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Using contact-dependent three-dimensional coculture
systems and serum-free conditions, we compared the
ability of estrogen receptor (ER)-�� tamoxifen-sensi-
tive premalignant (EIII8) or tumorigenic (MCF-7),
ER-�� tamoxifen-resistant (EIII8-TAMR) or ER-��

MDA-MB-231 breast cancer cells to interact and un-
dergo epithelial morphogenesis on association with
breast tumor-derived fibroblasts. Although all breast
cancer cell lines interacted with tumor fibroblasts,
EIII8 and its intrinsically tamoxifen-resistant counter-
part EIII8-TAMR cells were most receptive and re-
sponded with dramatic, albeit , aberrant epithelial
morphogenesis. EIII8 cells underwent epithelial mor-
phogenesis when cocultured with fibroblasts from
ER-��/PgR� or ER-��/PgR� breast tumors; however,
EIII8 cells cocultured with ER-��/PgR� tumor-derived
fibroblasts exhibited decreased tamoxifen sensitivity
compared with cells cocultured with ER-��/PgR� tu-
mor fibroblasts. Fibroblast-induced tamoxifen resis-
tance was accompanied by mitogen-activated protein
kinase and Akt hyperactivation, reduced sensitivity to
U0126 or LY294002, and ER-� hyperphosphorylation
in the activation function-1 domain. The intrinsic ta-
moxifen resistance of EIII8-TamR cells correlated with
constitutive ER-� hyperphosphorylation that was un-
affected by the tumor fibroblasts. Our results suggest
that tumor fibroblast-induced tamoxifen resistance of
EIII8 cells is not mediated by epidermal growth factor
receptor or insulin-like growth factor (IGF)-1R axes
because no correlation was found between expres-
sion levels of IGF-1, IGF-2, phosphorylated IGF-1R, or
epidermal growth factor receptor, and tamoxifen
sensitivity of EIII8 fibroblast cultures. (Am J Pathol
2007, 170:1546–1560; DOI: 10.2353/ajpath.2007.061004)

The estrogen receptor (ER) plays a prominent role in the
control of breast epithelial cell proliferation, and expression

of ER is used to identify patients who might benefit from
anti-estrogen therapy. Transcription activation of estrogen
responsive genes is mediated via two functional regions
called activation function-1 (AF-1) and activation function-2
(AF-2) that modulate binding of ER to estrogen responsive
elements (EREs). ER can also modulate the activities of
other transcription factors, such as activator protein-1
(AP-1) or SP-1, by stabilizing their DNA binding. Tamoxifen
inhibits AF-2, but not AF-1.1 Although most ER-�� breast
cancers initially respond to tamoxifen therapy, they eventu-
ally acquire resistance to tamoxifen,2 and a proportion of
tumors despite being ER-�� exhibit de novo resistance to
tamoxifen.3 Posttranslational modification of ER such as by
phosphorylation regulates ER activity. Serine residues at
105, 118, and 167 represent major phosphorylation sites in
the AF-1 domain and are activated in vivo in a ligand-de-
pendent and -independent manner by cyclin A/cdk2, mito-
gen-activated protein (MAP) kinase, or Akt, respectively.4,5

There is increasing evidence that growth of ER-�� breast
tumors and their transition to a hormone-independent state
is influenced by activation of a growth factor signaling cas-
cade, which in turn can induce ER-� activity through effects
on ER phosphorylation.6 Overexpression of MAP kinase
(MAPK) and Akt has been associated with tamoxifen resis-
tance in breast cancer cell lines and tumors.7–10 The con-
sensus Akt phosphorylation site RXRXXS/T is present in
ER-� and not in ER-�,11 suggesting the possibility that
Akt-induced changes in ER phosphorylation and activity are
mediated through ER-�.

The human epidermal growth factor (EGF) receptor
family and the type I insulin-like growth factor receptor
(IGF-1R) receptor have been shown to regulate prolifer-
ation of breast cancer cells12 and phosphorylate ER in
the AF-1 domain via activation of downstream kinases
such as MAPK and Akt,13 thus playing an active role in
the progression of ER-�� breast cancer to a hormone-
independent state. However, the majority of these studies
have been performed in homotypic epithelial monolayers
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or two-dimensional cultures that rely entirely on autocrine
or paracrine activation pathways originating from the
breast cancer cells, a situation not entirely relevant in the
physiological setting. Reciprocal cellular interactions be-
tween epithelial cells and fibroblasts play a key role in the
morphogenesis, proliferation, and cytodifferentiation of
both endocrine and nonendocrine target organs.14,15 The
stroma provides vascular supply and specific soluble
and extracellular matrix molecules that are required for
tumor growth and progression. Several lines of evidence
indicate that stromal cells play a central role via extracel-
lular matrix remodeling in tumor invasion and dissemina-
tion.16–18 However, the direct impact of fibroblasts, a
major stromal component, and their ensuing effects on
paracrine/autocrine activation mechanisms, ER-� phos-
phorylation, and ER activity have not been examined.

Using a physiologically relevant three-dimensional model
system that permits establishment of reciprocal epithelial-
fibroblast interactions resembling those in vivo, we have
previously demonstrated that breast tumor fibroblasts play
a dominant role in growth and aberrant morphogenesis of
EIII8 premalignant breast epithelial cells.19 Here, we dem-
onstrate that breast tumor fibroblasts establish similar het-
erotypic interactions with premalignant (EIII8), tumorigenic
(MCF-7), or metastatic (MDA-MB-231) breast cancer cells
but induce dramatic epithelial morphogenesis, albeit aber-
rant, only in EIII8 or EIII8-TAMR (the tamoxifen-resistant
counterpart of EIII8 cells) cultures. Our analysis also shows
that although ER-�� tamoxifen-sensitive EIII8 cells re-
sponded similarly with respect to discernible epithelial mor-
phogenesis in contact-dependent cocultures to fibroblast
subsets derived from ER-��/PgR� versus ER-��/PgR�

breast tumors, EIII8 cells cocultured with fibroblasts derived
from ER-��/PgR� tumors display decreased sensitivity to
tamoxifen compared with those cocultured with ER-��/
PgR� tumor-derived fibroblasts that maintained their tamox-
ifen sensitivity. This fibroblast-induced acquisition of tamox-
ifen resistance of EIII8 cells is accompanied by decreased
sensitivity to inhibition by MEK1/2 and phosphoinositide
kinase-3 (PI3K)/Akt inhibitors, U0126 or LY294002, respec-
tively, and hyperphosphorylation of ER-�� in the AF-1 do-
main. Similar analysis of EIII8-TAMR cells shows that
their intrinsic tamoxifen resistance correlates with con-
stitutive ER-� hyperphosphorylation that is unaffected
by the tumor fibroblasts. Interestingly, EIII8-TAMR cells
cultured with ER-��/PgR� tumor fibroblasts also exhib-
ited diminished sensitivity to U0126 and LY294002 com-
pared with those cultured with fibroblasts from ER-��/
PgR� tumor fibroblasts. Our results also suggest that
acquisition of fibroblast-induced tamoxifen resistance of
EIII8 cells is mediated by growth factor signaling path-
ways other than those activated via the EGFR or IGF-1R
axes.

Materials and Methods

Cell Lines and Primary Cultures

The MCF10AT system is a xenograft model of progressive
human proliferative breast disease in which the progression
of a T24-Ha-ras-transformed derivative of MCF10A,10

namely, MCF10AneoT,20 can be followed in immunodefi-
cient mice from a histologically precancerous stage to de-
velopment of frank invasive carcinoma.21,22 The present
studies used MCF10AT1-EIII8 and MCF10AT1-EIII8-TAMR

cells, referred to as EIII8 or EIII8-TAMR, respectively. EIII8
cells are premalignant epithelial cells that were derived from
MCF10AT1 xenografts arising in E2-supplemented ani-
mals23 and respond to E2 with increased growth.24 EIII8-
TAMR cells are the tamoxifen-resistant counterpart of EIII8
cells and were derived from MCF10AT1 xenografts arising
in animals that received tamoxifen supplementation.25 EIII8
and EIII8-TAMR cells were maintained in phenol red-free
Dulbecco’s modified Eagle’s medium (DMEM)-F12 medium
supplemented with 0.1 �g/ml cholera toxin, 10 �g/ml insu-
lin, 0.5 �g/ml hydrocortisone, 0.02 �g/ml EGF, 100 IU/ml
penicillin, 100 �g/ml streptomycin, and 2.5% horse serum.
MCF-7 and MDA-MB-231 breast cancer cells were main-
tained in phenol red-free DMEM/F-12 supplemented with
insulin (10 �g/ml) and 5% fetal calf serum, or DMEM/F-12/
containing 5% fetal bovine serum, respectively. Charcoal-
stripped serum was not used because it reduced both the
viability and proliferative capacity of the cells. The only sera
used routinely were those that were unable to support the
growth of the estrogen-dependent cell line MCF-7, indicat-
ing the absence of biologically significant levels of E2 or
other estrogenic compounds.

Breast tumor tissues were acquired after protocol re-
view and approval by the Wayne State University Human
Investigation Committee (protocol no. 0409000436). Pri-
mary cultures of human breast fibroblasts were estab-
lished from tumors that were �90% positive for ER-� and
progesterone receptor (PgR) or negative for ER-� and
PgR. Fibroblasts were isolated and characterized as pre-
viously described.19 Fibroblasts were cultured in DMEM/
F12 supplemented with 10% fetal calf serum routinely up
to 10 to 12 passages and were used at passages 4 to 6.

Heterotypic Three-Dimensional Coculture of
Epithelial Cells and Fibroblasts

EIII8, MCF-7, or MDA-MB-231 cells (50 � 103) were
mixed with an equivalent number of human breast fibro-
blasts (ER-��/PgR� or ER-��/PgR� tumor-derived) and
seeded onto chamber slides coated with growth factor-
reduced and phenol red-free Matrigel.19 Cultures were
performed in serum-free basal growth medium (SFM; Life
Technologies, Inc., Grand Island, NY) supplemented with
10 ng/ml EGF, 20 ng/ml basic fibroblast growth factor,
and 10 �g/ml fibronectin. Cocultures were maintained up
to 2 weeks, and morphological development was ana-
lyzed by phase-contrast microscopy.

Quantitation of Effects of ER-��/PgR� or ER-
��/PgR� Tumor-Derived Fibroblasts on Three-
Dimensional Growth and Hormonal
Responsiveness of Breast Cancer Cells

Three-dimensional cultures were set up by mixing 50 �
103 EIII8, EIII8-TAMR, MCF-7, or MDA-MB-231 cells with
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an equivalent number of 21T or 38T (ER-��/PgR� tumor-
derived), or 16T or 17T (ER-��/PgR� tumor-derived)
breast fibroblasts and seeded onto chamber slides
coated with Matrigel as described above. Cultures were
incubated at 37°C for 6 days, after which cell viability was
measured in the three-dimensional cultures. The medium
was removed, wells were rinsed with phosphate-buffered
saline, and the Matrigel was digested with dispase for 2
hours at 37°C. The digested material was centrifuged at
4000 � g for 10 minutes, and the pellet was treated with
trypsin to recover single cells from the three-dimensional
structures. The number of viable cells was determined by
trypan blue exclusion24 and results expressed as aver-
age � SE from three independent experiments. The ef-
fects of 17-�-estradiol (E2; Sigma Chemical Co., St.
Louis, MO) and 4-hydroxy tamoxifen (4-OHT; Sigma) on
three-dimensional growth of heterotypic cultures were
tested as described above except that after seeding of
cells, slides were incubated overnight to allow cells to
attach to the surface and treated with vehicle [0.01%
ethanol (v/v)], 10 nmol/L E2, or a combination of 10
nmol/L E2 and a 100-fold molar excess of 4-OHT.

Morphological Evaluation of Three-Dimensional
Cultures

Morphologies of three-dimensional cocultures of EIII8 or
EIII8-TamR with 16T or 21T fibroblasts treated with E2 or E2

plus 4-OHT compared with vehicle-treated cultures were
analyzed by phase-contrast microscopy. For histological
evaluation, the three-dimensional cocultures were fixed in
buffered-formalin and embedded in paraffin, and 4-�m sec-
tions were stained with hematoxylin and eosin. For immu-
nohistochemical evaluation, sections were incubated with
anti-IGF-1 or IGF-2 polyclonal antibodies (Santa Cruz Bio-
technology, Santa Cruz, CA) or with anti-IGF-1 receptor �
subunit monoclonal antibody (Calbiochem, La Jolla, CA).
The proliferative status of homotypic fibroblast and hetero-
typic EIII8 fibroblast cultures were assessed by staining
with anti-proliferating cell nuclear antigen (PCNA) antibody
(DAKO, Carpinteria, CA), and the potential presence of
contaminating fibroblast-like cells, ie, cancer cells that have
undergone epithelial-mesenchymal transition (EMT), in our
fibroblast preparations were assessed in homotypic fibro-
blast cultures with anti-Snail1 antibody (Abcam Inc., Cam-
bridge, MA). In each case, negative controls were overlaid
with the appropriate mouse or rabbit IgG isotype. The slides
were overlaid with avidin-biotin-conjugated goat anti-mouse
or anti-rabbit IgG and developed with Vectastain ABC kit
(Vector Laboratories, Burlingame, CA).

Western Blot Analysis

Heterotypic three-dimensional cocultures of EIII8 or EIII8-
TamR with 16T or 21T fibroblasts, or the corresponding
homotypic cultures were established on Matrigel-coated
chamber slides in SFM. On day 4, three-dimensional
cultures were rinsed, replaced with SFM supplemented
with 1 nmol/L E2, 1 nmol/L E2 plus 100 nmol/L 4-OHT, 1
nmol/L E2 plus 100 nmol/L ICI 182,780, or vehicle. Cul-

tures were also treated with 1 �mol/L U0126 or 5 �mol/L
LY294002 alone or in the presence of 1 nmol/L E2 or a
combination of 1 nmol/L E2 and 100 nmol/L 4-OHT. On
the following day, the cultures were rinsed, and Matrigel
was digested with dispase. The pellets recovered after
centrifugation were lysed in lysis buffer [100 mmol/L Tris-
HCl, pH 7.5, 150 mmol/L NaCl, 1% Triton X-100, 1 mmol/L
phenylmethyl sulfonyl fluoride, 50 mmol/L sodium fluo-
ride, 1 mmol/L sodium orthovanadate, 1 mmol/L sodium
pyrophosphate, and complete Protease inhibitor cocktail
(Roche Diagnostics Corp., Indianapolis, IN)]. Aliquots of
precleared samples containing 20 �g of protein were
subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and Western blot analysis with appropri-
ate antibodies. To determine the phosphorylation status
of IGF-1R, cell lysates precleared with protein A/G aga-
rose (Oncogene Science, Cambridge, MA) were incu-
bated with anti-IGF-1R� monoclonal antibody and pel-
leted with protein A/G agarose. Immune complexes were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and immunoblotted with anti-phosphoty-
rosine antibody. Total IGF-1R levels in immunoprecipi-
tates were detected with anti-IGF-1R� antibody. Steady-
state levels of EGFR phosphorylated at tyrosine 1068
were detected by immunoblotting with anti-phos-
phoY1068 EGFR antibody, and total EGFR levels with
anti-EGFR antibody. The levels of phospho-ERK1/2 rela-
tive to total ERK1/2, phosphoSer473-Akt relative to total
Akt, phosphoSer118ER-� relative to ER-�, phospho-
IGF-1R relative to IGF-1R�, or phospho-EGFR relative to
EGFR were quantitated with NIH Imaging software (Be-
thesda, MD). Loading of protein was monitored by rep-
robing stripped membranes with anti-�-actin antibody
(Sigma). The following primary antibodies were used:
anti-pS2 (Novocastra, Newcastle upon Tyne, UK), anti-
IGF-1R� (Calbiochem), anti-phosphotyrosine (PY20; BD
Biosciences, San Diego, CA), anti-ER-� antibody (1D5
clone; DAKO); anti-phosphoSer118-ER-�, anti-phos-
phoSer473-Akt, anti-Akt, anti-phospho-ERK1/2, anti-
ERK1/2, anti-EGFR, and anti-phosphoY1068-EGFR anti-
bodies were purchased from Cell Signaling Technology
(Beverly, MA). The blots were developed by using the
Enhanced Chemiluminescence Plus kit (GE Healthcare,
Bio-Sciences Corp., Piscataway, NJ).

ERE- and AP-1 Transcriptional Activity

EIII8 or EIII8-TamR (100 � 103) cells were transfected in
suspension with 1 �g of pSV40-ERE-Luc or pCMV-AP1-
Luc, or the corresponding empty control vectors using
Metafectine transfection reagent (Biontex Laboratories
GmbH, Munich, Germany), and seeded on Matrigel-
coated chamber slides. pRL-TK-Renilla luciferase plas-
mid (1 ng/well) was co-transfected to monitor and control
for transfection efficiency variations. On the following
day, cultures were treated with 1 nmol/L E2, 1 nmol/L E2

plus a 100-fold molar excess of 4-OHT, 1 �mol/L U0126,
1 �mol/L U0126 plus 1 nmol/L E2, 1 �mol/L U0126 plus 1
nmol/L E2/100 nmol/L 4-OHT, 5 �mol/L LY294002, 5
�mol/L LY plus 1 nmol/L E2, 5 �mol/L LY plus 1 nmol/L

1548 Shekhar et al
AJP May 2007, Vol. 170, No. 5



E2/100 nmol/L 4-OHT, or vehicle [0.01% (v/v) alcohol or
dimethyl sulfoxide]. Forty hours after transfection, firefly
and Renilla luciferase activities were determined using
the dual-luciferase reporter assay system (Promega,
Madison, WI). ERE- or AP-1-mediated luciferase activity
in treated and untreated samples was expressed relative
to the activities of samples transfected with the corre-
sponding empty control vectors.

Statistical Analysis

All tests of statistical significance were determined using
Student’s t-test with P � 0.01 considered as statistically
significant.

Results

Heterotypic Three-Dimensional Coculture with
Breast Tumor Fibroblasts Reveal Differences in
Morphogenetic Response of Breast Cancer
Cells to Tumor-Derived Fibroblasts

To determine whether breast cancer cells differ in their
ability to interact with and/or respond to tumor stroma, we

compared the abilities of tumor-derived fibroblasts to
evoke morphogenetic effects on premalignant (EIII8), tu-
morigenic (MCF-7), and metastatic (MDA-MB-231)
breast cancer cells. Although in contact-dependent co-
cultures with tumor-derived fibroblasts, all three breast
cancer cell lines produced sealed structures consisting
of centrally located fibroblasts with surrounding epithe-
lium, epithelial morphogenesis was most pronounced
and dramatic in EIII8 fibroblast cocultures (Figure 1, A
and B). The epithelial morphogenetic effects were spe-
cifically induced by fibroblasts because a similar culture
of homotypic EIII8 cells in Matrigel produces only tubular
structures (Figure 1, Aa and Ba).19 In addition, fibroblast-
induced epithelial morphogenesis requires intimate cell-
cell contact with the epithelial cells because incubation of
EIII8 cells in fibroblast culture media failed to evoke ep-
ithelial morphogenesis (data not shown). These data sug-
gest that factors synthesized and/or released de novo on
heterotypic cell-cell interaction are essential for morpho-
genetic response. The tumor fibroblast-induced epithelial
phenotypic transformation was visible within 2 days of
coculture, and mature ductal alveolar structures were
conspicuous by day 7 (Figure 1C). These results indicate
that although premalignant, tumorigenic, and metastatic
breast cancer cells display similar heterotypic interac-

Figure 1. A: Phase-contrast morphology of homotypic EIII8 (a), and
heterotypic three-dimensional cultures of EIII8 (b), MCF-7 (c), or MDA-
MB-231 (d) breast cancer cells with 38T breast tumor fibroblasts at 7 days
of culture. Note the presence of well-defined epithelial outgrowths
(arrows) in EIII8 stromal cultures (b) as opposed to those formed in
MCF-7 or MDA-MB-231 stromal cocultures. B: Morphological analysis by
H&E staining of homotypic EIII8 (a), and heterotypic cocultures of EIII8
(b), MCF-7 (c), or MDA-MB-231 (d) cells with 38T fibroblasts at 7 days
of culture. Long arrow denotes central fibroblast core and short arrow
indicates the interacting epithelium. C: Phase-contrast microscopy of
ductal-alveolar morphogenesis in heterotypic three-dimensional cultures
of EIII8 cells with 38T fibroblasts. a and b: Cultures at day 2; c: cultures
at day 4; d: cultures at day 7. Note the presence of well-defined ductal-
alveolar unit at day 7 (arrow in d). Scale bars � 40 �m. Original
magnifications: �10 (Ba, Bc); �20 (Bb, Bd).
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tions with tumor fibroblasts, premalignant breast cancer
cells are most receptive and amenable to phenotypic
manipulations by the tumor stromal microenvironment.

Fibroblasts Derived from ER-��/PgR� versus
ER-��/PgR� Breast Tumors Differ in Their
Ability to Modulate Tamoxifen Sensitivity

Because the results from Figure 1 revealed dramatic
differences in the ability of tumor fibroblasts to induce
epithelial morphogenesis of EIII8, MCF-7, or MDA-MB-
231 breast cancer cells, we quantitated the effects of
tumor fibroblasts on three-dimensional growth of hetero-
typic cocultures of EIII8, EIII8-TAMR, MCF-7, or MDA-MB-
231 breast cancer cells with tumor-derived fibroblasts
(16T, 17T, 21T, or 38T), and compared with the corre-
sponding homotypic three-dimensional cultures. We also
determined whether fibroblasts derived from ER-��/
PgR� versus ER-��/PgR� breast tumors differed in their
ability to support/modulate estrogen responsiveness or
growth of ER-�� (EIII8, EIII8-TAMR, MCF-7) or ER-��

(MDA-MB-231) breast cancer cells. Homotypic cultures
of EIII8, EIII8-TAMR, MCF-7, or MDA-MB-231 cells or their
corresponding heterotypic cocultures with 21T or 38T
(ER-��/PgR� breast tumor-derived) or with 16T or 17T
(ER-��/PgR� breast tumor-derived) fibroblasts were
treated with 10 nmol/L E2 or a combination of 10 nmol/L
E2 plus a 100-fold molar excess of 4-OHT, and cell
growth was evaluated at 6 days after treatment. Despite
variability in cell growth between the individual hetero-
typic cocultures, MCF-7 or EIII8 cells cocultured with 21T
or 38T fibroblasts retained their ability to be growth stim-
ulated or growth inhibited by E2 or 4-OHT, respectively,
similar to their corresponding MCF-7 or EIII8 homotypic
cultures (Figure 2, A and B). However, similar coculture of
MCF-7 or EIII8 cells with 16T or 17T fibroblasts resulted in
decreases in tamoxifen-induced growth inhibition (Figure
2, A and B). Although the magnitudes of estrogen-in-
duced growth varied considerably in individual cocul-
tures, three of three fibroblasts derived from ER-��/PgR�

breast tumors supported tamoxifen-induced growth inhi-
bition of EIII8 or MCF-7 cells. In contrast, placement of
otherwise tamoxifen-sensitive EIII8 or MCF-7 cells in inti-
mate contact with fibroblasts derived from ER-��/PgR�

breast tumors impeded their ability to be growth inhibited
by tamoxifen in two of three individual fibroblast cultures.
A slight increase in tamoxifen-induced growth of hetero-
typic cultures with 16T or 17T fibroblasts was seen; how-
ever, this was statistically significant only in MCF-7–16T
cocultures (P � 0.01). It is interesting to note that cocul-
ture with ER-��/PgR� fibroblasts enhanced basal growth
and suppressed estrogen-induced growth of both MCF-7
and EIII8 cells (Figure 2, A and B). Regardless of the
source of tumor fibroblasts, similar coculture of ER-��

EIII8-TAMR cells with ER-��/PgR� tumor-derived fibro-
blasts failed to alter the intrinsic tamoxifen resistance of
EIII8-TAMR cells (Figure 2C). Likewise, coculture of en-
docrine nonresponsive metastatic MDA-MB-231 cells
with tumor fibroblasts failed to elicit hormone-mediated
effects on growth regardless of whether the fibroblasts

were derived from ER-��/PgR� or ER-��/PgR� breast
tumors (Figure 2A). These data suggest that whereas
endocrine responsiveness and tamoxifen sensitivity of
ER-�� breast cancer cells are subject to modulation by
the tumor stromal microenvironment, the tumor fibro-
blasts have little ability to modulate/restore endocrine
responsiveness to breast cancer cells that have gone
down the path of tamoxifen resistance or endocrine non-
responsiveness (Table 1). The differences in growth of
heterotypic cultures do not reflect differences in fibro-
blast growth because under the three-dimensional cul-
ture conditions, �10% of fibroblasts in homotypic (Figure
2, Bc) or heterotypic cocultures (Figure 2, Bb) stained
positively for PCNA. In contrast, �95% of the epithelial cells
in EIII8- (Figure 2Bb), MCF-7-, or MDA-MB-231 fibroblast
cocultures (data not shown) stained positively for PCNA,
suggesting that the observed differences in growth is
predominantly epithelium-derived. Immunostaining with
pan-cytokeratin antibody showed the presence of a small
(�5%) cytokeratin-positive fraction in our fibroblast prep-
arations (data not shown). However, these cytokeratin-
positive cells remained indolent in both homotypic
fibroblast and heterotypic epithelial fibroblast cultures
because they lacked the ability to expand or migrate into
the surrounding Matrigel. To further rule out the possibility
that the fibroblast-induced effects on epithelial cells are
not attributable to the presence of contaminating fibro-
blast-like cells (potentially derived by EMT of cancer
cells) in our fibroblast preparations, homotypic fibroblast
cultures were immunostained with Snail1 antibody (an
EMT marker). No immunoreactivity to Snail1 was de-
tected in the fibroblast cultures (Figure 2, Bd), although
intense nuclear reactivity was observed in a positive con-
trol cancer cell line (data not shown).

Effect of ER-��/PgR� Tumor-Derived versus
ER-��/PgR� Tumor-Derived Fibroblasts on
Morphology of EIII8 or EIII8-TAMR Premalignant
Breast Cancer Cells

Because the results of Figure 2 showed that tumor fibro-
blasts exert distinct effects on tamoxifen sensitivity of
EIII8 cells but not EIII8-TAMR cells, we examined whether
this disparity arose from direct effects on growth or on
epithelial morphogenesis of EIII8 or EIII8-TAMR cells. Co-
cultures of EIII8 or EIII8-TAMR cells with 16T or 21T were
established as described above and treated with E2 or a
combination of E2 and 4-OHT, or vehicle. Phase-contrast
microscopy of cocultures at day 10 showed that EIII8
cells cocultured with 16T fibroblasts showed approxi-
mately more than a fivefold increase in overall size of
three-dimensional structures as compared with those
with 21T fibroblasts (Figure 3B). Consistent with the re-
sults of quantitative assessment of three-dimensional
growth, EIII8–21T cocultures responded to E2 or 4-OHT
with increase or decrease in size, respectively. In con-
trast, EIII8–16T cocultures were uninfluenced by the
presence of E2 or 4-OHT (Figure 3B). The fibroblast-
induced differences in three-dimensional growth and hor-
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monal sensitivity of EIII8 cells are not a result of gross
changes in epithelial morphogenesis; however, a de-
crease in the overall density and thickening (hyperplastic
growth) of ductal outgrowths were observed in EIII8–21T
(or EIII8–38T) cocultures as compared with EIII8–16T (or
EIII8–17T) (Figure 3B). Estrogen or tamoxifen treatment
does not influence the growth of homotypic fibroblast
cultures. The increase or decrease in sizes of the central

fibroblast cores observed in estrogen- or tamoxifen-
treated cocultures, respectively, seem to correlate with
the proliferative status of the epithelium (Figure 3B). It is
possible that the fibroblasts are better sustained by a
robust and proliferative epithelium. Interestingly, EIII8-
TAMR cells also responded to 16T or 21T fibroblasts with
pronounced epithelial morphogenesis and produced or-
ganized structures with size comparable with those of

Figure 2. Regulation of three-dimensional growth of MCF-7, MDA-MB-231 (A), EIII8 (B, a and b), or EIII8-TAMR (C) breast cancer cells by fibroblasts derived
from ER-��/PgR� (21T, 38T) or ER-��/PgR� (16T, 17T) breast tumors. B: b and c are representative of typical PCNA-staining patterns observed in heterotypic
EIII8-stromal (EIII8–16T shown) and homotypic stromal (16T shown) cultures, respectively. Note the presence of intense PCNA reactivity in �95% of epithelial
cells (short arrows) as compared with weak staining (�10%) in the fibroblast (long arrow). d: Immunostaining of homotypic 16T cultures with Snail1 antibody.
Growth was quantitated at 6 days from dispase-treated Matrigel cultures. Control wells received vehicle [0.01% (v/v) ethanol]. Treatments included 10 nmol/L E2

alone or a combination of E2 plus a 100-fold molar excess of 4-OHT. Results obtained from three independent experiments are expressed as mean � SE.
*Significant increase in E2-induced cell growth over corresponding control cultures (P � 0.001); **Significant inhibition of E2-induced cell growth by 4-OHT (P �
0.001); ***4-OHT-mediated increase in cell number as compared with corresponding control or estradiol-treated cultures (P � 0.01). Original magnifications: �10
(Bb); �20 (Bc); �40 (Bd).
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EIII8–16T (or EIII8–17T) cocultures; however, the tumor
fibroblasts failed to evoke visible fibroblast-specific ef-
fects on hormonal sensitivity and three-dimensional
growth of EIII8-TAMR cells as observed in EIII8 cocultures
(Figure 3C).

The Differential Effects of ER-��/PgR� versus
ER-��/PgR� Breast Tumor-Derived Fibroblasts
on Tamoxifen Sensitivity Correlate with MAPK-
and Akt-Induced ER-� Phosphorylation in the
AF-1 Domain

To verify our data from cell growth assays of Figure 2, we
determined whether the differences in fibroblast-induced
effects on hormonal sensitivity resulted from correspond-
ing alterations in MAPK or Akt activation that emanated
from homotypic cell-cell or cell-matrix interactions, or
from heterotypic epithelial-fibroblast interactions. Our
data show that treatment of EIII8 cultures with U0126 (the
noncompetitive inhibitor of MEK1/2) or LY294002 (PI3K/
Akt inhibitor) suppressed MAPK and Akt activation, re-
spectively, even in the presence of E2 plus 4-OHT (Figure
4A). Similar treatment of EIII8-TAMR homotypic cultures
with U0126 caused a 40% decrease in ERK1/2 activation
as compared with control cultures, and limited suppres-
sion of ERK1/2 activation in cultures treated with U0126 in
the presence of E2 plus 4-OHT (Figure 4A). The PI3K/Akt
inhibitor had no effect on Akt phosphorylation (on Ser473)
in EIII8-TAMR cultures (Figure 4A). To confirm whether
activated MAPK or Akt can crosstalk and phosphorylate
ER-�, we analyzed phosphorylation at Ser118 and
Ser167, major MAPK- and Akt-mediated phosphorylation
sites in the AF-1 domain of ER-�, respectively. Because
the antibody to phosphoSer167 ER-� exhibited nonspe-
cific immunoreactivity, the results were not informative.
However, pronounced qualitative and quantitative differ-
ences in the levels of Ser118-phosphorylated ER-� were
observed between EIII8 and EIII8-TAMR homotypic cul-
tures (Figure 4A). Whereas Ser118-phosphorylated ER-�
was detected in control EIII8 cultures as a single �66-kd
band, phosphorylated ER-� in EIII8-TAMR cultures was
detectable as a doublet. Treatment with ICI 182,780
caused a marked reduction in E2-induced ER-� reactive
doublet, suggesting the presence of ER-� in both bands
of the doublet (Figure 4B). Treatment with E2 or a com-
bination of E2 plus 4-OHT stimulated ER-� phosphoryla-

tion at Ser118 �5.8- to 6-fold or 9.1- to 11.5-fold relative
to total ER-� in EIII8 or EIII8-TAMR cultures, respectively.
Treatment with U0126 or LY294002 alone, or in the pres-
ence of E2 plus 4-OHT blocked MAPK and Akt activation
as well as Ser118 phosphorylation of ER-� to levels less
than control EIII8 cultures (Figure 4A). Treatment of EIII8-
TAMR cultures with U0126 or LY294002 also caused
reduction in E2 or E2 plus 4-OHT induced Ser118 ER-�
phosphorylation; however, unlike in EIII8 cultures, ER-�
phosphorylation levels did not decrease below control
levels (Figure 4A). This inability to abrogate ER-� phos-
phorylation in EIII8-TAMR cultures correlates with the in-
adequate suppression of MAPK or Akt activities (Figure
4A) or may be indicative of ER-� phosphorylation occur-
ring from crosstalk with other pathways. Immunoblot
analysis of activated MAPK in homotypic three-dimen-
sional cultures of 16T or 21T fibroblasts showed the pres-
ence of similar levels of MAPK activities in both fibroblast
cultures. Although ER-� (Figure 4C) or ER-� (data not
shown) is not detectable in homotypic fibroblast cultures,
treatment with E2 or E2 plus 4-OHT caused a twofold
increase in MAPK activity that was eliminated by treat-
ment with U0126 (Figure 4C).

To determine whether the fibroblast-induced alter-
ations in hormonal sensitivity of EIII8 cells observed in
heterotypic cell growth assays (Figure 2) resulted from
coincident alterations in ER-� phosphorylation and
MAPK/Akt activities, we compared profiles of Ser118-
phosphorylated ER-�, and ratios of activated ERK1/2 to
total ERK1/2, and phospho-Akt (Ser473 phosphorylation)
to total Akt between EIII8–16T and EIII8–21T, or EIII8-
TAMR-16T and EIII8-TAMR-21T cocultures. Placement of
EIII8 cells in contact with 16T fibroblasts induced dra-
matic qualitative alterations in Ser118 ER-� phosphoryla-
tion profiles and decreased sensitivity to inhibition by
U0126 and LY294002 compared with EIII8–21T cocul-
tures (Figure 4, D, F, and H). Ser118-phosphorylated
ER-� was observed as a single 66-kd band in EIII8–21T
cocultures, and the addition of U0126 or LY294002 alone
or in the presence of E2 or E2 plus 4-OHT abrogated
MAPK and Akt activation, respectively, as well as Ser118
ER-� phosphorylation (Figure 4, D, F, and H). These
results resemble the data from EIII8 homotypic cultures
and suggest that fibroblasts derived from ER-��/PgR�

breast tumors do not overpower, but rather comply with
moderate levels of growth factor receptor-ER crosstalk
occurring in homotypic EIII8 cultures. In contrast, place-
ment of EIII8 cells in contact with 16T fibroblasts resulted
in a decrease in inhibition of MAPK and Akt activation by
U0126 and LY294002, respectively, as well as dramatic
qualitative and quantitative changes in anti-phospho-
Ser118 ER-� immunoreactive species (Figure 4, D, F, and
H). Treatment with E2 or E2 plus 4-OHT induced hyper-
phosphorylation of ER-� compared with control (Figure
4D) and suggests that loss of E2-induced growth in EIII8–
16T cocultures (Figure 2, Ba) is not a result of decreased
uptake of estrogen. The ER-� hyperphosphorylation in
EIII8–16T cocultures is mediated via MAPK and Akt ac-
tivities because the addition of U0126 or LY294002 inhib-
ited MAPK or Akt activation, respectively, and resulted in
concomitant decreases (�60%) in levels of phosphory-

Table 1. Tamoxifen Sensitivity of Breast Cancer Cells in
Three-Dimensional Cocultures with Tumor
Fibroblast Subsets

Cells Homotypic

Heterotypic

ER��/PgR� ER��/PgR�

Fibroblasts NR 21T, 38T 16T, 17T
EIII8 S S R
EIII8-TAMR R R R
MCF-7 S S R
MDA-MB-231 NR NR NR

S, sensitive; R, resistant; NR, no response.
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lated ER-�; however, unlike in EIII8–21T cocultures, a
significant amount of Ser118-phosphorylated ER-� per-
sisted in EIII8–16T cocultures (Figure 4D). Treatment with
U0126 or LY294002 also resulted in (nonspecific) inhibi-
tion of Akt or MAPK activation, respectively, in EIII8–21T

cultures; however, interestingly, this cross-inhibitory ef-
fect was lost or diminished when cocultured with 16T
fibroblasts (Figure 4, D, F, and H). These data suggest
that fibroblast-derived factor(s) synthesized or released
de novo on establishment of novel epithelial-fibroblast or

Figure 3. Phase-contrast morphology of homotypic
three-dimensional cultures of breast tumor fibroblasts
(A), heterotypic EIII8–16T and EIII8–21T three-dimen-
sional cocultures (B), and heterotypic EIII8-TAMR-16T
and EIII8-TAMR-21T cocultures (C) at day 10 of culture.
EIII8 fibroblast cocultures were treated with vehicle
[0.01% (v/v) ethanol], 10 nmol/L E2, or a combination of
10 nmol/L E2 plus a 100-fold molar excess of 4-OHT.
Scale bars � 40 �m.
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epithelial-fibroblast-matrix interactions contribute to hy-
peractivation of MAPK and Akt with consequential effects
on ER-� hyperphosphorylation in its AF-1 domain and
acquisition of tamoxifen resistance.

We next examined whether the activities of MAPK or
Akt, and ER-� phosphorylation status in EIII8-TAMR cells
are similarly modified by tumor fibroblasts as in EIII8
cultures. Consistent with the results from homotypic EIII8-
TAMR cultures (Figure 4A), two distinct anti-phospho-
Ser118 ER-�-immunoreactive bands were observed in
both EIII8-TAMR-21T and EIII8-TAMR-16T cocultures

(Figure 4D); however, unlike in homotypic EIII8-TAMR

cultures, the ER-� phosphorylation status is uninfluenced
by fibroblasts and U0126 or LY294002 (Figure 4E). EIII8-
TAMR-16T cocultures displayed decreased sensitivity to
inhibition of MAPK activation by U0126 as compared with
EIII8-TAMR-21T cocultures (Figure 4, E and G). Akt acti-
vation was unaffected by LY294002 in EIII8-TAMR-16T
cocultures and moderately inhibited in EIII8-TAMR-21T
cocultures (Figure 4, E and I). Treatment of EIII8-TAMR-
21T cocultures with U0126 or LY294002 also resulted in
(nonspecific) inhibition of Akt or MAPK activation, respec-

Figure 4. Phosphorylation status of MAPK, Akt,
and ER-� in homotypic EIII8 and EIII8-TAMR (A),
breast tumor fibroblasts (C), heterotypic EIII8–21T
and EIII8–16T (D), and heterotypic EIII8-TAMR-
21T and EIII8-TAMR-16T (E) three-dimensional cul-
tures. B: Steady-state levels of pS2. Cultures were
treated overnight with E2 (1 nmol/L), a combina-
tion of E2 and a 100-fold molar excess of 4-OHT
(E�T), or E2 and a 100-fold molar excess of ICI
182,780 (E�ICI). Cultures were also treated with 1
�mol/L U0126 (U) or 5 �mol/L LY294002 (LY)
alone or in the presence of E2 or E�T. Levels of
phospho-ERK1/2 or phospho-Akt relative to total
ERK1/2 or Akt, respectively, in EIII8 and EIII8-
TAMR stromal cultures from D and E are shown
graphically in F–I.
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tively, as in EIII8–21T cultures, and this cross-inhibitory
effect was lost when EIII8-TAMR cells were cocultured
with 16T fibroblasts (Figure 4, E, G, and I). These data
suggest that the net activities (and sensitivities to inhibi-
tors) of MAPK and Akt in EIII8 and EIII8-TAMR cells are
subject to differential modulation by the tumor stromal
microenvironment.

Transcriptional Activity of ER in EIII8 and EIII8-
TAMR Cells

To further determine whether Akt- and MAPK-induced
phosphorylation of the AF-1 domain in ER-� influences
the transcriptional activity of ER and its response to
4-OHT, we compared the transcriptional responses of
luciferase reporter constructs containing ERE or AP-1
elements relative to pRLTK internal control in homotypic
EIII8 or EIII8-TAMR three-dimensional cultures. Because
of considerable variability in transfection efficiencies be-
tween the individual epithelial fibroblast heterotypic co-
cultures, a comparison of ER transcriptional activity be-
tween heterotypic cocultures of EIII8 or EIII8-TAMR cells

with tumor fibroblasts could not be made. In homotypic
EIII8 cultures, the addition of 1 nmol/L E2 enhanced both
AP-1- and ERE-mediated luciferase transcription by ap-
proximately twofold to threefold, respectively, above con-
trol cultures (Figure 5), and addition of 4-OHT blocked
E2-induced ERE- and AP-1-mediated luciferase expres-
sion (P � 0.001). In contrast, similar analysis of ER tran-
scriptional activity in homotypic EIII8-TAMR cultures
showed that the addition of 4-OHT stimulated ERE- or
AP-1-mediated luciferase transcription �3- to 3.5-fold
above control, and treatment with E2 failed to enhance
ERE-mediated or weakly enhanced (�1.5-fold) AP-1-medi-
ated luciferase expression over untreated control cultures
(Figure 5). Because these data contradict with E2-in-
duced activation profiles of MAPK and Akt in EIII8-TAMR

cells (Figure 4A), the effects of estrogen on expression
levels of pS2 (an estrogen-regulated transcriptional tar-
get) was determined. Steady-state levels of pS2 protein
were enhanced �3.5-fold in E2-treated EIII8-TAMR cells.
Interestingly, whereas tamoxifen suppressed E2-induced
pS2 expression in EIII8 cells, it had only marginal effects
on pS2 levels in EIII8-TAMR cells (Figure 4B). Treatment

Figure 5. Inhibition of MAPK or Akt reverses tamoxifen-stimulated increase in reporter gene expression from ERE- and AP-1-mediated luciferase reporter
constructs. EIII8 or EIII8-TAMR cells were transiently transfected with ERE or AP-1 luciferase constructs or corresponding control vectors along with Renilla
luciferase plasmid. Cultures were treated with vehicle [0.01% (v/v) ethanol; CON], E2 (1 nmol/L), a combination of E2 plus a 100-fold molar excess of 4-OHT (ET),
and 1 �mol/L U0126 (U) or 5 �mol/L LY294002 (LY) alone or in the presence of 10 nmol/L E2 or a combination of E2 plus 4-OHT. Luciferase activity was
normalized against Renilla luciferase, and activity in treated samples was expressed relative to the activities of samples transfected with the corresponding empty
control vectors. Results obtained from three independent experiments are expressed as mean � SE. *E2- or tamoxifen-induced increase in reporter gene expression
relative to Renilla luciferase as compared with the corresponding controls (P � 0.001). **Inhibition of E2-induced increase in luciferase expression by 4-OHT,
MAPK, or PI3K/Akt inhibitors in EIII8 cultures (P � 0.005); ***Inhibition of tamoxifen-stimulated increase in reporter expression by MAPK or PI3K/Akt inhibitors
in EIII8-TAMR cultures (P � 0.001).
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with ICI 182,780 inhibited pS2 expression in both cell
lines (Figure 4B). The reasons for the inability of estrogen
to induce reporter expression from ERE- and AP-1 con-
texts in EIII8-TAMR cells are not known; however, it does
point to the potential shortcomings of transient reporter
assays under certain circumstances. To determine
whether estrogen- or tamoxifen-mediated ER transcrip-
tional activity resulted from cross talk with MAPK or Akt
activity, EIII8 or EIII8-TAMR cultures were treated with
U0126 or LY294002. Treatment with U0126 or LY294002
eliminated both E2- and 4-OHT-induced ERE- and AP-1-
mediated luciferase expression in EIII8 and EIII8-TAMR

cultures, respectively (Figure 5). These data are consis-
tent with the inhibitory effects of U0126 or LY294002 on
ER-� phosphorylation observed in EIII8 and EIII8-TAMR

cultures (Figure 4A). Because a good correlation be-
tween ER transcriptional activity and ER-� phosphoryla-
tion status and sensitivity to U0126 or LY294002 was
observed in EIII8 homotypic three-dimensional cultures,
our findings suggest that the observed differences in
ER-� phosphorylation and MAPK/Akt activities between
EIII8–21T versus EIII8–16T cocultures are indeed a result
of tumor fibroblast-induced effect(s) on the premalignant
epithelium (heterotypic fibroblast-epithelial interaction)
rather than from homotypic cell-cell or cell-extracellular
matrix (Matrigel) interactions.

Fibroblast-Induced Tamoxifen Resistance of
EIII8 Cells Is Not Contributed by Differences in
Activation of IGF-1R or EGFR Pathways

Cross talk between ER-� signaling pathways and IGFs at
the level of nuclear ER-�/ERE-mediated transcription is
regarded to play a pivotal role in modulating the cell’s
sensitivity to estrogen.26 Paraffin sections of EIII8–16T or
EIII8–21T cocultures were stained with anti-IGF-1, IGF-2,
or IGF-1R� antibodies. Strong staining for IGF-1 and
moderate expression of IGF-2 were observed in the fibro-
blastic core and epithelial outgrowths of EIII8–16T and
EIII8–21T cocultures (Figure 6A). Immunostaining with
anti-IGFR-1� antibody showed similar levels of expres-
sion in the epithelial compartments of both cocultures
(Figure 6A). To determine whether the cocultures differed
in levels of activated IGF-1R, cell lysates were subjected
to immunoprecipitation with anti-IGF-1R� antibody and
immunocomplexes analyzed by Western blotting with
anti-phosphotyrosine antibody. Interestingly, there was
no correlation between IGF-1R phosphorylation status
and tamoxifen resistance because tamoxifen-sensitive
EIII8–21T cocultures displayed �5- and 3.5-fold increase
in phosphorylated IGF-1R levels in E2- and E2 plus
4-OHT-treated cultures, respectively, as compared with
corresponding control cultures treated with vehicle (Fig-
ure 6B). Furthermore, in tamoxifen-resistant EIII8–16T
cocultures, unlike in EIII8–21T cultures, the E2-induced
increase in phosphorylated IGF-1R was abrogated by
tamoxifen (Figure 6B). However, our findings provide
support for a role for stroma-derived IGFs in activation of
IGF-1R because approximately twofold higher levels of
phosphorylated IGF-1R relative to total IGF-1R were ob-

served in E2-treated EIII8 fibroblast cocultures as com-
pared with E2-treated EIII8 homotypic cultures (Figure
6B). These results suggest that augmented signaling
through the IGF/IGF-1R axis is not a major contributor to
hyperactivation of MAPK or Akt, hyperphosphorylation of
ER-�, and loss of hormonal sensitivity of EIII8–16T cocul-
tures. Low levels of Y1068-phosphorylated EGFR were
observed in both tamoxifen-sensitive (EIII8 and EIII8–
21T) and -resistant (EIII8–16T) cultures; however, ap-
proximately threefold higher levels of phosphorylated
EGFR observed in E2-treated EIII8–16T cocultures as
compared with control were suppressed by treatment
with tamoxifen (Figure 6B), indicating a lack of correlation
between EGFR activation and tamoxifen sensitivity of
EIII8 fibroblast cultures. Similar analysis of phosphory-
lated IGF-1R and EGFR in EIII8-TAMR cultures showed
presence of activated IGF-1R and EGFR with no signifi-
cant regulation by the stroma (Figure 6B). These results
suggest that signaling through the EGFR and IGF-1R
cascades may contribute to constitutive hyperactivation
of MAPK and Akt, ER-� phosphorylation, and intrinsic
tamoxifen resistance of EIII8-TAMR cells.

Discussion

A substantial proportion of tumors in patients presenting
with localized breast disease and all tumors in patients
with metastatic disease become resistant to endocrine
therapies whether or not they retain ER-�. However, the
mechanisms for intrinsic and acquired endocrine resis-
tance are poorly understood although there is general
agreement that anti-estrogen resistance is accompanied
by enhanced activation by paracrine and/or autocrine
activation pathways. Evidence that pathological alter-
ations in the tumor microenvironment facilitate tumorigen-
esis has been derived from experimental model systems
and clinical settings.27,28 Previous data from our labora-
tory have shown that breast tumor fibroblasts play an
active role as a morphogenetic and mitogenic inducer of
premalignant breast epithelial cells.19 However, the di-
rect role of tumor microenvironment in loss of sensitivity to
tamoxifen or acquisition of tamoxifen resistance has not
been previously investigated. In this study, using contact-
dependent three-dimensional coculture systems and se-
rum-free conditions, we compared the ability/receptivity
of ER-�� tamoxifen-sensitive premalignant (EIII8) or tu-
morigenic (MCF-7), ER-�� tamoxifen-resistant (EIII8-
TAMR), or ER-�� endocrine nonresponsive MDA-MB-231
breast cancer cells to interact and undergo phenotypic
alterations (epithelial morphogenesis) on association with
subsets of breast tumor fibroblasts derived from ER-��/
PgR� versus ER-��/PgR� breast tumors, and the molec-
ular impact of tumor fibroblast subsets on tamoxifen sen-
sitivity of EIII8 cells and their intrinsically tamoxifen-
resistant counterpart EIII8-TAMR cells. Our data show
that although all breast cancer cell lines, whether prema-
lignant, tumorigenic, or metastatic, have the ability to
establish heterotypic interactions with tumor fibroblasts,
the premalignant EIII8 and EIII8-TAMR breast cancer
cells are the most receptive and responsive to tumor
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fibroblasts, responding to the fibroblast microenviron-
ment with pronounced and dramatic, albeit aberrant, ep-
ithelial morphogenesis. This difference in fibroblast re-
sponsiveness and phenotypic plasticity may be
attributed to the stem cell property of EIII8/EIII8-TAMR

cells because they form lesions in vivo containing simple
ducts that progress to ductal hyperplasia, ductal carci-
noma in situ, and frank carcinoma, precursors of breast
cancer,23,25,29 as opposed to MCF-7 and MDA-MB-231
breast cancer cells that represent progressed cancer
cells that lack the ability to form tumors with similar phe-
notypic heterogeneity. Despite this difference in fibro-
blast-induced morphogenetic response, our data from

growth assays show that tumor fibroblast subsets exert
similar effects on hormonal sensitivities of both ER-��

tamoxifen-sensitive EIII8 and MCF-7 breast cancer cells;
ie, retention of tamoxifen sensitivity when placed in con-
tact with fibroblasts derived from ER-��/PgR� tumors,
and loss of tamoxifen sensitivity or acquisition of tamox-
ifen resistance when placed in contact with fibroblasts
from ER-��/PgR� breast tumors. Interestingly, coculture
of EIII8 or MCF-7 cells with ER-��/PgR� tumor-derived
fibroblasts also suppressed estrogen-induced growth,
but enhanced basal growth. Thus, whereas the tumor
stroma can collaborate or comply with the autocrine- or
paracrine-mediated growth factor/ER cross talk path-

Figure 6. Differences in tamoxifen sensitivities of EIII8 stromal cocultures are not contributed by activities of EGFR or IGF-1R. A: Paraffin-embedded sections of
EIII8–16T (a, c, e) or EIII8–21T (b, d, f) three-dimensional cultures were stained with antibodies to IGF-1 (a, a�, b, b�), IGF-2 (c, c�, d, d�), or IGF-1R� (e, e�,
f, f�). Note the presence of IGFs in the central stromal core (long arrow, b) as well as in the epithelial outgrowths (small arrow, b). In contrast, IGF-1R�
expression is restricted to the epithelial outgrowths (arrow in f). B: Western blot analysis of activation status of EGFR and IGF-1R in homotypic and heterotypic
EIII8 or EIII8-TAMR cultures. Three-dimensional cultures were treated with vehicle [0.01% (v/v) ethanol; Con], E2 (1 nmol/L), or a combination of E2 plus a 100-fold
molar excess of 4-OHT (E�T). Phosphorylated IGF-1R levels were determined in IGF-1R�-immunoprecipitated proteins with anti-phosphotyrosine antibody.
Total levels of IGF-1R were determined with anti-IGF-1R� antibody. Phosphorylated EGFR and total EGFR levels were determined with anti-phospho
Y1068-specific EGFR or EGFR antibody, respectively. Original magnifications: �4 (a–f); �20 (a�–f�).
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ways of breast cancer cells, under certain conditions
such as those observed in cocultures with ER-��/PgR�

tumor-derived fibroblasts, they can exaggerate these
growth regulatory pathways and actively participate in
loss of hormone sensitivity and acquisition of tamoxifen
resistance. These data suggest that distinct fibroblast-
derived factor(s) modulate epithelial morphogenesis and
hormonal sensitivity of breast cancer cells. Because sim-
ilar placement of intrinsically tamoxifen-resistant EIII8-
TAMR or endocrine nonresponsive MDA-MB-231 breast
cancer cells in contact with fibroblast subsets failed to
induce alterations in hormonal sensitivity/responsive-
ness, our findings suggest that autocrine and/or para-
crine activation mechanisms originating from the tumor
cells rather than from the tumor fibroblasts play a domi-
nant role in regulation of growth of these cells. These data
not only highlight the defined heterogeneity of breast
tumor fibroblasts but also emphasize the need to take this
stromal complexity into account when designing strate-
gies for overcoming hormonal resistance.

Alterations in fibroblasts immediately adjacent to trans-
formed epithelial cells have been documented in several
tumor systems.30,31 The origin of these fibroblasts re-
mains to be clarified. It has been suggested that these
fibroblast-like cells may be derived from epithelial tumor
cells via EMT.32,33 However, a fibroblast-like cell line
derived from breast cancer cells that have undergone
EMT fails to form tumors in nude mice.34 Our results
suggest that the tumor-derived fibroblast preparations
used in our study are not derived from cancer cells that
have undergone EMT because these cells stain nega-
tively for the EMT marker Snail1.35 Furthermore, the tu-
mor-derived fibroblast preparations used in our study
promote aberrant epithelial morphogenesis and growth in
vitro.19 These data are in agreement with a tumor-promot-
ing role for tumor-derived fibroblasts in vivo.36 Our data
show that establishment of intimate epithelial fibroblast
cell-cell interactions are necessary for induction of fibro-
blast-mediated epithelial morphogenesis. Thus, differ-
ences in the ability of tumor fibroblast subsets derived
from ER-��/PgR� versus ER-��/PgR� breast tumors to
influence epithelial morphogenesis and hormonal re-
sponse may result from variations in reciprocal commu-
nications between the epithelial and fibroblast compart-
ments, that consequently influence the de novo synthesis/
release of molecules elaborated during such heterotypic
interactions. A number of soluble paracrine factors such
as EGF, FGF(s),37 transforming growth factor-�,38 hepa-
tocyte growth factor,39 and IGFs31 have been implicated.
Tamoxifen-stimulated up-regulation of transforming
growth factor-� has been implicated in emergence of
tumors with greater invasiveness and tumor histologies
correlative with poor prognosis.40–43 Because loss of
tamoxifen sensitivity of EIII8 cells is promoted by fibro-
blasts derived from ER-�� breast tumors rather than from
ER-�� tumors, it remains to be determined whether the
observed differences are contributed by differences in
transforming growth factor-� levels/activity. Antibody-me-
diated depletion assays have identified EGF and IGF-1
as major growth-modulating factors of breast cancer
cells expressed by lymph node stromal cells.44 Activation

of the IGF-1R by IGFs results in autophosphorylation and
subsequent activation of downstream signaling path-
ways, including PI3K/Akt and ras/Raf/MAPK. Increased
expression of IGF-1R and its ligands IGF-1 or IGF-2, and
its associated downstream signaling components have
been reported in clinical breast tumor tissues and have
been associated with breast cancer progression and
recurrence.45,46 Recent evidence suggests a role for
IGF-1R signaling in tamoxifen resistance. Increased sen-
sitivity to the proliferative effects of IGF1/2 has been
reported in tamoxifen-resistant MCF-7 cell lines after
treatment with estrogen or tamoxifen.47,48 However, acti-
vation of IGF-1R signaling is not sufficient to explain the
fibroblast-induced tamoxifen resistance of EIII8 cells be-
cause similar levels of IGF-1 and -2, and IGF-1R are
expressed in tamoxifen-sensitive (EIII8–21T, EIII8–38T)
and tamoxifen-resistant (EIII8–16T, EIII8–17T) cocul-
tures. Furthermore, this acquired tamoxifen resistance is
not mediated by increased activation of IGF/IGF-1R axis
and priming of downstream signaling kinases that induce
ER-� phosphorylation because higher levels of phos-
phorylated IGF-1R relative to total IGF-1R levels are ob-
served in tamoxifen-treated EIII8–21T (tamoxifen-sensi-
tive) cocultures as compared with tamoxifen-resistant
EIII8–16T cocultures. Embryonic mammary buds trans-
planted from IGF-1R knockout mice into syngeneic recip-
ients have been reported to show decreased proliferation
of cap cells in terminal end buds and decreased branch-
ing and extension of ducts into the mammary fat pad.49

Because pronounced ductal morphogenesis was ob-
served in both tamoxifen-sensitive and -resistant EIII8
fibroblast cocultures, the IGF/IGF-1R axis may contribute
to epithelial morphogenesis and growth of these
cocultures.

Overexpression of EGFR has been implicated in ac-
quisition of tamoxifen resistance,50 but its role in fibro-
blast-epithelial interactions is unclear. A role for EGFR in
progression of prostate cancers from androgen-respon-
sive to androgen-independent or refractory has been
demonstrated.51 However, drugs targeting the EGFR/
Her-2/neu pathway have failed to elicit a significant ther-
apeutic response in many solid tumors, including breast
cancer.52 Our results rule out the possibility of EGF/EGFR
as a significant contributor to acquired tamoxifen resis-
tance of EIII8 cells because all cocultures were main-
tained in serum-free media supplemented with EGF, thus
eliminating their dependence on EGF expression by ep-
ithelial or fibroblast cells, and similar levels of total EGFR
and phosphorylated EGFR were observed under condi-
tions of tamoxifen exposure in both tamoxifen-sensitive
and tamoxifen-resistant EIII8 fibroblast cocultures. In ho-
motypic EIII8-TAMR and heterotypic EIII8-TAMR fibro-
blast cultures, an overall increase in levels of total and
activated EGFR and IGF-1R that is independent of stroma
along with hyperactivation of MAPK, Akt, and phosphor-
ylation of ER-� are observed. It is possible that direct and
indirect interactions between IGF and EGF pathways
demonstrated in several cell types including breast can-
cer cells53,54 might play an important role in the intrinsic
tamoxifen resistance of EIII8-TAMR cells.
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Because hyperactivation of MAPK and Akt (decreased
sensitivity to inhibitors) along with hyperphosphorylation
of ER-� in the AF-1 domain occur in EIII8–16T as op-
posed to EIII8–21T cocultures, we posit that fibroblast-
induced tamoxifen resistance involves cross talk be-
tween growth factor signaling pathway(s), other than
EGF/EGFR and IGF/IGF-1R pathways, and ER-�. This
hypothesis is further supported by our data that show that
whereas treatment with MAPK or PI3K/Akt inhibitors ab-
rogate ER-� phosphorylation in tamoxifen-sensitive EIII8
fibroblast cocultures, similar treatment only partially ab-
rogates ER-� hyperphosphorylation in tamoxifen-resis-
tant EIII8 fibroblast cocultures. Thus, it is likely that fibro-
blast subsets differ in expression of growth regulatory
molecule(s) that mediate activation of specific signaling
kinases with resultant effects on ER-� phosphorylation
and transcription activation function.

Serine residues at 104, 106, 118, and 167 clustered
within the AF-1 domain of ER are potential sites for cyclin
A/CDK2-, MAPK-, and Akt-induced phosphorylation.55–57

The consensus Akt phosphorylation site is not present in
ER-�; however, recent data suggest that both AF-1 and
AF-2 domains of ER-� are targets for kinase signaling by
Akt.58 This raises the possibility that the fibroblasts induced
effects on loss of tamoxifen sensitivity of EIII8 cells, and the
intrinsic tamoxifen resistance of EIII8-TAMR cells may be
mediated through ER-� and ER-�. The appearance of mul-
tiple phospho-Ser118 ER-�-immunoreactive bands is indic-
ative of ER-� molecules phosphorylated at multiple sites or
the presence of ER-� isoforms. The latter could be ascribed
to expression of ER-� splice variants59; alternatively, the
multiple bands could arise from proteolysis of the native
ER-� protein. However, because the sizes and relative pro-
portions of these bands are not significantly altered, it is
unlikely that these bands are products of proteolysis. Be-
cause treatment with MEK or PI3K/Akt inhibitors only par-
tially abrogated Ser118-ER-� phosphorylation in intrinsically
tamoxifen-resistant EIII8-TAMR homotypic cultures, but
abolished tamoxifen-induced ER transcriptional activity,
these data suggest that ER-� is subjected to further phos-
phorylation by additional kinases; however, only those mod-
ified by Akt and MAPK play an important role in regulating
ER transcriptional activity in EIII8-TAMR cells.

In summary, this is the first report that demonstrates in
vitro the direct participation of breast tumor fibroblasts in
loss of hormone sensitivity and acquisition of endocrine
resistance. Although the number of primary fibroblast cul-
tures was few, using defined serum-free conditions and
cocultures on a reconstituted basement membrane matrix,
we have shown that subsets of tumor fibroblasts functionally
separated based on their differential effects on MAPK/Akt
activation and sensitivity to their inhibitors, and ER-� modi-
fication, can exert different outcomes on tamoxifen sensitiv-
ity of ER-�� breast cancer cells. Fibroblast modulation of
breast epithelial morphogenesis requires intimate cell-cell
contact, thus, factors produced/released de novo during
such interactions are necessary. Proteomics-based ap-
proaches are being used to identify the factor(s) elaborated
in these epithelial fibroblast cocultures.
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