reporter plasmid in empty vector-transfected MCF7 or C4.12.5 cells.
Bars, mean � S.E. (error bars) of three independent experiments in duplicate wells. *, p � 0.05 versus control cells; **, p � 0.05 versus MCF7 cells transfected with
GFP-IGF-IR. The inset shows a Western blot (WB) of C4.12.5 cells transfected with GFP-IGF-IR or GFP-pcDNA in comparison with endogenous IGF-IR expression.
B, MCF7 and C4.12.5 cells were infected with an IR-containing adenoviral vector (or empty virus). After 24 h, the medium was changed, and cells were
transfected with the p(�188/�640)LUC IGF-IR reporter construct for 48 h. Bars, mean � S.E. of three independent experiments in duplicate wells. *, p � 0.01
versus control cells. The inset shows a Western blot using a specific IR antibody of MCF7 cells infected with the IR viral vector or empty vector in comparison with
endogenous IR expression. C and D, MCF7 cells were transfected with the p(�188/�640)LUC IGF-IR promoter plasmid along with the full-length IGF-IR (C) or
IR (D) vectors described above, in serum-containing medium. After 24 h, medium was replaced with serum-free medium, and cells were incubated for an
additional 24 h in the presence of 50 ng/ml of IGF-I (C) or insulin (D) (or left untreated). After an additional 24 h, cells were harvested, and luciferase and
�-galactosidase activities were measured as described above. A value of 100% was given to the promoter activities of expression vector-transfected cells in the
absence of exogenous ligand treatments; *, p � 0.05 versus control cells.
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tive breast cancers (22). In addition, we have previously estab-
lished that the IGF-IR gene is under inhibitory control by a
number of tumor suppressors (e.g. p53 and BRCA1) with
important roles in the etiology of the disease (20, 51–53).
Mutant forms of p53 and BRCA1 are impaired in their ability to
repress IGF-IR promoter activity and may lead to enhanced
IGF-IR levels, associated with a more aggressive disease (17).
Likewise, we have shown that ER� enhances IGF-IR promoter
activity via interactionwith zinc finger protein Sp1, a potentGC
box-binding transactivator of the IGF-IR gene (30). Our results
are consistent with competition between IGF-IR or IR and ER�

proteins for Sp1 binding to IGF-IR promoter sequences. Specif-
ically, transcription factors IGF-IR and IR are able to bind to the
IGF-IR promoter only in cells with reduced ER levels and, con-
sequently, diminished ER binding to IGF-IR promoter DNA
(most probably viaGCbox-binding Sp1). Using electrophoretic
mobility shift assays, Sehat et al. (33) have recently shown bind-
ing of IGF-IR to randomly synthesized double-stranded DNA
probes. To the best of our knowledge, no previous studies have
shown IGF-IR and IR binding to the IGF-IR promoter.
Our data confirm recently published results showing that

IGF-IRnuclear translocation ismediated by SUMOylation (33).
The SUMOylation sites on lysine residues within the tyrosine
kinase domain were found to be conserved among a variety of
homologues from different organisms, and their mutagenesis
abolished the ability to translocate to the nucleus and activate
transcription. Nuclear localization of the IGF-IR close homo-
logue, epidermal growth factor receptor, and its potential role
as a transcription factor was shown previously (54). IGF-IR and
epidermal growth factor receptor show 20.5% identity (32.7%
similarity, by global pairwise alignment), both belonging to the
receptor-L-domain protein family (PF01030). However, when
comparing the protein-kinase domain in these two proteins,
33% identity (50% similarity) is found. Such similarity is
thought to suggest common functions proposed for both epi-
dermal growth factor receptor and IGF-IR. More specifically,
the faculty of IGF-IR to translocate to the nucleus in human
tumor cells, to interact with chromatin, and, consequently, to
function as a transcriptional regulator was predicted to be
localized at the tyrosine kinase domain (34).We show here that
predictions forDNAbinding residues aremainly at the tyrosine
kinase domain. These DNA binding sites are rather conserved
(supplemental Fig. 2). Few other binding sites along the protein
are also found.
In summary, our studies demonstrate that IGF-IR and IR are

localized in the nuclear and perinuclear areas of breast cancer
cells. However, whereas nuclear IGF-IR acts as a transcriptional
activator of its ownpromoter, nuclear IR functions as a negative
regulator of IGF-IR promoter activity. The clinical implications
of these findings and, in particular, the impact of IGF-IR/IR
nuclear localization on targeted therapy require further
investigation.
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