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Type I insulin-like growth factor receptor (IGF-IR) can transform mouse fibroblasts; however, little is known
about the transforming potential of IGF-IR in human fibroblasts or epithelial cells. We found that overex-
pression of a constitutively activated IGF-IR (CD8-IGF-IR) was sufficient to cause transformation of immor-
talized human mammary epithelial cells and growth in immunocompromised mice. Furthermore, CD8-IGF-IR
caused cells to undergo an epithelial-to-mesenchymal transition (EMT) which was associated with dramati-
cally increased migration and invasion. The EMT was mediated by the induction of the transcriptional
repressor Snail and downregulation of E-cadherin. NF-kB was highly active in CD8-IGF-IR-MCF10A cells,
and both increased levels of Snail and the EMT were partially reversed by blocking NF-kB or IGF-IR activity.
This study places IGF-IR among a small group of oncogenes that, when overexpressed alone, can confer in vivo
tumorigenic growth of MCF10A cells and indicates the hierarchy in the mechanism of IGF-IR-induced EMT.

Numerous studies have shown the importance of type I
insulin-like growth factor receptor (IGF-IR) signaling in
mouse mammary gland development and cancer. IGF-IR-null
mice have markedly reduced mammary gland development (6),
and overexpression of a constitutively active IGF-IR in the
mammary gland caused rapid mammary tumorigenesis (8).
Similar mammary tumorigenesis was recently shown using in-
ducible overexpression of wild-type IGF-IR (25). Interestingly,
transgenic overexpression of the IGF-IR downstream signaling
intermediates insulin receptor substrate 1 (IRS1) and IRS2
also caused mammary tumorigenesis (10), and targeted dele-
tion of IRS2 blocked metastasis (32).

IGF-IR is elevated and autophosphorylated in human breast
cancer (41). Several strategies have been reported that block
IGF-IR activity and inhibit breast cancer growth and metasta-
sis (38), and numerous pharmaceutical companies have agents
that target IGF-IR in clinical trials (15). Although IGF-IR
signaling is implicated in breast cancer, the molecular mecha-
nisms of IGF-IR-mediated tumorigenesis and metastasis re-
main unclear.

The role of IGF-IR in malignant transformation has been
addressed mainly by studies of mouse fibroblasts. In this set-
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ting, IGF-IR acts as a classic oncogene, with overexpression
causing transformation (26). Conversely, mouse embryo fibro-
blasts with a targeted disruption of the IGF-IR gene are resis-
tant to transformation by a variety of viral and cellular onco-
genes (35). Reintroduction of IGF-IR renders these cells
susceptible to transformation. These results have led to the
concept that IGF-IR is itself not only an oncogene, but also
“quasi-necessary” for transformation (5). However, recent
studies have highlighted important differences between trans-
formation of mouse and human cells and, more importantly,
between fibroblasts and epithelial cells (14). To this point, few
data exist on IGF-IR-mediated transformation of human epi-
thelial cells.

Two recent studies have used the human MCF10A immortal-
ized mammary epithelial cell line to examine the effect of elevated
IGF-IR levels on mammary acinus formation in three-dimen-
sional (3D) culture (24, 47). Both groups found that overex-
pressed IGF-IR remained ligand dependent, but when stimu-
lated by IGF-I, caused hyperproliferation, decreased
apoptosis, and altered polarity, resulting in large, complex,
disrupted acini. Blockade of phosphatidylinositol 3-kinase or
extracellular signal-regulated kinase 1/2 (ERK1/2) blocked the
formation of disrupted acini by MCF10A-IGF-IR cells (47).

Epithelial-to-mesenchymal transition (EMT) has been rec-
ognized as a cellular mechanism in normal development as
well as, recently, in tumorigenesis (7, 21, 42), and reports
strongly indicate that both invasion and metastasis may be
dependent on the acquisition of EMT features by primary
cancer cells (22, 46). Several transcription factors are central to
EMT, including Snail, Slug, Twist, and Zebl (4, 22, 46).

IGF-I stimulation of breast cancer cells overexpressing
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IGF-IR has been shown to cause depolarization and a mesen-
chyme-like transition (20). Irie et al. noted that MCF10A cells
overexpressing IGF-IR showed a subtle conversion, from a
cuboidal epithelial morphology to a more spindle-shaped
morphology (24), and Yanochko and Eckhart noted that
MCF10A-IGF-IR cells showed altered E-cadherin localization
(47).

The transcription factor nuclear factor kB (NF-kB) was re-
cently shown to be essential for EMT and metastasis in a breast
cancer cell model (22). NF-«B has recently been implicated in
cell proliferation and various cancers, including breast cancer
(9, 33). High levels of nuclear NF-kB were found in the ma-
jority of primary human and rodent breast tumor tissue sam-
ples, breast cancer cell lines, and carcinogen-transformed
mammary epithelial cells (9, 27). IGF-IR can activate the
NF-kB signaling pathway (29). IGF-IR can modulate glycogen
synthase kinase 38 (GSK-3B) activity via Akt; GSK-3B regu-
lates Snail via NF-kB (1); and NF-kB binds Snail promoter
and increases its activity (3), suggesting a potential IGF-IR-
GS3KB-NF-kB-Snail signaling pathway in EMT in MCF10A
cells.

In this study, we established MCF10A human mammary
epithelial cells that overexpress a constitutively active IGF-IR
(CDS-IGF-IR-MCF10A). CDS-IGF-IR-MCF10A cells showed
numerous features of transformation, including growth factor-
independent proliferation, lack of contact inhibition, anchor-
age-independent growth, invasion, and tumorigenesis in vivo.
This study is significant, as relatively few oncogenes, when
expressed alone, have been shown to cause in vivo tumorigenic
potential in MCF10A cells. In addition, CD8-IGF-IR-MCF10A
cells showed an EMT which was associated with the downregu-
lation of multiple epithelial cell markers and concomitant up-
regulation of many mesenchymal markers. Transcriptional
repressor Snail mRNA levels were dramatically induced in CD8-
IGF-IR-MCF10A cells, despite no change in Slug, Twist, or
Zebl. NF-kB was highly activated in CD8-IGF-IR-MCF10A
cells, and the EMT and upregulation of Snail gene expression
were reversed by the blockade of NF-kB or IGF-IR signaling.
Therefore, constitutively activated IGF-IR activates NF-kB to
induce Snail and cause EMT in MCF10A cells.

MATERIALS AND METHODS

Plasmid cloning. Construction of the CDS8-IGF-IR chimera has been de-
scribed previously (8). For this study, we isolated CD8-IGF-IR from pcDNA3.1
using Nhel and linearized pBabe-puro with BamHI. After the 5" overhangs of
each plasmid were filled in with Klenow enzyme (Promega, Madison, WI), they
were ligated with T4 DNA ligase (Promega). Positive clones were identified
by restriction digestion and confirmed by sequencing. For the cloning of the
dominant negative human Snail (SnaDN), the human Snail gene including zinc
finger domains and flanking regions was amplified with a forward primer
(NM_005985.2; 5'-ccggatcctctgaggecaaggatctecag-3') and reverse primer of the
T7 promoter region of pPCMV-Tag 2B. Flag-Snail-pCMV-Tag 2B was used as the
template for PCR. A 459-bp PCR fragment was digested with BamHI and Xhol,
resulting in a 380-bp fragment, and ligated with linearized pCMV-Tag 2B vector.
Then, Flag-SnaDN was excised with BstXI and Xhol and blunted with Klenow
enzyme. pLNCX2 vector was digested with HindIII and then blunted with Klenow
enzyme. They were ligated with T4 DNA ligase and positive clones were con-
firmed by sequencing.

Cell culture, retrovirus production, and establishment of stable cell lines.
The immortalized human breast epithelial cell line MCF10A was cultured in
Dulbecco’s modified Eagle medium (DMEM)-F-12 (Invitrogen) supplemented
with 5% horse serum (Sigma, St. Louis, MO), 20 ng/ml epidermal growth factor
(Sigma), 10 pg/ml insulin (Sigma), 0.5 pwg/ml hydrocortisone (Sigma), 100 ng/ml
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cholera toxin (Sigma), and 100 units/ml penicillin-streptomycin (Invitrogen,
Carlsbad, CA). The retrovirus was generated by transfection of CD8-IGF-IR-
pBabe-puro or pBabe-puro plasmid into PT67 packaging cells (BD Biosciences,
San Jose, CA) using Lipofectamine reagent (Invitrogen). The supernatant was
harvested 48 h after transfection and MCF10A cells were plated on 60-mm
dishes the day before infection and were infected for 48 h with 1 ml of the
supernatant containing retrovirus encoding CD8-IGF-IR or empty vector (pB-
abe-puro) as a control. Infected cells were selected with 5 pg/ml puromycin
(Sigma) 48 h after infection, and individual clones were isolated 10 days later.
The overexpression of CD8-IGF-IR was confirmed by immunoblot analysis with
anti-IGF-IRB antibody. Twelve individual positive clones were pooled together
to rule out clonal artifacts and were named the CD8-IGF-IR-MCF10A pool. For
the control clones, isolated individual clones (n = 5) were pooled together
(vector-MCF10A). For CD8-IGF-IR-MCF10A cells overexpressing SnaDN, ret-
rovirus was made by the same method as described above and used to infect
CDS8-IGF-IR-MCF10A cells. Infected cells were selected with 1 mg/ml G418
(Invitrogen), and positive clones were detected with anti-Flag antibody (Sigma).

Monolayer growth assay. For growth curve experiments, cells were plated in
12-well plates at a concentration of 25,000 cells/well and the next day after cells
were plated was designated day 0. For measuring cell numbers in serum-free
conditions, cells were placed in serum-free media at day 0. Cell numbers were
counted every 2 days using a Beckman Coulter Z series counter (Beckman
Coulter, Fullerton, CA).

Anchorage-independent growth assay. For anchorage-independent colony for-
mation, 1 X 10* cells were suspended in their growth medium containing 0.35%
SeaPlaque agarose (Cambrex Bio Science, Rockland, ME) and plated in 6-well
plates over a base layer of complete medium containing 0.7% agarose. Colonies
were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) (5 mg/ml in phosphate-buffered saline [PBS]) by incubation for 4 h at
37°C. Cells were photographed using an Alpha Imager 7000 (Alpha Innotech,
San Leandro, CA).

3D Matrigel culture. 3D Matrigel culture was performed as described previ-
ously (12). Briefly, cells were treated with trypsin and first resuspended in
DMEM-F-12 medium supplemented with 20% horse serum. The cells were
centrifuged and resuspended in assay medium (DMEM-F-12 supplemented with
2% horse serum, 10 wg/ml insulin, 1 ng/ml cholera toxin, 100 wg/ml hydrocorti-
sone, 50 U/ml penicillin, and 50 p.g/ml streptomycin). The cells were counted and
diluted in assay medium to achieve a final concentration of 25,000 cells/ml.
Eight-chambered glass slides were coated with 60 pl Matrigel (BD Biosciences)
per well and left to solidify for 30 min. The cells were mixed 1:1 with assay
medium containing 4% Matrigel and 10 ng/ml epidermal growth factor (EGF),
and 400 pl was added to each chamber of the Matrigel-coated slide. This
corresponds to a final overlay solution of 5,000 cells/well in medium containing
2% Matrigel and 5 ng/ml EGF. Assay medium containing 5 ng/ml EGF and 2%
Matrigel was replaced every 4 days. Immunostaining of acinar structures with
antibodies to Ki-67 (Zymed) or laminin V (Chemicon) was performed as de-
scribed previously (12). For nuclear staining, the acinar structures were fixed in
2% paraformaldehyde at room temperature for 20 min. Fixed structures were
washed three times in PBS for 10 min each time. Nuclear staining was performed
by incubation for 15 min with PBS containing 5 uM TOPRO-3 (Invitrogen)
before cells were mounted with the antifade agent VECTASHIELD (Vector
Laboratories, Burlingame, CA). Confocal analyses were performed with a Nikon
Eclipse E1000 confocal microscopy system.

Migration and invasion assay. The migration of cells was analyzed both
through an in vitro wound-healing assay and a transwell chamber assay. After
overnight serum starvation, monolayers of confluent cultures were lightly
scratched with a pipette tip, washed with serum-free medium to remove detached
cells, and then incubated with serum-free or serum-containing medium. Cultures
were observed regularly for up to 24 h. For the transwell chamber assay, the
polycarbonate membranes (8-wm pore size) (Becton Dickinson Labware) of the
upper compartments of transwell culture chambers were coated with 10 pg/pl
fibronectin. For the invasion assay, a BD Matrigel invasion chamber (BD bio-
sciences) was used. A total of 3 X 10* cells were resuspended in 500 pl serum-
free medium and placed in the upper compartment, and the lower compartment
was immediately filled with 500 pl growth medium. After 24 h, the cells on the
upper surface of the transwell were carefully removed with a cotton swab, the
membrane was stained using a Hema 3 Stat pack (Fisher), and cells that passed
through the membrane to the lower surface were counted in four different fields
at X10 magnification.

Xenograft studies. All procedures were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and were approved by the
IACUC of Baylor College of Medicine. Mice were maintained on a 12-h light,
12-h dark schedule with ad libitum access to laboratory chow (Picolab rodent diet
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20 and lab diet 5053; PMI Nutrition International Inc., Brentwood, MO) and
water. Vector-MCF10A and CD8-IGF-IR-MCF10A cells were harvested and
5 X 10° cells were injected orthotopically into the number 3 mammary fat pads
of athymic nu/nu or scid/beige mice (Charles River, Wilmington, MA). The
tumor sizes were measured with digital calipers twice a week, and tumor volumes
were estimated according to the formula for an ellipse, (short dimension)? x
(long dimension)/2.

Immunoblot analysis. Forty micrograms of total protein was resuspended in
denaturing sample loading buffer (3% dithiothreitol, 0.1 M Tris-HCI [pH 6.8],
4% sodium dodecyl sulfate, 0.2% bromophenol blue, 20% glycerol), separated by
8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and electro-
phoretically transferred to a nitrocellulose membrane overnight at 4°C. The
remaining steps were all performed at room temperature. The membrane was
blocked with PBS plus 0.05% Tween 20 (PBST) containing 5% nonfat milk
(blocking solution) for 1 h followed by incubation with anti-pY1162/1163-IGF-IR
(no. 44-804G; Biosource, Camarillo, CA), anti-IGF-IR beta (no. sc-713; Santa
Cruz Biotechnology, Santa Cruz, CA), anti-N-cadherin (no. 610920; BD Trans-
duction Laboratories), anti-vimentin (no. 550513; BD Transduction Laborato-
ries), anti-beta-catenin (no. 610154; BD Transduction Laboratories), anti-alpha-
catenin (no. sc-7894; Santa Cruz Biotechnology), anti-E-cadherin (no. sc-8426;
Santa Cruz Biotechnology), anti-fibronectin (no. sc-9068; Santa Cruz Biotech-
nology), and anti-B-actin (no. A1978; Sigma) antibodies in blocking solution
overnight at 4°C. Subsequently, the membrane was washed three times for 5 min
each with PBST and then incubated with a horseradish peroxidase-linked sec-
ondary antibody (Amersham Pharmacia Biotech, Piscataway, NJ) at a dilution of
1:4,000 in blocking solution. After the membrane was washed three times for 5
min each with PBST, bands were visualized by enhanced chemiluminescence
according to the manufacturer’s protocol (Pierce Biotechnology, Rockford, IL)
and captured using an Alpha Innotech 7000 imaging system (Alpha Innotech,
San Leandro, CA).

Immunofluoresence. 1 X 10° cells were seeded onto two chamber slides (Fal-
con), and 2 days later, the medium was changed, with or without 1 uM BMS-
536924 (45), and the incubation was continued for an additional 24 h. The cells
were washed with PBS, fixed for 20 min in 2% paraformaldehyde, and then
washed three times with PBS. The cells were permeabilized with 0.5% Triton
X-100 in PBS for 20 min, washed three times with PBS, and then blocked with
10% normal goat serum (Jackson Immunoresearch Laboratories Inc., West
Grove, PA) in PBST. The cells were stained using monoclonal anti-E-cadherin
antibody (BD Transduction Laboratories) and anti-NF-«B antibody (Santa Cruz
Biotechnology) at 1:200 dilution in blocking solution overnight at 4°C, and then
washed three times for 10 min in PBST buffer. Cells were then stained with goat
anti-mouse Alexa Fluor 488 (Invitrogen) at 1:200 dilution in blocking solution,
followed by three washes of 10 min in PBST. The slides were mounted using
mounting medium (Vectorshield; Vector Laboratories, Burlingame, CA).

Immunohistochemistry. Vector-MCF10A and CDS-IGF-IR-MCF10A cells
were cultured in maintenance media and then placed in serum-free medium
(SFM) for 24 h. Cells were trypsinized, fixed briefly with 4% paraformaldehyde,
and processed into paraffin. Slides were cut at 3 to 4 microns, baked overnight at
58°C, and deparaffinized using a Shandon-Lipshaw Varistain (program 2). Heat-
induced antigen retrieval was performed in 1 mM EDTA (pH 8.0) (pY-IGF-IR)
or in 0.1 M Tris-HCI (pH 9.0) (total IGF-IR) for 5 min. All further incubations
were performed at room temperature, and all washing was performed with TBST
(0.15 M NaCl, 0.01 M Tris-HCI [pH 7.4], 0.05% Tween 20) unless otherwise
stated. Endogenous peroxidase activity was blocked by incubation in 3% hydro-
gen peroxide solution for 5 min. The slides were then incubated with anti-
pY1131-IGF-IR (catalogue no. 3021; Cell Signaling Technology) or anti-IGF-IR
beta (catalogue no. sc-713; Santa Cruz) for 1 h, biotinylated secondary antibody
(1:200) for 30 min, and then horseradish peroxidase-labeled avidin (1:200) for 30
min. As a negative control, the slides were incubated with purified rabbit immu-
noglobulin (Jackson Laboratories). Detection was achieved by incubation with
diaminobenzidine (Dako) for 15 min, followed by enhancement with 0.2% os-
mium tetroxide for 30 s. The slides were counterstained with hematoxylin, de-
hydrated, and mounted using cytoseal.

RNA isolation and quantitative real-time PCR. Total RNA was prepared with
an RNeasy mini kit (QIAGEN, CA) according to the instruction manual. Total
RNA was reverse transcribed in a final volume of 100 pl using 0.5 pg of total
RNA, 0.5 wl random primers, and 25 mM deoxynucleoside triphosphate. After
the samples were heated for 5 min at 65°C, 20 pl of 5X first-strand buffer
(Invitrogen), 5 wl 0.1 M dithiothreitol, and 0.5 pl of Superscript II RNase H
reverse transcriptase (Invitrogen) were added. Reverse transcription was per-
formed on a 9600 GeneAmp PCR system at 25 °C for 5 min, 48°C for 30 min,
and 70°C for 10 min. The cDNA was stored at —20°C. Quantitative real-time
PCR (Q-PCR) was performed using primers that were already published for
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human E-cadherin, Twist, and N-cadherin (37); fibronectin (36); Snail and ZEB1
(34); alpha-smooth muscle actin (a-SMA) (44); and Slug (40); and we designed
primers for vimentin which consisted of forward 5'-CAACCTGGCCGAGGAC
AT-3" and reverse 5'-ACGCATTGTCAACATCCTGTCT-3'. Q-PCR was per-
formed in an ABI PRISM 7700 sequence detector (PE Biosystems) using the
power SYBR green PCR master mix (Applied Biosystems). Each reaction mix-
ture contained 5 pl of template cDNA, a final concentration of 0.15 pM of
forward and reverse primers, 12.50 pl of 2X SYBR green buffer, and RNase-free
H,O to make a final volume of 25 pl. The PCR for each gene consisted of the
following: 50°C for 2 min, denaturing at 95°C for 10 min, and 40 cycles of 95°C
for 15 s and 60°C for 30 s. To determine the primer specificity, three stages (95°C
for 15 s, 60°C for 20 s, and 95°C for 15 s, with a ramping time of 20 min) were
added to the end of the PCR to obtain dissociation curves for each gene. Analysis
of Q-PCR data was performed using Sequence Detector v. 1.7 software (ABI).
Relative transcript levels were determined using the 27*2¢” method and nor-
malized to B-actin (28).

Preparation of nuclear extracts and electrophoretic mobility shift assays.
Nuclear extracts and electrophoretic mobility shift assays were prepared as
previously described (43). Nuclear extracts (10 ug) were incubated with 32P-
labeled NF-kB or OCt-1 probe (Promega, Madison, WI) for 15 min at room
temperature. The mixtures were then subjected to electrophoresis in 6% poly-
acrylamide gel and autoradiography.

RESULTS

Characterization of immortalized mammary epithelial MCF10A
cells expressing a CD8-IGF-IR fusion gene. We recently reported
the generation of a chimeric and constitutively activated IGF-IR
that consists of a fusion of the human CD8a extracellular
domain with the human IGF-IRB subunit. CD8-IGF-IR was
created to study the effect of IGF-IR in vivo without the com-
plexity of IGF-I ligand and binding protein interactions. Ex-
pression of this chimeric receptor in the mammary glands of
transgenic mice resulted in rapid mammary tumorigenesis (8)
that was associated with an apparent EMT (data not shown).
To further study the role of CD8-IGF-IR in transformation
and EMT, we utilized MCF10A cells, an immortalized but
nontransformed human mammary epithelial cell line (11).
These cells exhibit numerous features of normal breast epithe-
lium, including lack of tumorigenicity in nude mice, lack of
anchorage-independent growth, and dependence on growth
factors and hormones for proliferation and survival. MCF10A
cells form polarized functional acini in 3D Matrigel culture and
have proven to be a useful model for the study of oncogene
disruption of polarity and acinus formation (11). To determine
the effect of constitutive receptor activation on MCF10A im-
mortalized human mammary epithelial cells, we generated sta-
ble cell lines by retroviral infection. Multiple clones expressing
CDS8-IGF-IR were identified, and these were combined to-
gether to generate a pool (CD8-IGF-IR-MCF10A) for further
experiments. Clones expressing empty vector were combined
to make a control pool clone (vector-MCF10A). Next we ex-
amined whether the overexpressed CDS-IGF-IR was constitu-
tively active in the absence of ligand, IGF-1. Vector-MCF10A
cells stimulated with IGF-I showed weak tyrosine phosphory-
lation of the B-subunit of IGF-IR (P~IGF-IR) (Fig. 1A).
CDS8-IGF-IR has a molecular mass of approximately 75 kDa
and exists as a doublet below the endogenous IGF-IRB subunit
(95 kDa), and it was constitutively phosphorylated without
ligand. The activation was highly dominant because there was
no additive or synergistic effect of IGF-I on these cells. Cells
were then cultured in serum-free media, placed in paraffin, and
immunohistochemistry (IHC) was performed to determine
P~IGF-IR and total IGF-IR levels. CD8-IGF-IR-MCF10A
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A MCF10A stable pool

Vector CDB8-IGF-IR
IGF-I - 4+ - + (10min)

P~IGF-IR - Sy +— COb10F R
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IGF-IR ST
J-actin » s ——
B Vector CD8-IGF-IR
P~IGF-IR ermet s T

IGF-IR

CD8-IGF-IR. (A) Vector-MCF10A and CD8-IGF-IR-MCF10A pools
were incubated in SFM for 24 h and then stimulated with IGF-I (10
nM) for 10 min. Forty-microgram amounts of cell lysates were immu-
noblotted with anti-pY-IGF-IR (P~IGF-IR) or total IGF-IRB anti-
bodies. The open and black arrows indicate endogenous IGF-IR{ and
CDS-IGF-IR, respectively. B-Actin was used as a loading control. —
and + indicate the absence or presence of IGF-I. (B) Vector-MCF10A
and CDS8-IGF-IR-MCF10A cells were cultured in SFM, harvested, and
processed in paraffin. Five-micrometer sections were then processed
for IHC using anti-pY-IGF-IR (P~IGF-IR) or total IGF-IRB
antibodies.

cells had readily detectable P~IGF-IR staining that was
mainly membranous and was completely absent in vector-
MCF10A cells (Fig. 1B). IHC for total IGF-IR showed an
approximately fivefold increase in their levels, which was con-
sistent with the results of the immunoblotting (Fig. 1A).
CDS8-IGF-IR disrupts normal mammary acinus formation
in 3D Matrigel culture. MCF10A cells grown in 3D Matrigel
recapitulate numerous features of breast epithelium in vivo,
including the formation of acinus-like spheroids with a hollow
lumen, apicobasal polarization, and the basal deposition of
basement membrane components (12). Therefore, we exam-
ined whether overexpressing CDS-IGF-IR would disrupt the
normal mammary acinar morphogenesis of MCF10A cells in
3D Matrigel culture. As shown in Fig. 2A and B, vector-
MCF10A cells formed small, well-formed acini, often with
empty lumen. In contrast, CD8-IGF-IR-MCF10A acini ap-
peared larger and disrupted, with cells filling the luminal space.
The acini sometimes showed protrusions into the Matrigel
(Fig. 2A; day 8) that are characteristic of invasive cells (Fig.
2A; arrows). Ki-67, a marker for proliferation, was highly ex-
pressed in the multiacinus structure of CD8-IGF-IR-MCF10A
cells on day 12, while it was hard to detect Ki-67 staining in the
growth-arrested acini of vector-MCF10A cells on the same day
(Fig. 2B, upper panels), suggesting that constitutively active
IGF-IR signaling induces hyperproliferation of the mammary
epithelial cells. Vector-MCF10A acini often had cells in the
center of the lumen that were undergoing apoptosis and

MoL. CELL. BIOL.

A CD8-IGF-IR
Vector-MCF10A -MCF10A
¢ N
day 8
:;) L
O
day 15 & -

¢ el 9}

B CD8-IGF-IR
Vector-MCF10A _MCF10A
Ki-67
Cleaved
Caspase-3
Laminin V

FIG. 2. Constitutively active IGF-IR disrupted acinar morphogen-
esis of MCF10A cells on 3D Matrigel culture. (A) Vector-MCF10A
and CDS8-IGF-IR-MCF10A cells were plated in Matrigel and cultured
for 8 days or 15 days. Phase-contrast images of acini are shown in X20
magnification. The arrow indicates invasive protrusions. (B) The cells
were cultured on Matrigel for 8 to 12 days and then stained with
antibodies to Ki-67 (green), cleaved caspase-3 (green) or laminin V
(red). The nuclei (blue) were labeled with TOPRO-3 and visualized by
confocal microscopy with X40 magnification.

stained positive for cleaved caspase-3 (Fig. 2B, left middle
panel). CD8-IGF-IR cells showed no apoptosis as assessed by
cleaved caspase-3 staining, consistent with the observed filling
of the lumen (Fig. 2B, right middle panel). The staining of
basement membranes of acinar structures with laminin V, a
marker of epithelial cell polarity, showed that vector-MCF10A
cells formed well-organized acinar structure with apical/basal
polarity, while the multiacini of CD8-IGF-IR-MCF10A cells
had disrupted polarity, with laminin V staining within the lu-
men (Fig. 2B, lower panels).

CDS8-IGF-IR causes transformation of MCF10A cells. To
evaluate whether the overexpression of CDS-IGF-IR caused
transformation of MCF10A cells, we measured several hall-
marks of the transformed cell (Fig. 3). Several experiments
repeatedly indicated that the monolayer proliferation of CD8-
IGF-IR-MCF10A cells was slightly slower than that of vector-
MCF10A cells in normal growth media (Fig. 3A). In contrast,
under SFM conditions, vector-MCF10A cells underwent
growth arrest, whereas CD8-IGF-IR-MCF10A cells continued
to proliferate. Furthermore, CD8-IGF-IR-MCF10A failed to
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FIG. 3. Constitutive IGF-IR activation induced cellular transfor-
mation of nontransformed MCF10A cells. (A) Vector-MCF10A and
CDS8-IGF-IR-MCF10A cells were plated on 12-well plates, and the
next day, the medium was changed for serum-free medium to compare
the growth rates of these cells in serum-free conditions. The next day
after plating was designated day 0 (d0). Cell numbers were counted
every 2 days. The error bars represent the standard errors of the
means. (B) For monolayer culture, 2 X 10° cells were plated on 6-well
plates and cultured for 10 days. Phase-contrast images of focus forma-
tion at day 10 are shown in the left panels. For the anchorage-inde-
pendent growth assay, 1 X 10* cells were suspended in their growth
medium containing 0.35% agarose and plated on 6-well plates over a
basal layer of complete medium containing 0.7% agarose. Two weeks
later, colonies were stained with MTT (right panels). (C) The Matrigel
invasion assay showed that the number of CD8-IGF-IR-MCF10A cells
that penetrated the membrane was significantly higher than that of
vector-MCF10A cells. Cells were counted in four different microscopic
fields (10 magnification). The error bars represent the standard er-
rors of the means. (D) Six-week-old mice were injected with CD8-
IGF-IR-MCF10A cells in the number 3 mammary gland. The left
panel is a representative photograph of a xenograft at 15 days after
injection. The right panel is a representative section of tumor stained
with hematoxylin and eosin.
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exhibit contact inhibition and formed foci after long-term cul-
ture (Fig. 3B). Consistent with their nontransformed pheno-
type, vector-MCF10A cells failed to grow in soft agar, whereas
CD8-IGF-IR-MCF10A cells repeatedly formed numerous col-
onies (Fig. 3B). Similarly, vector-MCF10A cells showed very
poor ability to invade through Matrigel when a modified Boy-
den chamber was used, whereas CD8-IGF-IR-MCF10A cells
were highly invasive (Fig. 3C).

Numerous oncogenes are able to disrupt MCF10A acinus
formation and transform MCF10A cells in vitro. However,
oncogenes such as ErbB2 disrupt acinus formation (11) but fail
to convey in vivo xenograft growth (16). We therefore exam-
ined whether CD8-IGF-IR-MCF10A cells could grow in im-
munocompromised mice. In an initial pilot experiment, we
injected vector-MCF10A and CDS8-IGF-IR-MCF10A cells
with or without Matrigel orthotopically into athymic nude
mice. We found that vector-MCF10A cells injected into athy-
mic nude mice were unable to form a palpable mass when
injected with (0/3 mice) or without (0/3 mice) Matrigel. In
contrast, CD8-IGF-IR-MCF10A cells formed a palpable mass
within 7 to 10 days (3/3 mice with Matrigel and 1/3 mice
without Matrigel) (Fig. 3D). Histologic analysis of the tumors
by hematoxylin and eosin staining revealed them to be undif-
ferentiated carcinomas. Next, we repeated the experiment, and
in results similar to those of our pilot experiment, Matrigel
caused an increase in tumor take and tumor size after 10 days,
with palpable tumors appearing in 7/10 mice with Matrigel and
5/10 without Matrigel. After 3 weeks, xenografts injected with
Matrigel had reached a volume of 120.3 *+ 3.3 mm?>, whereas
the xenografts without Matrigel were only 56 + 21.8 mm?>.
Taken together, these data indicate that overexpression of a
single oncogene (CD8-IGF-IR) in MCF10A cells is sufficient
to cause transformation.

CD8-IGF-IR causes EMT in MCF10A cells. The expression
of CDS8-IGF-IR in the mammary glands of transgenic mice
resulted in rapid mammary tumorigenesis (8) that was associ-
ated with an apparent EMT (data not shown). Interestingly,
when MCF10A cells were infected with CD8-IGF-IR and were
screened to identify those with stable CD8-IGF-IR expression,
it was noted that the majority of the puromycin-resistant clones
exhibited a morphological change that resembled an EMT. As
shown in Fig. 4A, vector-MCF10A cells showed highly orga-
nized cell-cell adhesion and cell contact, whereas CD8-IGF-
IR-MCF10A cells had an elongated and refractive appearance,
with cell scattering and loss of cell-cell contacts. The cobble-
stone-like morphology of MCF10A cells at confluence was
replaced in CD8-IGF-IR-MCF10A cells by a spindle-like fi-
broblastic morphology. To determine the molecular alterations
that occurred in these cells, we examined the expression of the
epithelial adherence junction protein E-cadherin and the mes-
enchymal proteins vimentin and N-cadherin. In 3D culture,
vector-MCF10A cells showed high levels of membrane-local-
ized E-cadherin and little or no expression of vimentin or
N-cadherin. In stark contrast, CD8-IGF-IR-MCF10A acini
showed lower levels of E-cadherin, and the E-cadherin was
mislocalized, showing punctate staining. In addition, the CD8-
IGF-IR-MCF10A acini showed strong staining of both vi-
mentin and N-cadherin. Immunoblot analysis showed that
epithelial adherence junction proteins were dramatically
downregulated in CDS-IGF-IR-MCF10A cells compared to
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FIG. 4. EMT was induced in CD8-IGF-IR-MCF10A cells. (A) The morphologies of MCF10A cells expressing either the control vector or
CDS8-IGF-IR were revealed by phase-contrast microscopy (<20 magnification) at day 3. Vector-MCF10A and CD8-IGF-IR-MCF10A cells were
cultured on Matrigel for 12 days and then stained with antibodies to E-cadherin (green), vimentin (red), or N-cadherin (red). The nuclei (blue)
were labeled with TOPRO-3 and visualized by confocal microscopy with X40 magnification. (B) Levels of epithelial proteins, including E-cadherin,
B-catenin, and a-catenin, and mesenchymal proteins, including N-cadherin, vimentin, fibronectin, and a-SMA, in vector-MCF10A and CD8-IGF-
IR-MCF10A cells were examined by immunoblotting. -Actin was used as a loading control. (C) The activity of a 2-kb fragment of the E-cadherin
promoter upstream of a luciferase reporter (E-cad-luc) was compared to that of the control plasmid (pGL2-basic) by transient transfection. The
luciferase (luc) activity was normalized to the cotransfected B-galactosidase activity. The error bars represent the standard errors of the means.
(D) Results of the transwell migration assay in which vector-MCF10A and CD8-IGF-IR-MCF10A cells were induced to migrate toward growth
media. The migrated cells that passed through the membrane to the lower surface were counted in four different microscopic fields at X10
magnification. (E) Confluent vector-MCF10A and CD8-IGF-IR-MCF10A cells were scratched and photographs were taken immediately (0 h) and
24 h postscratch at X 10 magnification.

their strong expression in vector-MCF10A cells (Fig. 4B). E- (BMS-536924) (45). Immunoblot analysis showed that consti-
cadherin mRNA levels were reduced 10-fold in the CD8-IGF- tutive phosphorylation of CD8-IGF-IR was inhibited in a dose-
IR-MCF10A cells compared to their levels in vector-MCF10A dependent manner by BMS-536924, with an observed effect at
cells (Fig. 5A), and this correlated with a twofold reduction in 100 nM of the drug and maximal inhibition at 1 uM (Fig. 5A).
E-cadherin promoter activity (Fig. 4C). The expression of mes- CDS-IGF-IR-MCF10A cells treated with BMS-536924 for 24 h

enchymal markers, including vimentin, N-cadherin, fibronec- showed a partial reversion to a cobblestone-like epithelial mor-
tin, and a-SMA, were all low or absent in vector-MCF10A cells phology, and immunofluorescence results showed that E-cad-
but highly induced in CD8-IGF-IR-MCF10A cells (Fig. 4B). herin levels were also partially reversed; however, the E-

Therefore, both the morphological and molecular changes in cadherin was not completely properly localized, having
the CD8-IGF-IR-MCF10A cells demonstrated that these cells some cytoplasmic localization (Fig. 5B). Consistent with a
had undergone EMT. The functional consequences of EMT decrease in E-cadherin protein and promoter activity in
are enhanced cell scattering and migration. Indeed, both the CDS8-IGF-IR-MCF10A cells (Fig. 4C), E-cadherin mRNA
fibronectin-coated transwell chamber assay and the wound- levels were reduced 10-fold compared to its levels in vector-
healing assay showed that CD8-IGF-IR-MCF10A cells mi- MCF10A cells (Fig. 5C). Importantly, this downregulation
grated much faster than vector-MCF10A cells, which were of E-cadherin mRNA was reversed (by up to 80%) with
generally unable to migrate (Fig. 4D and E). BMS-536924 (Fig. 5B). We also examined the ability of

EMT and E-cadherin downregulation are reversed by block- BMS-536924 to reverse changes in the protein levels of
ade of IGF-IR activity with BMS-536924. To investigate epithelial and mesenchymal markers in CDS8-IGF-IR-
whether the EMT phenotype of CD8-IGF-IR-MCF10A cells is MCF10A cells; we found that BMS-536924 reversed the
a specific event mediated by the constitutively active IGF-IR, reduction of E-cadherin protein levels and also reversed the
cells were treated with a small-molecule inhibitor of IGF-IR induction of vimentin and a-SMA (Fig. 5D). It should be
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FIG. 5. Blocking of constitutive IGF-IR activation by a new small-
molecule inhibitor of IGF-IR, BMS-536924, partially reversed the
mesenchyme-like morphological changes and the downregulation of
E-cadherin levels. (A) CD8-IGF-IR-MCF10A cells were incubated
with the indicated concentration of BMS-536924 for 1 h after 16 h of
serum starvation, and the phosphorylation of CD8-IGF-IR was ana-
lyzed by immunoblotting with anti-P~IGF-IR antibody. 8-Actin was
used as a loading control. (B) Vector-MCF10A and CDS8-IGF-IR-
MCF10A cells were incubated with or without 1 uM BMS-536924 for
24 h and were either visualized by phase-contrast microscopy at X20
magnification (upper panels) or stained with E-cadherin (E-cad) (x40
magnification; green) (lower panels). The nuclei were stained with
4'.6'-diamidino-2-phenylindole (DAPI). DMSO, dimethyl sulfoxide.
(C) Vector-MCF10A and CD8-IGF-IR-MCF10A cells were incubated
with (+) or without (=) 1 pM BMS-536924 for 24 h in growth media.
The levels of E-cadherin mRNA were examined by Q-PCR. The results
are presented as relative transcript levels compared to vector-
MCF10A by using the AACT method, with B-actin mRNA levels used
as the normalization control. The error bars represent the standard
errors of the means. (D) Vector-MCF10A and CDS-IGF-IR-MCF10A
cells were incubated with (+) or without (=) BMS-536924 for 24 h
and lysed, and the levels of epithelial (E-cadherin) or mesenchymal
markers (vimentin and a-SMA) were measured. B-Actin was used
as a loading control.

noted that, despite the ability of IGF-IR inhibition to re-
verse the levels of these proteins, the morphological rever-
sion was incomplete, suggesting that there may be irreversible
changes that have caused the EMT, or that other pathways, in
addition to IGF-IR, need to be inhibited.

IGF-IR-MEDIATED EMT VIA NF-kB AND Snail 3171

Snail transcription factor is an essential regulator of con-
stitutively active IGF-IR-induced EMT. Since it is known that
Snail, Slug, Twist, and Zeb1 are repressors of E-cadherin pro-
moter activity and the subsequent reduction of E-cadherin
mRNA and protein levels is a central component of EMT (23),
we examined the mRNA expression levels of Snail, Slug, Twist,
and ZebI by Q-PCR. Snail mRNA was dramatically induced
(up to 80-fold) in CDS-IGF-IR-MCF10A cells, whereas no
changes were observed for Slug, Twist, or Zebl, even though
mRNA was detected for all three genes (Fig. 6A). Next, we
tested whether IGF-I can also induce Snail mRNA in vector-
MCF10A cells. Figure 6B shows that IGF-I treatment induced
Snail mRNA, even though the induction was not as strong as
that in CDS8-IGF-IR-MCF10A cells. The induction of Snail
mRNA by IGF-I treatment, or in CD8-IGF-IR-MCF10A cells,
was mostly reversed by treatment with BMS-536924. However,
it should be noted that the inhibitor did not fully reverse the
induction by IGF-I or CD8-IGF-IR, suggesting either incom-
plete blockade of IGF-IR, or that there are other pathways
mediating the induction. To show whether Snail was neces-
sary for the downregulation of E-cadherin and the EMT, we
generated a SnaDN that consisted of only the zinc finger
domains and small flanking regions of wild-type Snail and
introduced this construct into CDS-IGF-IR-MCF10A cells by
retroviral infection (CD8-IGF-IR/SnaDN-MCF10A cells).
Monolayer growth of these cells showed that they had an
epithelium-like morphology that was somewhat similar to that
of vector-MCF10A cells (Fig. 6C, top panels). The expression
of SnaDN in CDS8-IGF-IR-MCF10A cells also reversed the
abnormal 3D growth of CDS8-IGF-IR-MCF10A cells, with
acini now appearing smaller and similar to those of vector-
MCF10A cells (Fig. 6C). Consistent with this partial morpho-
logical reversion, the CDS8-IGF-IR/SnaDN-MCF10A cells
showed elevated levels of E-cadherin (Fig. 6D).

NF-kB is the upstream regulator of Snail expression in the
regulation of CD8-IGF-IR-induced EMT. We next examined
pathways downstream of CD8-IGF-IR, which caused the dra-
matic elevation of Snail mRNA levels. The most-studied reg-
ulator of Snail promoter and mRNA levels is ERK1/2 (13).
However, we found that incubation of CD8-IGF-IR-MCF10A
cells with the ERK1/2 inhibitor U0126 (10 nM) had absolutely
no effect on the 80-fold elevation of Snail mRNA levels in
CD8-IGF-IR-MCF10A cells (Fig. 7A). U0126 also had no
effect upon the morphology of CD8-IGF-IR-MCF10A cells
(Fig. 7E). This is consistent with our observation that ERK1/2
is not active in these cells (data not shown). Recent reports
indicated that NF-kB is an essential regulator of EMT and
metastasis in a breast cancer cell model (23) and that NF-xB
can bind the human Snail promoter and increase its activity
(3). It was also reported that IGF-I stimulated sustained acti-
vation of NF-kB in human multiple myeloma cells (29). To
determine whether the increased NF-kB was involved in the
induction of Snail and EMT, we used inhibitors of the NF-«B
signaling pathway. Treatment of CD8-IGF-IR-MCF10A cells
for 24 h with two different inhibitors of the NF-kB pathway
(IxB kinase [IKK] inhibitor II and Helenalin) partially re-
versed the induction of Snail mMRNA in CD8-IGF-IR-MCF10A
cells, and this reversion was similar to the results observed with
BMS-536924 treatment (Fig. 7B).

We next examined NF-«kB activity in CD8-IGF-IR-MCF10A
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FIG. 6. Snail is the essential mediator of the EMT induced by the
constitutively active IGF-IR signaling. (A) The expression of Snail,
Slug, Twist, and Zebl mRNA in vector-MCF10A (open bar) and CDS-
IGF-IR-MCF10A (shaded bar) cells was examined by Q-PCR. The
results are presented as transcript levels relative to the level in vector-
MCF10A cells by using the AACT method, with B-actin mRNA levels
used as the normalization control. (B) Vector-MCF10A and CD8-
IGF-IR-MCF10A cells were incubated with (+) or without (=) 100
ng/ml IGF-I and 1 M BMS-536924 for 24 h in growth media. The
expression of Snail mRNA was examined by Q-PCR as described in
Materials and Methods. The values shown are relative to those of
vector-MCF10A cells without IGF-I stimulation. The error bars represent
the standard errors of the means. (C) Vector-MCF10A, CD8-IGF-IR-
MCF10A, and CDS8-IGF-IR/SnaDN-MCF10A cells were grown in their
growth media for 2 days. The cells were visualized by phase-contrast
microscopy at X20 magnification (upper panels). The cells were cul-
tured on Matrigel for 8 days, and then the nuclei were labeled with
TOPRO-3 and visualized by confocal microscopy with X40 magnifica-
tion (lower panels). (D) Vector-MCF10A, CDS8-IGF-IR-MCF10A,
and CDS8-IGF-IR/SnaDN-MCF10A cells were immunoblotted for E-
cadherin (E-cad) and Flag. B-Actin was used as a loading control.

cells. First, we compared the nuclear localization of the p65
subunit of NF-«B in both vector-MCF10A cells and CDS-IGF-
IR-MCF10A cells, because activated NF-kB translocates from
the cytoplasm to the nucleus. Immunofluorescence staining of
p65 showed exclusive cytoplasmic staining in vector-MCF10A
cells; however, p65 was detected in the nuclei of CD8-IGF-IR-
MCF10A cells (Fig. 7C). To confirm whether nuclear NF-«B is
active, gel mobility shift assays were performed. The results
shown in Figure 7D show that NF-«B binding activity was
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highly induced in CD8-IGF-IR-MCF10A cells compared to
the activity in vector-MCF10A cells.

Finally, we examined whether blockade of NF-kB activity
could reverse the EMT phenotype of CDS-IGF-IR-MCF10A
cells in a manner similar to that observed with blockade with
the IGF-IR inhibitor BMS-536924. CDS8-IGF-IR-MCF10A
cells in monolayer culture were elongated and refractile com-
pared to MCF10A cells, which showed a classic cobblestone
epithelial appearance. Treatment of CDS8-IGF-IR-MCF10A
cells with IKK inhibitor II partially reversed the EMT pheno-
type, with cells now showing more cell attachment (Fig. 7E).
This partial reversion was similar to that seen with BMS-536924
and was not seen with U0126 (Fig. 7E). We also tested the
same inhibitors in 3D culture and found that both IKK and
BMS-536924 caused marked alterations in the growth of CD8-
IGF-IR-MCF10A cells, with smaller acini that resembled
those of vector-MCF10A cells (Fig. 7F).

DISCUSSION

IGF-IR is a critical regulator of cell proliferation and sur-
vival. Consistent with this, this receptor also has a role in
tumorigenesis and metastasis and is an attractive target for
cancer therapy (38). We recently reported the generation and
characterization of the first transgenic mouse overexpressing
IGF-IR (8). In this model, we found that overexpression of a
constitutively active IGF-IR chimera (CDS8-IGF-IR) in the
mouse mammary gland led to rapid mammary tumorigenesis
(8), finally resulting in metastasis to the lungs (unpublished
data). In this report, we show that overexpression of the same
CDS-IGF-IR chimera in MCF10A immortalized mammary ep-
ithelial cells caused transformation when cells were grown in
immunocompromised mice. Furthermore, the cells underwent
EMT, which was associated with increased NF-kB activity,
induction of Snail transcriptional repressor, and downregula-
tion of E-cadherin. The EMT was correlated with dramatically
enhanced migration and invasion, and the induction of the
Snail and EMT phenotypes could be reversed by small-mole-
cule inhibitors of IGF-IR and NF-«B.

MCF10A cells are a useful tool for examining the effects of
oncogenes on cell polarity and transformation. Several “classic”
oncogenes, such as HER-2, activated Ras, and cyclin D1, have
been shown to disrupt cell polarity and cause transformation in
vitro; however, all are unable to confer xenograft growth in vivo
(11). In contrast to those results, other, less-studied oncogenes,
including these for growth hormone (51), ephA2 (49), and aB-
crystallin (31), have recently been shown to confer xenograft
growth on MCF10A cells. Similarly, we have shown that CD8-
IGF-IR alone can cause transformation of MCF10A cells in vitro
and that it also confers growth in athymic nude mice when the
cells are injected, with or without Matrigel.

During this study, two groups reported on the overexpres-
sion of wild-type IGF-IR in MCF10A cells (24, 47). Both
groups found that overexpressed IGF-IR remained ligand de-
pendent but, when hyperstimulated by IGF-I, caused increased
proliferation, decreased apoptosis, and loss of polarity. This
resulted in large, complex, disrupted acini; however, both stud-
ies found that cells were noninvasive. We found a similar
induction of proliferation, absence of apoptosis, and loss of
polarity that resulted in disrupted acinus formation in our 3D
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FIG. 7. NF-kB is the upstream regulator of Snail in CD8-IGF-IR-induced EMT. (A) Vector-MCF10A and CDS8-IGF-IR-MCF10A cells were
incubated with dimethyl sulfoxide (DMSO) (open bars) or 10 uM U0126 (shaded bars) for 24 h, and then Snail mRNA levels were measured by
Q-PCR as described in Materials and Methods. Representative levels are compared to those of vector-MCF10A cells incubated with DMSO. The
bars represent the averages * standard errors of the means of three measurements. (B) Vector-MCF10A and CD8-IGF-IR-MCF10A cells were
plated and the next day, cells were incubated with or without 1 uM BMS-536924 (BMS) and two NF-«kB pathway inhibitors, including 20 uM IKK
inhibitor II (IKK) and 20 uM Helenalin (Hele), for 24 h. Snail mRNA levels were measured by Q-PCR as described above for panel A. DMSO
was used as the vehicle for the reagents. The transcript levels are relative to the level in vector-MCF10A cells incubated with DMSO. The bars
represent the averages *+ standard errors of the means of three measurements. (C) The cells were cultured for 2 days and then stained with
anti-NF-«kB p65 antibody (green). The nuclei (blue) were stained with TOPRO-3 and visualized by confocal microscopy (X60 magnification with
oil). (D) The cells were harvested at day 1 or day 2, and nuclear extracts were prepared and incubated with oligonucleotides corresponding to
NF-kB or OCt-1 consensus sequences. OCt-1 binding was used as a loading control. (E) Vector-MCF10A (a) and CD8-IGF-IR-MCF10A (b to
e) cells were incubated with DMSO (a and b), BMS-536924 (c), 20 wM IKK inhibitor II (d), or 10 uM U0126 (e) for 24 h, and photographs were
taken with phase-contrast microscopy at X20 magnification. (F) Vector-MCF10A (a) and CD8-IGF-IR-MCF10A (b to d) cells were grown in 3D
Matrigel and then incubated with DMSO (a and b), 1 wM BMS (c), or 20 uM IKK inhibitor II (d). They were harvested at day 12 and then stained
with TOPRO-3 for nuclear staining.

cultures of CDS-IGF-IR-MCF10A cells. However, CD8-IGF- increase in ERK1/2 activity. In contrast to the results of the
IR-MCF10A cells also showed invasive properties in Matrigel studies of Irie et al. (24), we found that CD8-IGF-IR caused
culture and, after 15 days of culture, were found to grow EMT even though there was little or no activation of ERK1/2
together. This invasion in Matrigel was supported by the ability (data not shown). Yanochko and Eckhart (47) did not com-
of the cells to invade when the modified Boyden chamber assay ment on the morphology of their MCF10A-IGF-IR cells, but
was used. This suggests that CD8-IGF-IR may be activating did indicate that in 3D culture, the cells showed areas of
selected pathways to a greater and more sustained level than punctate E-cadherin staining, suggesting changes in cell adhe-
the hyperstimulated overexpressed wild-type receptor or that sion. Interestingly, we noted that CDS-IGF-IR-MCF10A cells
CDS8-IGF-IR may be activating alternate pathways. showed a dramatic change in E-cadherin staining, with a dis-

Irie et al. noted a subtle conversion from a cuboidal epithe- tinct punctate pattern perhaps somewhat similar, but exagger-
lial morphology to a more spindle-shaped morphology (24). ated, compared to that of Yanochko and Eckhart (47). It is
Most intriguingly, downregulation of Aktl, but not Akt2, in possible that the constitutive IGF-IR we have used is able to

IGF-IR-overexpressing clones caused cells to undergo a pro- cause EMT due to higher and more-prolonged constitutive
found EMT, similar to the results with our CDS8-IGF-IR activation of downstream signaling pathways, or perhaps via
clones. The EMT caused by Aktl downregulation in the pres- the induction of novel signaling pathways not normally acti-

ence of overexpressed IGF-IR was attributed to a subsequent vated by the wild-type overexpressed receptor.
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activity and Snail mRNA and protein levels, IGF-IR activates NF-«B,
and NF-«B binds the Snail promoter and increases Snail mRNA levels.
PI3K, phosphatidylinositol 3-kinase.

IGF-I stimulation of breast cancer cells overexpressing
IGF-IR has been shown to cause depolarization and a mesen-
chyme-like transition (20). Other growth factor receptors, such
as fibroblast growth factor receptor (39), epidermal growth
factor receptor (17), and transforming growth factor B-recep-
tor (48), are known to induce EMT. Furthermore, there is
considerable cross-talk between these receptors and down-
stream signaling pathways and transcription factors that lead to
EMT (19). Several transcription factors have been implicated
in the repression of E-cadherin and EMT, including Snail/Slug,
Twist, and Zebl (23). We found that CD8-IGF-IR-MCF10A
cells showed a specific and dramatic elevation of Snail mRNA
levels. Recent studies have implicated Snail as a critical regu-
lator of both the EMT process in MCF10A cells (1) and breast
cancer recurrence (30).

Snail expression has been shown previously to be regulated
by numerous growth factors (13); however, ours is the first
study to show that IGF-I and IGF-IR can induce Snail mRNA.
The mechanism of Snail induction by receptor tyrosine kinases
has generally focused on the role of Ras signaling (13). We
found that CDS8-IGF-IR caused an increase in Snail mRNA
levels; however, this increase was not due to ERK1/2 activity,
as levels of ERK1/2 were low in CD8-IGF-IR-MCF10A cells,
and blockade of ERK1/2 with U0126 did not lower Snail levels.
Phosphatidylinositol 3-kinase and Akt are required for trans-
forming growth factor B-induced EMT (2), and constitutive
Akt can induce EMT (18). GSK-38 has also been shown to
repress EMT, via repression of Snail mRNA (1) and by phos-
phorylating Snail on two motifs that cause its proteasome-
dependent degradation and also modulate its nuclear localiza-
tion (50). We have found constitutive P~Akt and loss of
P~GSK-3B in CD8-IGF-IR-MCF10A cells (data not shown),
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indicating that this may be a mechanism for the regulation of
Snail. However, recent evidence has implicated the IGF-IR
signaling cascade in the activation of the NF-«B signaling path-
way (29), and inhibition of GSK-38 has been shown to activate
NF-«B and increase Snail mRNA levels (1). Indeed, we found
that NF-kB was highly active in CD8-IGF-IR-MCF10A cells
and that blockade of NF-kB reduced Snail levels in these cells.
This is consistent with previous data indicating that NF-kB
binds Snail promoter and increases its activity (3) and strongly
suggests a signaling scenario whereby IGF-IR leads to activa-
tion of Akt, loss of GSK-3p, increased NF-kB activity, in-
creased levels of Snail, loss of E-cadherin, and subsequent
EMT (Fig. 8). This model is supported by the numerous other
studies described above.

In summary, we show that the expression of a constitutively
active IGF-IR in human mammary epithelial cells results in
tumorigenic conversion that is accompanied by a transition to
a mesenchyme-like phenotype. This study is novel in that rel-
atively few single oncogenes have been shown to confer xeno-
graft growth on MCF10A cells and thus provides a new model
for examining MCF10A cell growth in vivo. This is also the first
study to show that IGF-I and its receptor can modulate Snail
levels and cause EMT in mammary epithelial cells.
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