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Epithelial–stromal cell interactions have an important role in breast
tumor progression, but the molecular mechanisms underlying these
effects are just beginning to be understood. We previously described
that fibroblasts promote, whereas normal myoepithelial cells inhibit,
the progression of ductal carcinoma in situ (DCIS) to invasive breast
carcinomas by using a xenograft model of human DCIS. Here, we
report that the tumor growth and progression-promoting effects of
fibroblasts are at least in part due to increased COX-2 expression in
tumor epithelial cells provoked by their interaction with fibroblasts.
Up-regulation of COX-2 in DCIS xenografts resulted in increased VEGF
and MMP14 expression, which may contribute to the larger weight
and invasive histology of COX-2-expressing tumors. Administration
of celecoxib, a selective COX-2 inhibitor, to tumor-bearing mice
decreased xenograft tumor weight and inhibited progression to
invasion. Coculture of fibroblasts with DCIS epithelial cells enhanced
their motility and invasion, and this change was associated with
increased MMP14 expression and MMP9 protease activity. We iden-
tified the NF-�B pathway as one of the mediators of stromal fibro-
blast-derived signals regulating COX-2 expression in tumor epithelial
cells. Inhibition of NF-�B and COX-2 activity and down-regulation of
MMP9 expression attenuated the invasion-promoting effects of fi-
broblasts. These findings support a role for COX-2 in promoting the
progression of DCIS to invasive breast carcinomas, and suggest that
therapeutic targeting of the NF-�B and prostaglandin signaling path-
ways might be used for the treatment and prevention of breast
cancer.
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Increasing evidence supports the importance of epithelial–stromal
cell interactions in tumor growth, progression, angiogenesis, and

therapeutic resistance (1–4). Despite the importance of these
interactions in tumorigenesis, the underlying molecular mecha-
nisms are poorly characterized, in part because of their complexity
and redundancy. Multiple factors secreted by multiple cell types can
exert the same effects, creating a challenge for approaches aiming
at their therapeutic targeting. Most studies analyzing epithelial–
stromal cell interactions have focused on cytokines and chemokines
as potential mediators of this cross-talk (5, 6), whereas the involve-
ment of lipid signaling including various prostaglandins (PGs) has
not been extensively investigated.

The prostaglandin synthetase complex of enzymes has a key role
in converting membrane arachidonic acid to PGs that subsequently
mediate their effects by means of G protein-coupled receptors
(GPCRs) (7). One of the components of this complex is the COX-2
cyclooxygenase enzyme that is expressed in a cell type-specific
manner and is inducible by various mitogenic and inflammatory
stimuli (8). COX-2 has been implicated to have a role in breast
tumorigenesis based on its increased expression in a significant
fraction of breast carcinomas and the protective effects of nonste-
roidal antiinflammatory drugs (NSAIDs) against breast cancer (9).
Immunohistochemical analysis of COX-2 expression in human

breast carcinomas have revealed variable and sometimes contra-
dictory results both with regards of the fraction of tumors express-
ing COX-2 and the associations between its expression and clini-
copathologic characteristics of the tumors (9). Variability of
antibodies, heterogeneous expression of COX-2 within tumors,
small sample size, and differences in data interpretation are po-
tential explanations of the conflicting results. However, the general
agreement is that a significant subset of breast tumors express
COX-2, and that its expression is associated with unfavorable
clinical behavior, including poorly differentiated histology, higher
risk of distant metastasis, and shorter survival (10).

The potential role of COX-2 in the preinvasive stages of breast
tumorigenesis has especially been intensely investigated due to
human epidemiological studies linking the use of NSAIDs to
decreased risk of breast cancer (11), and to our relative inability
to predict the clinical course of these early stage lesions. Analysis
of COX-2 expression in combination with that of other markers
(p16 and Ki67) in DCIS was found to be associated with
subsequent tumor events, although it did not predict the risk of
invasive recurrence potentially due to small sample size (12). In
line with this observation, a recent study reported that COX-2
expression in atypical epithelial hyperplasia correlated with the
development of subsequent breast cancer, identifying COX-2 as
a potential biomarker for risk prediction and selection of patients
for chemopreventive studies (13).

We have previously analyzed the progression of in situ to invasive
breast carcinomas by molecular profiling of human tumors and
experiments in DCIS models (14–16). Using these approaches, we
identified dramatic changes in the gene expression and epigenetic
profiles of each cell type composing the microenvironment, and
demonstrated a role for these alterations in the progression of DCIS
tumors. In the present study, we investigated whether COX-2 is a
potential mediator of tumor epithelial–stromal cell interactions that
promote the growth and progression of in situ tumors using a
xenograft model of human DCIS.
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Results and Discussion
Expression of COX-2 in the MCFDCIS Xenograft Model. Our prior
studies demonstrated that a xenograft model based on the
MCF10DCIS.com (referred to as MCFDCIS) breast cancer cell
line reproduces main aspects of human basal-like breast tumor
progression (15), and, thus, can be used for investigating molecular
mechanisms underlying the transition of in situ to invasive breast
carcinomas. We have also illustrated that coinjection of primary
cultured stromal fibroblasts derived from normal breast tissue
(PBS), breast tumors (PBTS), or rheumatoid arthritis synovium
(RASF) promoted invasive progression, and this effect was inhib-
ited by normal myoepithelial (HME) cells (15).

To investigate the role of COX-2 in the progression of DCIS to
invasive carcinomas, we evaluated the expression of COX-2 in
MCFDCIS xenografts with DCIS and invasive histology by immu-
nohistochemical analysis of representative tumors from each ex-
perimental group. The level of COX-2 was low in MCFDCIS and
MCFDCIS�HME tumors, only a few COX-2-positive cells could
be detected, whereas coinjection of fibroblasts led to its dramatic
up-regulation in tumor epithelial cells (Fig. 1A). This observation
was consistent with findings in pancreatic cancer, where COX-2
expression was markedly augmented in tumor cells in response to
coculture with fibroblasts, and down-regulation of COX-2 de-
creased the invasive properties of cancer cells acquired through
epithelial-mesenchymal interactions (17). However, in contrast to
this in vitro pancreatic cancer study, we did not see up-regulation
of COX-2 in the stromal cells of any of the xenografts (Fig. 1A). The
MCFDCIS cell alone xenografts displayed low COX-2 expression
even at later time points (7–8 weeks) after injection, when all of the
tumors acquired invasive morphology. Thus, the up-regulation of
COX-2 in tumor epithelial cells might not be a consequence of
invasive progression, but it is likely due to the coinjected human
fibroblasts.

COX-2 is known to have a role in promoting tumor cell invasion
and angiogenesis by means of its up-regulation of extracellular
matrix-degrading proteases and angiogenic factors (18, 19). To
investigate the association between COX-2 expression and markers
of invasion and angiogenesis in our DCIS xenograft model, we
analyzed the mRNA levels of human COX-2 (PTGS2), MMP9,
MMP13, MMP14, MMP15, MMP16, VEGFA, VEGFC, and mouse
CXCL12 by quantitative RT-PCR in representative tumors from
each experimental group using species-specific primers. Coinjec-
tion of HME cells decreased, whereas that of fibroblasts increased
the expression of PGTS2, MMP14, VEGFA, and VEGFC, but not
all of the observed differences were statistically significant (Fig. 1B).
The expression of human MMP9, MMP13, MMP15, MMP16, and
murine CXCL12 were not significantly different in any of the
xenografts analyzed. The up-regulation of MMP14 and VEGF by
COX-2 might contribute to the increased growth and invasive
histology of xenografts derived from MCFDCIS cells coinjected
with fibroblasts, but the involvement of other genes and pathways
cannot be excluded.

Effect of a Selective COX-2 Inhibitor on Tumor Growth and Progression
to Invasion. Based on these observations, we hypothesized that
up-regulation of COX-2 in tumor epithelial cells by coinjected
fibroblasts might be responsible for their tumor growth and pro-
gression promoting effects. Thus, these effects may be abolished or
decreased by inhibiting COX-2 activity. To test this hypothesis, we
analyzed the consequences of treatment of mice with celecoxib, a
selective COX-2 inhibitor, on the weight and histology of xenografts
derived from MCFDCIS cells injected alone or together with
RASF inflammatory fibroblasts. We chose RASF coinjections for
these studies, because, based on our previous results, the coinjection
of RASFs produced the most consistent and significant increase in
tumor weight and promotion to invasion (15). Feeding the mice
with celecoxib containing diet had no significant effect on the

growth of MCFDCIS cells-alone xenografts, but it completely
eliminated the tumor growth-promoting effects of the coinjected
RASFs (Fig. 2A), and partially inhibited DCIS progression to
invasive tumors (Fig. 2B). Similar, although less significant, results
were obtained using sulindac, another NSAID [supporting infor-
mation (SI) Fig. S1]. Also, the increase in COX-2 expression
induced in MCFDCIS cells by RASF coinjection was eliminated by
celecoxib treatment (Fig. 2B), potentially due to the attenuation of
factors secreted by RASFs (e.g., cytokines, chemokines, and PGs)
that led to the up-regulation of COX-2 by means of paracrine
interactions, whereas the mRNA levels of MMP14 were not signif-
icantly altered after celecoxib treatment (Fig. S2). These effects of
celecoxib were not likely to be due to its inhibition of inflammatory
leukocytes, because we used immunodeficient (NCRNU nude)
mice and did not detect infiltrating inflammatory cells (CD45�
cells) in any of the xenografts at the time points we analyzed (Fig.
S3). It is also unlikely that the results were due to the selective killing

Fig. 1. The expression of COX-2 and angiogenic factors in MCFDCIS xenografts.
(A) Immunohistochemical analysis of COX-2 expression in MCFDCIS xenografts
using an antibody specific for human COX-2 (ab1) and one that also recognizes
murineCOX-2 (ab2). Lowexpressionwasdetected inMCFDCIScells injectedalone
(�) or coinjected with HME cells, whereas coinjection of any fibroblast (e.g., PBS,
PBTS, and RASF) up-regulated COX-2 expression in tumor epithelial cells. No
COX-2-positivecellsweredetected inthestroma. (B)QuantitativeRT-PCRanalysis
of human-specific COX-2 (PTGS2), MMP14, VEGFA, and VEGFC gene expression in
MCFDCIS xenografts. Decreased and increased expression of these genes was
detected in MCFDCIS cells coinjected with HME cells and fibroblasts (PBS, PBTS,
and RASF), respectively, relative to human-specific hypoxanthine phosphoribo-
syltransferase 1 (HPRT1) used as loading control.
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of RASFs by celecoxib, because these cells do not survive long term
in mice (15), and coinjection of lethally irradiated cells had even
more pronounced tumor-promoting effects. The absence of neu-
trophils and macrophages that were supposed to be functional even
in NCRNU mice in the xenografts is interesting and may reflect lack
of inflammatory reaction in this model, which could potentially
influence the histology of the resulting tumors. However, the
potential inhibition of macrophages and leukocytes by celecoxib
cannot be completely excluded.

Epithelial–Stromal Cell Interactions in Cell Culture Models. To begin
delineating molecular mechanisms underlying interactions between

MCFDCIS tumor epithelial cells and fibroblasts, and the role of
these interactions in invasive progression, we developed 2D and 3D
coculture models including both cell types. We previously described
that coculture of MCFDCIS cells with breast stromal fibroblasts in
Matrigel resulted in invasive branching growth, compared with
spheroids formed by MCFDCIS cells cultured alone (20). We
extended these studies further and determined that coculture of
MCFDCIS cells with fibroblasts in Matrigel led to the invasive
branching growth of MCFDCIS cells, and this behavior was sup-
pressed by the inclusion of HME cells (Fig. 3A). These results were
consistent with our findings in MCFDCIS xenografts, where all
fibroblasts promoted progression to invasion and HME cells were
able to suppress this effect (15). Based on these observations, we
concluded that at least some aspects of invasive progression and
cell–cell interactions that occur in MCFDCIS xenografts can be
reproduced in our cell culture models; thus, these cultures can be
used for the dissection of signaling pathways involved in these
processes.

To quantitate the proinvasive effects of cocultured RASFs on
MCFDCIS cells, we performed Boyden chamber assays using
fluorescently labeled MCFDCIS cells to differentiate between the
2 cell types. These experiments showed that RASFs dramatically
increased the motility of MCFDCIS cells and their invasion through
Matrigel (Fig. 3B). The invasion-promoting effects of RASFs did
not require direct cell–cell contact, because conditioned media of
RASF cells produced essentially the same effects. Correlating with
this finding, when conditioned media from these cocultures was
analyzed by zymography, we detected increased MMP9 gelatinase
activity, compared with conditioned media from epithelial cell only
cultures (Fig. 3C).

To investigate gene expression alterations in MCFDCIS cells that
accompanied changes in their phenotype provoked by RASFs, we
performed quantitative RT-PCR (qPCR) analysis of selected
genes. Using this approach, we determined that COX-2 and
MMP14 mRNA levels were significantly higher in MCFDCIS cells
recovered from 2D cocultures with RASFs correlating with results
in xenografts (Fig. 3D). Despite increased MMP9 gelatinase activity
in these cocultures, we were not able to detect changes in MMP9
mRNA and protein levels in MCFDCIS cells in any of the condi-
tions analyzed. MMP14 (MT1-MMP) is an upstream activator of
multiple MMPs (21); thus, increased MMP14 levels in cocultures
might lead to increased MMP9 activity without altering MMP9
mRNA and protein levels. However, due to the complex regulation
of MMPs and other ECM degrading proteases, alternative hypoth-
eses cannot be excluded. Quantitative PCR analyses of MCFDCIS
cells recovered from 3D colonies grown embedded in Matrigel
essentially reproduced the findings obtained in 2D cultures with
respect of COX-2, MMP14, and MMP9 expression. Thus, based on
these results, the up-regulation of COX-2 and subsequent induction
of MMP14 and MMP9 in MCFDCIS cells due to RASF coculture
might be responsible for the invasion promoting effects of RASFs.

NF-�B Pathway As a Mediator of Epithelial–Stromal Cell Interactions
in DCIS. COX-2 activity and expression are regulated at multiple
levels, including transcriptional and posttranscriptional mecha-
nisms (22). One of the main transcriptional regulators of COX-2
expression is NF-�B (22), a pathway activated by many cytokines
and chemokines secreted by inflammatory and mesenchymal cells
(23). Gene expression profiling of invasion promoting RASFs and
tumor-suppressing HMEs identified dramatic differences in the
expression of numerous genes encoding for secreted proteins that
might explain the opposing effects of these 2 cell types on in situ to
invasive breast carcinoma progression (15). To extend these studies
further, we assessed the levels of 120 cytokines in conditioned
media of RASFs and HMEs, and found high levels of CCL2,
IGFBP3, TIMP1, and TIMP2, specifically in RASFs (Fig. S4).
Correlating with this data, conditioned media or coculture with

Fig. 2. The effect of celecoxib on MCFDCIS xenografts. The effect of a selective
COX-2 inhibitor (celecoxib) on the weight (A) and histology (B) of MCFDCIS
xenografts derived from cells injected alone (�) or coinjected with RASFs on
control or celecoxib-containing diet. Xenografts from MCFDCIS cells alone (�)
had DCIS histology and low COX-2 expression, regardless of diet. Tumors from
MCFDCIS cells coinjected with RASF showed invasive phenotype and high COX-2
levels in the control diet group. Celecoxib abolished the tumor growth-
stimulating effects of RASF (P � 0.0001), partially inhibited the progression to
invasive tumors, and decreased COX-2 protein levels. No significant difference in
the number of cycling (MIB1�) cells was detected after celecoxib treatment, but
thisobservationdoesnotexcludethepossibilityofdecreasedproliferationdueto
increased cell cycle length or increased apoptosis after celecoxib treatment.
Statistically significant (P � 0.05) differences in tumor weight are marked with
dashed lines and asterisks.
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RASFs led to increased NF-�B activity in MCFDCIS cells, deter-
mined by using a luciferase reporter assay (Fig. 3E).

To test the requirement for NF-�B activation in mediating the
invasion-promoting effects of RASFs, we expressed a mutant
‘‘superrepressor’’ I�B in MCFDCIS cells using a recombinant
adenovirus. The transcriptional activity of NF-�B is regulated at
multiple levels, including its sequestration in the cytoplasm by the
I�B repressor protein (24). Signals that activate the NF-�B pathway
lead to the phosphorylation of I�B by IKKs and its subsequent
ubiquitination and degradation by the proteasomal pathway, allow-
ing for the translocation of NF-�B into the nucleus and activation
of its target genes (24). The superrepressor I�B mutant (I�B*)
cannot be phosphorylated and degraded; thus, it keeps NF-�B in its
inactive cytoplasmic form (25).

MCFDCIS cells expressing this I�B* mutant demonstrated
decreased invasion through Matrigel when cocultured with RASFs,
but cellular motility was not altered by reduced NF-�B activity (Fig.
3F). The reduced invasiveness of MCFDCIS cells was accompanied
with lower MMP9 gelatinase activity in zymograms using condi-
tioned media from cocultures of I�B*-expressing MCFDCIS and
RASFs (Fig. 3G). Expression of I�B* in MCFDCIS cells also
decreased, but did not abolish the up-regulation of COX-2 and
MMP14 expression induced by RASF coculture (Fig. 3H). Thus,
inhibition of NF-�B signaling attenuated, but did not completely
eliminate the effects of RASF cocultures on MCFDCIS cells. This
incomplete inhibition could potentially be explained by the activa-
tion of multiple signaling networks induced by epithelial–stromal
cell interactions. For example, numerous cytokines secreted by
RASF cells (e.g., CCL2) activate ERK, AKT, and calcium signaling
besides NF-�B that can also up-regulate the expression of COX-2
and MMPs and increase cell motility and invasion (26). Also,
various PGs and other lipid mediators, and reactive oxygen species
(ROS) produced by RASFs, can all exert tumor growth and
invasion promoting effects. Correlating with this hypothesis, we
were not able to reproduce the tumor growth and invasion-
promoting effects of RASFs in cell culture and xenograft models by
incubating MCFDCIS cells with any of the cytokines analyzed,
suggesting that a combination of multiple factors are involved in this
process.

The redundancy of secreted factors and networks mediating
epithelial–stromal cell interactions highlight the difficulties associ-
ated with targeting alterations in the tumor microenvironment for
cancer treatment. Multiple cell types (e.g., myofibroblasts, leuko-
cytes, and endothelial cells) present in the tumor microenvironment
can produce multiple cytokines and chemokines that can provoke
very similar responses in tumor epithelial cells. Thus, inhibiting any
of these pathways may not result in discernable therapeutic re-
sponse. Similarly, this redundancy makes it difficult to envision how
tumor epithelial cells could evolve dependency on any particular
stromal cell type, and how this interaction could provide selective
advantage for the expansion of a specific stromal cell clone.

Inhibition of COX-2 and NF-�B. To further investigate the role of
COX-2 and NF-�B in mediating the tumor invasion-promoting
effects of RASFs in MCFDCIS cells, we analyzed the consequences
of their pharmaceutical inhibition in cocultures. Celecoxib, a se-
lective COX-2 inhibitor, significantly reduced the invasion of
MCFDCIS cells in the presence of RASFs, but it had no effect on
cellular motility (Fig. 4A). Similarly, an inhibitor of NF-�B activa-
tion, CAPE, dose-dependently inhibited the enhanced invasion of
MCFDCIS cells induced by RASF coculture, whereas cell migra-
tion was not influenced to the same extent (Fig. 4B).

Because COX-2 inhibitors are known to have COX-2-dependent
and COX-2 independent antitumorigenic effects (27), to better
understand the role of COX-2 and MMP-9 in mediating epithelial–
stromal cell interactions in our coculture model, we generated
derivatives of MCFDCIS cells stably expressing shRNAs targeting
these 2 genes using lentiviral shRNAs. Effective down-regulation of

Fig. 3. The effect of RASF coculture on MCFDCIS cells. (A) Morphology of
MCFDCIS cells cultured alone (�) or together with the indicated cell types
for 4 and 8 days after plating them into Matrigel. HME cells suppressed the
growth of MCFDCIS cells and decreased the invasion-promoting effects of
fibroblasts. (B) Coculture with RASFs statistically significantly (P � 0.0001)
increased the migration and invasion of MCFDCIS cells. (C) MMP9 gelati-
nase activity detected in zymograms using conditioned media of MCFDCIS
cells cultured alone or cocultured with RASFs. Latent and activate forms of
MMP9 (determined based on molecular weight) are marked with arrows.
Migration of the molecular weight marker is indicated. (D) Quantitative
RT-PCR analysis of PTGS2 (COX-2) and MMP14 expression in MCFDCIS cells
cultured alone (�) or with RASFs (�RASF); y axis indicates relative mRNA
levels normalized to RPL39. (E) Activation of NF-�B in MCFDCIS cells by RASF
coculture; y axis indicates NF-�B dependent firefly luciferase activity rela-
tive to Renilla luciferase. (F) The expression of I�B* in MCFDCIS cells
attenuated their enhanced invasion (P � 0.049) induced by RASF cells
without significant effect on their motility (P � 0.949). (G) The activity of
MMP9 induced by RASF coculture was reduced by expressing I�B* in
MCFDCIS cells. Cells infected with GFP expressing adenovirus were used as
controls. (H) I�B* expression in MCFDCIS cells attenuated the increase in
PTGS2 and MMP14 mRNA levels induced by RASF coculture. Infection with
GFP expressing adenovirus had no effect; y axis indicates mRNA levels
normalized relative to that of RPL39.
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COX-2 and MMP9 was confirmed by qRT-PCR and immunoblot
analyses (Fig. S5). When the migration and invasion of these
shRNA clones were assess in cocultures, RASF-induced invasion of
MCFDCIS cells was decreased after down-regulation of either
COX-2 or MMP-9, but cell migration was not effected (Fig. 4C).
Correlating with this finding, MMP9 gelatinase activity was slightly
decreased in conditioned media derived from cocultures of RASFs
with clones expressing COX-2 shRNA (Fig. S5). These results
indicate that the invasion-promoting effects of RASFs in cocultures
are at least in part mediated by the up-regulation of COX-2 and
MMP9 in MCFDCIS breast cancer cells.

In summary, we identified COX-2 as a mediator of tumor
epithelial–stromal cell interactions in breast cancer, and demon-
strated that, by using a COX-2 inhibitor, we were able to eliminate
the growth and invasive progression promoting effects of stromal
fibroblasts in a human DCIS model. The use of NSAIDs and
especially COX-2 inhibitors for the treatment and prevention of
different human cancer types has been proposed and investigated
(28). Similarly, results in several animal models support a cancer
preventative role for COX-2 inhibitors (29). Our present study,
using the MCFDCIS xenograft model of human DCIS, suggests
that COX-2 inhibition may reduce breast tumor growth and pro-
gression to invasion. Thus, COX-2 inhibitors may decrease the
incidence of invasive breast carcinomas by means of inhibiting the
progression of premalignant and preinvasive tumors.

Materials and Methods
Cell Culture and Lentiviruses. MCF10ADCIS.com and RASF cells were obtained
and cultured as previously described (15). Cocultures of both cell types for RNA
isolation were carried out as follows: 3 � 105 RASFs were plated in 100-mm dishes
in DMEM supplemented with 10% FCS and allowed to grow for 24 h. We plated
1 � 105 MCFDCIS cells in the RASF-containing dishes, and cocultures were main-
tained for 48 h in MCF10A medium. MCFDCIS cells were isolated from cocultures
by using CELLection Epithelial Enrich Dynabeads (Invitrogen), following proto-
cols established in our lab (14). For conditioned media experiments, the same
procedure was followed, except that 35-mm dishes were used. After 48 h of
coculture, plates were washed thrice with PBS, and DMEM/F12 medium without
additives was added. Plates were incubated for an additional 24 h; then condi-
tioned media were collected, cleared by centrifugation, and kept at �80 °C; 3D
Matrigel cultures were performed essentially as previously described (20), except
multiple cell types were included in cocultures and different culture media were
used. Adenoviral infection of MCFDCIS cells was carried out as previously de-
scribed (30). Celecoxib and caffeic acid phenethyl ester (CAPE) were obtained
from LKT Laboratories and Sigma–Aldrich, respectively. Generation of lentivi-
ruses and infection of MCFDCIS cells were carried out as previously described (31,
32). The sequences of each of the clones used are listed in Table S1.

Mouse Xenograft Experiments and Statistical Analysis. For xenograft studies,
100,000 MCFDCIS cells were injected s.c. into 6- to 9-week-old female nude mice
aloneortogetherwith2- to3-foldexcessofHME,PBS,PBTS,andRASFcells in50%
Matrigel (BD Biosciences). Tumors were allowed to grow for 3–8 weeks. Xeno-
grafts were weighed, then either snap frozen on dry ice and stored at �80 °C for
DNA/RNA purification, or formalin fixed and paraffin embedded for histopathol-
ogy. For sulindac and celecoxib experiments, mice were fed with control AIN-93G
diet (Dyets) or AIN-93G diet with 0.9 g/kg celecoxib or 150 g/kg sulindac (LKT
Laboratories), starting 7–10 days before injection and continued for the duration
of theexperiment.Xenograftweightsandgeneexpression levelswereevaluated
by using statistical methods described in detail in our previous publication (15).
RT-PCR and migration/invasion data (Figs. 3 and 4) were analyzed by using
Student’s t test and 1-way ANOVA with Bonferroni’s posttest using the GraphPad
Prism software. P �0.05 were considered significant. For Fig. 3H, 2-way ANOVA
with Bonferroni’s posttest was used.

Immunohistochemistry and Immunoblot Analyses, RNA isolation, and RT-PCR.
Immunohistochemistry and immunoblot analyses were performed essentially as
previously described (15). COX2 antibodies were from Cayman Chemical, ab1
(anti-human, no. 160112) and ab2 (anti-human and anti-mouse, no. 160126).
Total RNA was isolated and quantitative RT-PCR was performed as previously
described (15). A list of primers used is available on request.

Luciferase Reporter Assays. For luciferase assay experiments, 2.1 � 104 RASFs
were seeded in 24-well plates. The same day, MCFDCIS cells were transfected by
using Lipofectamine2000 (Invitrogen), with a reporter plasmid encoding for the
firefly luciferase gene under the control of a promoter containing tandem NF-�B
elements (33), and a Renilla luciferase encoding plasmid used as control for
transfection efficiency. Next day, 7 � 103 of these transfected MCFDCIS cells were
plated into the 24-well plates containing RASFs or empty wells. Cocultures were
allowed to proceed for 24 h followed by measuring luciferase activity with
Dual-Luciferase Reporter Assay System (Promega).

Gelatin Zymography and Cytokine Arrays. For zymography, conditioned media
standardized for cell numbers were mixed with equal volume of nonreducing
sample buffer and resolved on 10% Novex Zymogram gels containing 0.1%
gelatin (Invitrogen). Renaturation and detection were performed following the
manufacturer’s instructions. Clear bands corresponding to gelatinolytic activity
were measured by densitometry. To analyze conditioned media on cytokine
arrays, we cultured RASFs in DMEM supplemented with 0.5 g/mL BSA and 20 M
Hepes for 4 days, followed by 5-fold concentration using Centricon filters and
Western blotting of cytokine arrays (series C 1000; RayBiotech), as recommended
by the manufacturer.

Cell Invasion and Migration Assays. Cell invasiveness was assayed by using BD
BioCoat Matrigel invasion chambers (BD Biosciences). Uncoated or Matrigel-
coated filters (8-�m pore size, 6.5-mm diameter) were used for chemotaxis and
chemoinvasion assays, respectively. MCFDCIS cells were prelabeled in vivo by
using CellTracker Green CMF-DA (Invitrogen), following manufacturers instruc-
tions. We resuspended 1 � 104 MCFDCIS cells alone or mixed with 2 � 104 RASFs
in 0.5 mL of serum-free DMEM/F12, and seeded in the upper compartment of the
chamber. The lower compartment was filled with 0.75 mL of DMEM/F12 supple-
mented with 20% FCS as chemoattractant. After incubation at 37 °C in a humid

B

C

A

Fig. 4. Inhibition of COX-2 or NF-�B in cocultures. Inhibition of COX-2 activity
by using celecoxib (A) or via inhibition of NF-�B activation using CAPE (B)
inhibited the increased invasive capacity of MCFDCIS cells induced by RASF
coculture, whereas cell motility was not affected. Relative migration and
invasion compared with MCFDCIS cells cultured alone are indicated on the y
axis. Statistically significant (P � 0.05) differences are marked with dashed
lines and asterisks. (C) Down-regulation of COX-2 and MMP9 expression in
MCFDCIS cells using lentiviral shRNA decreased their enhanced invasion, but
not migration induced by RASF coculture; y axis indicates migration and
invasion relative to MCFDCIS cells cultured alone.
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atmosphere for 36 h, filters were rinsed with PBS. Cells on the upper surface of
filters were wiped away with a wet cotton swab, and those on the lower surface
were fixed with Carnoy fixative at room temperature), and stained with DAPI.
Green cells (CMF-DA-stained MCFDCIS cells) were counted at 100� magnification
using an inverted microscope. Each experiment was performed in triplicate and
repeated at least twice.
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