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The transcription factor NF-kB is activated in a range of human cancers and is thought to promote
tumorigenesis, mainly due to its ability to protect transformed cells from apoptosis. To investigate the role of
NF-xB in epithelial plasticity and metastasis, we utilized a well-characterized in vitro/in vivo model of mam-
mary carcinogenesis that depends on the collaboration of the Ha-Ras oncoprotein and TGF-f. We show here
that the IKK-2/IxBa,/NF-kB pathway is required for the induction and maintenance of epithelial-mesenchymal
transition (EMT). Inhibition of NF-kB signaling prevented EMT in Ras-transformed epithelial cells, while
activation of this pathway promoted the transition to a mesenchymal phenotype even in the absence of TGF-{3.
Furthermore, inhibition of NF-kB activity in mesenchymal cells caused a reversal of EMT, suggesting that
NF-xB is essential for both the induction and maintenance of EMT. In line with the importance of EMT for
invasion, blocking of NF-kB activity abrogated the metastatic potential of mammary epithelial cells in a mouse
model system. Collectively, these data provide evidence of an essential role for NF-kB during distinct steps of
breast cancer progression and suggest that the cooperation of Ras- and TGF-f-dependent signaling pathways

in late-stage tumorigenesis depends critically on NF-kB activity.

Introduction

Cancer development and metastasis are multistep processes that
involve local tumor growth and invasion followed by dissemina-
tion to and re-establishment at distant sites. The ability of a tumor
to metastasize is the major determinant of the mortality of cancer
patients. Thus, elucidating the molecular pathways essential for
tumor metastasis is of high priority in cancer biology and provides
a basis for novel therapeutic targets for the development of anti-
metastatic cancer treatments.

Initially discovered and studied as a major activator of immune
and inflammatory functions via its ability to induce expression of
genes encoding cytokines, cytokine receptors, and cell-adhesion
molecules, the transcription factor NF-kB has recently been impli-
cated in the control of cell proliferation and oncogenesis (reviewed
in ref. 1). NF-kB transcription factors bind to DNA as hetero- or
homodimers that are composed of five possible subunits in mouse
and human (RelA/p65, c-Rel, RelB, p50, and p52). These proteins
are characterized by their Rel homology domains, which mediate
DNA binding, dimerization, and interactions with inhibitory factors
known as inhibitor kB (IkB) proteins. Whereas the Rel/p65 and pS0
subunits are ubiquitously expressed, the p52, c-Rel, and RelB sub-
units are more functionally important in specific differentiated cell
types (reviewed in ref. 2). In most unstimulated cells, NF-kB dimers
are inactive because of association with IkB proteins that mask the
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nuclear localization sequence of NF-kB, thereby retaining it in the
cytoplasm and preventing DNA binding. Several IkB proteins are
involved in the control of NF-kB activity, three of which (IkBa,
IkBp, and IxBe) act as negative regulators in a stimulus-dependent
manner. Stimulation of cells, for example, by proinflammatory
cytokines such as TNF-o. and IL-1, results in the phosphorylation
of IkB at two serine residues located within the N-terminal domain
of the proteins (reviewed in refs. 3, 4). This phosphorylation of TkB
results in ubiquitination of nearby lysine residues, which represents
the signal for degradation by the 26S proteasome. Degradation of
the IkB proteins results in the liberation of NF-kB, allowing nuclear
translocation and binding to cognate DNA motifs in the regulatory
regions of a host of target genes. As a consequence, transcription
of these genes, which are involved in immune and inflammatory
responses and regulation of apoptosis, as well as in cell growth con-
trol, is induced (reviewed in refs. 3, 4). The critical step in NF-xB
activation is the phosphorylation of IkB by a high-molecular-weight
IkB kinase (IKK) complex. This complex consists of two kinase pro-
teins, IKK-1 and IKK-2, (also called IKK-a and IKK-f, respectively),
as well as a regulatory component called NF-kB essential modulator
(NEMO; also called IKK-y) (reviewed in ref. 4).

Ample evidence linking NF-kB activity to oncogenesis has accu-
mulated in the past years (reviewed in refs. 1, 2). A link between
aberrant NF-xB activity and cancer was initially suggested by the
identification of v-Rel, a viral homolog of c-Rel, as the transform-
ing oncogene of an avian retrovirus that causes aggressive tumors
in chickens (S). Moreover, oncogenic viruses, such as human T
cell leukemia virus I or Epstein-Barr virus, activate NF-kB as part
of the transformation process (6, 7). Translocation of the NF-xB
gene NF-kB2/p52 and the IxB family member Bcl-3 was observed
in some lymphoid neoplasms (reviewed in ref. 8). High levels of
NF-kB were shown to be essential for the transformed phenotype
Volume 114

Number4  August 2004 569



research article

A EpH4 EpRas EpRasXT B
<o Apical markers
TGF'E” or (DPP-IV and Muc1) ;
Basolateral markers w [%:]
Ha-Ras TGF-BS - e (E-cadherin and ZO-1) g g
I l / Mesenchymal markers u::]:. Lﬁ'
AARAARARAARRAR EMT (vimentin) e
T .
| | Autocrine -
TGF-p1 or 5]
, e TGF-B3 O ..
Polarized epithelial cells Spindle-like 1.0 3.6
mesenchymal cells
Figure 1

NF-kB activity is induced during EMT. (A) Schematic illustrates the morphology and epithelial/mesenchymal marker redistribution or expression
found in the cell types used in our study. Nontransformed EpH4 mammary epithelial cells were stably transfected with the Ha-Ras oncogene to
yield transformed epithelial EpRas cells that undergo EMT upon treatment with TGF-, resulting in mesenchymal EpRasXT cells further stabilized
by an autocrine TGF-f loop. DPP-1V, dipeptidyl peptidase 1V; ZO-1, zona occludens 1. (B) EMSAs of whole-cell extracts (6 ug) of exponentially
growing EpRas and EpRasXT cells were performed with an NF-kB—specific probe (upper panel) and with an octamer-specific probe (Oct; lower
panel) used as a control. Quantified relative DNA-binding levels are indicated below the EMSAs. Similar data were obtained using different

protein extract preparations (see also Figure 2A).

of Hodgkin lymphoma tumor cells (9), and mutations in the gene
encoding IxBa have been detected in some cases of Hodgkin lym-
phoma (10). Constitutive nuclear NF-kB activity, meanwhile, has
emerged as a hallmark for many other human leukemias, lympho-
mas, and solid tumors (reviewed in refs. 2, 8). Furthermore, several
oncoproteins, including Ha-Ras and Bcr-Abl, are known to activate
NF-kB and rely on NF-kB to mediate their transforming activity
(reviewed in ref. 1). Although the exact role of NF-kB in the patho-
genesis of human tumors remains to be determined, suppression
of apoptosis is clearly of major importance, since inhibition of
NF-kB sensitizes many tumor cells to death-inducing stimuli,
including chemotherapeutic agents (reviewed in refs. 1, 2).
Whether and how NF-kB also regulates invasive responses
such as epithelial-mesenchymal transition (EMT) and metasta-
sis is only poorly understood. Evidence has accumulated show-
ing that EMT represents an important in vitro correlate of late-
stage tumor progression (11-15). As originally
defined (16), EMT involves dedifferentiation of
epithelial cells to fibroblastoid, migratory, and
more malignant cells, showing a profoundly
altered, mesenchymal gene expression program

Table 1

model systems, metastatic potential strictly correlated with the
ability of epithelial tumor cells to undergo EMT (15).

In this study, we show that NF-kB plays an essential role in the
induction of EMT in Ras-transformed mammary epithelial cells.
Loss of NF-kB activity abrogated protection of these cells from
TGF-B-induced apoptosis, but also actively suppressed an EMT
gene program, thus blocking EMT. In contrast, gain of NF-kB
activity induced EMT in these Ras-transformed cells in the absence
of TGF-B. Moreover, NF-kB also plays an essential role in main-
taining the mesenchymal state subsequent to EMT, as its inhibi-
tion caused reversal of EMT. In mice, inhibition of NF-kB activ-
ity strongly reduced the metastatic potential of Ras-transformed
EpH4 cells. Our results indicate that NF-kB signaling is essential
for EMT and metastasis in this murine mammary carcinoma
model and suggest that therapeutic inhibition of NF-kB may be a
useful strategy for the control of tumor invasion and metastasis.

NF-xB-regulated genes induced during EMT in the EpRas/EpRasXT cell pair

(17, 18). EMT also occurs during embryonic G?ne n?meﬂ Fold change® Category Reference®
development and is regulated by an elaborate g;mem;m/ iferin 2 13;2 Mesenﬁhymal marker g?
. . . lacental proliferin ) ormone
interplay of signaling pathways (12, 13, 15, Cho/ecystﬁkinin* 38.6 Hormone 5
16). In several epithelial cell models, includ- . ' :
. S . JE/MCP-1 32.6 Chemokine 53
ing EpH4 mammary epithelial cells, oncogenic VIMP-13 16.6 Protease 54
Ras protects cells from TGF-B-induced cell Tenascin-C* 11:0 Mesenchymal marker 55
cycle arrest and apoptosis, thus overcoming Cathepsin B 10.8 Protease 51
the tumor-suppressive effects of TGF-f in early Stat-1 6.8 Transcription factor 56
tumorigenesis. Furthermore, oncogenic Ras MMP-2 6.3 Protease 57
cooperates with TGF-f to induce EMT, a phe- Bo-Microglobulin* 57 Binds MHC class | 58, 59
notype that is stabilized by autocrine produc- Interfeukin 11* 51 Cytokine 60
tion of TGF-f (19-23) and leads to cell migra- Cathepsin Z 4.1 P“’tea?'e o
KC/Grot* 3.1 Chemokine 61

tion and motility, which are crucial for tumor
progression and metastasis (reviewed in ref. 15).
The Ras downstream effector pathway required
for EMT and metastasis was recently identified
as the Raf/MEK/MAPK pathway, while hyper-
active PI3K/Akt signaling enabled protection
from TGF-B-induced apoptosis (17). In these
570
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Data are based on the expression profiling analysis described in ref. 18. AGenes previously
described to contain functional NF-kB-binding sites in their promoter/enhancer regions are
indicated with an asterisk (*); genes lacking asterisks have also been described as genes
regulated by NF-kB, but either they are indirectly regulated or further experiments are required
to demonstrate direct regulation. BFold change indicates fold upregulation of gene expression
in EpRasXT versus EpRas cells (see Table 2 in ref. 18). °References cite the first publication
reporting regulation of gene in question by NF-kB.
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Upregulation of NFB signaling during EMT. EpRas cells represent onco-
genic, fully polarized, Ha-Ras-transformed EpH4 mammary epithe-
lial cells that undergo EMT in response to TGF-f both in tumors as
well as in collagen gels, giving rise to mesenchyme-like cells (EpRasXT
cells) in both cases. EpRasXT cells are characterized by a spindle-like
morphology and gain of mesenchymal marker proteins, a phenotype
stabilized by an autocrine TGF-f loop in vitro and in vivo (refs. 19, 20;
see Figure 1A). We wanted to determine whether NF-kB might play
arole in the EMT process. We therefore analyzed whole-cell extracts
from exponentially growing EpRas and EpRasXT cells by electropho-
retic mobility-shift assay (EMSA). We detected some NF-kB DNA-
binding activity in EpRas cells even without stimulation by known
inducers of NF-kB and consistently observed a 3- to 4-fold increase in
NF-kB DNA-binding activity in EpRasXT cells (Figure 1B).

Based on those observations, we next asked whether NF-kB
target genes were induced in mesenchymal EpRasXT cells to the
same degree as their epithelial counterpart, EpRas cells. To address
this question, we reanalyzed the data from a previously reported
expression profile, in which we had performed microarray analy-
sis of polysome-bound mRNAs to identify genes differentially
expressed in EpRasXT compared with EpRas cells (Tables 2 and 3
in ref. 18). Interestingly, 13 of the 75 annotated genes upregulated
during EMT had previously been described as NF-kB target genes
(Table 1). In mesenchymal EpRasXT cells, several genes encoding
NF-kB-regulated cytokines/chemokines (IL-11, JE/MCP-1, and
KC/Grol), proteases (MMP-13, cathepsin B, MMP-2, and cathepsin Z),
hormones (cholecystokinin and placental proliferin 2), and the tran-
scription factor Stat-1, as well as B,-microglobulin were expressed at
elevated levels compared with their epithelial counterparts. Fur-
thermore, NF-kB has previously been shown to directly regulate
the two EMT marker genes vimentin and tenascin C (Table 1). In
addition, bcl-3, a regulator of NF-xB activity (24) and previously
identified as being expressed in human breast cancer (25), is like-
wise induced in EpRasXT cells (18). In contrast, among the genes
downregulated in EpRasXT cells, only one gene (thrombospondin 1)
has been suggested to be regulated by NF-kB (ref. 26; reviewed
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Figure 2

TGF-f induces NF-«B activity in EpRas cells. (A) EpRas and EpRasXT
cells were stimulated with TGF-B1 (5 ng/ml) for the indicated times.
EMSA with whole-cell extracts (6 ug) was performed with an NF-kB—
specific probe (upper panel) and with an octamer-specific probe (lower
panel) used as a control. (B) NF-kB transcriptional activity. EpRas cells
were transiently transfected in triplicate with a 3xxB.luc or $-globin-
TATA reporter construct. At 20 hours after transfection, cells were treat-
ed with TGF-B1 (5 ng/ml) for the indicated times. Then, the luciferase
activities of extracts were determined and were normalized based on
Renilla luciferase expression. The ratio of 3x«B.luc and p-globin-TATA
is shown. The expression level of unstimulated empty vector-infected
EpRas cells was used as the reference luciferase activity and was arbi-
trarily set to 1. Means and standard deviations are representative of
two independent experiments carried out in triplicate. Bars represent
standard deviations.

in ref. 27). Thus, expression profiling results clearly indicate
an enriched expression of NF-kB target genes in mesenchymal
EpRasXT cells, consistent with increased activity of NF-kB.

TGF-B induces NFKB activity during EMT. Based on the observation
that TGF-f3 signaling is essential for the induction of EMT in EpRas
cells (19, 20), as well as reports that TGF-f can modulate NF-xB activ-
ity in certain epithelial cells (28), we sought to test whether TGF-§
can affect NF-kB activity in EpRas and EpRasXT cells. In order to
characterize changes in NF-kB DNA-binding activity after stimula-
tion with TGF-B1, we incubated cultures of EpRas and EpRasXT cells
in the presence of TGF-B1 and monitored the levels of NF-kB DNA-
binding activity by EMSA. In EpRas cells, we observed a 3- to 4-fold
induction of NF-kB DNA-binding activity within 30 minutes, while
we observed no response to TGF-f3 in EpRasXT cells (Figure 2A). The
result with the EpRasXT cells was not surprising, given that the cells
themselves produce TGF-f. In addition, EpRas and EpRasXT cells
were transiently transfected with an NF-kB-dependent luciferase
reporter (3xkB.luc). Stimulation of EpRas cells with TGF-f1 result-
ed in an increase of roughly 2-fold in NF-xB transactivation activ-
ity within 2-8 hours (Figure 2B), whereas no increase was noted in
EpRasXT cells (data not shown). Thus, TGF-f stimulation leads to
an induction of functionally active NF-kB in EpRas cells, while it
does not affect the increased NF-kB activity in EpRasXT cells.

NF-B is essential for EMT. To study the contribution of the IKK/
IxBo/NF-kB signaling module in the regulation of EMT and
metastasis, we used retroviral gene transfer to express dominant
interfering mutants of this pathway in EpRas cells. Infections
were performed using retroviruses expressing a trans-dominant
(TD) IxBa protein (TD-IkBa, in which serine residues at posi-
tions 32 and 36 are mutated to alanine residues, resulting in a
nondegradable repressor), a constitutively active (CA) IKK-2 pro-
tein (CA-IKK-2, in which two serine residues in the activation
loop are mutated to phosphomimetic glutamic acid residues), or
an empty vector control. Stably infected cells were visualized by
immunofluorescence microscopy, as the retroviruses coexpress
enhanced GFP. Expression of TD-IkBa and CA-IKK-2 in cells
from the ¢NX producer line and in stably infected EpRas cells was
Volume 114
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Figure 3

Modulation of NF-kB activity in EpRas cells. (A and B) Expression levels of dominant interfering mutants in ®NX producer cells (A) and in stably
infected EpRas cells (B) were determined by Western blot analysis of whole-cell extracts, using lkBa- and IKK-specific antibodies CA-IKK-2,
endogenous IKK-2 (comigrating with CA-IKK-2), TD-lxBa, and endogenous IkBa. Equal loading was assessed using a p65/RelA—specific
antibody (B, bottom panel). (C) Extracts from stably infected EpRas mutants left untreated (-) or stimulated with TGF-f (5 ng/ml) for 2 hours
(+) were analyzed by EMSA with an NF-kB-specific probe (upper panel) and with an octamer-specific probe (lower panel) as loading control.
Quantified relative DNA-binding levels are indicated. (D) Stably infected cells were transiently transfected in triplicate with 3xxB.luc or $-globin-
TATA reporter constructs. After 24 hours, cells were treated with TGF-f (5 ng/ml for 4 hours) (+) or were left untreated (). Luciferase activity
was measured and normalized based on Renilla luciferase expression (as described in Figure 2B). The ratio of 3xkB.luc and B-globin-TATA is
shown. Expression levels of unstimulated empty vector-transfected EpRas cells were used as a reference and arbitrarily set to 1. Bars represent
standard deviations. (E) EpRas mutants and EpRasXT cells were stimulated with TGF-f (5 ng/ml) for the times indicated, and RT-PCR analysis
was carried out for transcript expression of MMP-13, MCP-1, cholecystokinin, and B-actin, as described in Methods. C, control (water); Empty,

EpRas cells infected with empty vector control.

assessed by Western blot (Figure 3, A and B). This analysis revealed
strong overexpression of the mutant proteins compared with that
of the endogenous counterparts. As previously observed in anoth-
er cellular system (29), the presence of high levels of exogenous
TD-IkBa resulted in reduced expression of endogenous IkBol, most
likely due to inhibition of NF-kB activity. The effects of TD-IxBa.
and CA-IKK-2 expression in EpRas cells on NF-kB DNA-binding
activity were analyzed by EMSA. In EpRas cells infected with TD-
IxBa, no NF-kB DNA-binding activity was observed, regardless
of whether cells were left unstimulated or were stimulated with
TGEF-p (Figure 3C), TNF-a, or PMA (data not shown). In con-
trast, cells infected with CA-IKK-2 exhibited 2- to 3-fold increased
DNA-binding activity in the unstimulated state (compared with
unstimulated EpRas control cells), and showed a roughly 2-fold
higher induction of NF-kB activity after being stimulated with
TGEF-B, compared with TGF-f-treated EpRas control cells. Tran-
sient transfection of these cells with 3xkB.luc and subsequent
luciferase assays revealed a 3- to 4-fold induction of luciferase
activity in untreated EpRas cells infected with CA-IKK-2 and a
more than 2-fold higher induction upon treatment with TGF-§3,
compared with that of unstimulated or TGF-B-treated EpRas con-
trol cells, respectively. In contrast, NF-kB transcriptional activity
572
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was virtually completely inhibited before and after treatment with
TGF- in EpRas cells expressing TD-IkBa (Figure 3D). In addi-
tion, RT-PCR analysis of a subset of NF-kB-regulated target genes
that are associated with EMT (Table 1) (18) was performed with
the EpRas mutants before and after TGF-p-induced EMT. This
analysis showed induction of MMP-13, MCP-1, and cholecystokinin
in CA-IKK-2-expressing EpRas cells in the absence of TGF-f (in
the case of MCP-1, this was even comparable to the expression level
in EpRasXT cells), and slightly stronger expression of these genes
in the presence of TGF-f (cholecystokinin and MMP-13), whereas
expression and TGF-B-induced upregulation of these genes were
almost completely blocked in TD-IkBa-expressing cells (Figure
3E). Based on these results, NF-kB activates at least a subset of
genes in the TGF-B-induced genetic program underlying EMT.
We then asked whether this modulation in NF-kB activity affect-
ed the ability of EpRas cells to undergo EMT. On porous support
(filcers) allowing epithelial polarization, EpRas cells infected
with empty vector (like uninfected cells) showed a fully polarized
epithelial phenotype with basolateral plasma membrane expres-
sion of the epithelial marker E-cadherin, but no expression of the
mesenchymal marker vimentin (Figure 4, A-D). Treatment of these
EpRas cells with TGF-f for S days resulted in strands of spindle-
Volume 114
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EpRas cells expressing TD-IkBa fail to undergo EMT, while CA-IKK-2 expression drives EMT in the absence of TGF-f (analysis on porous
support). EpRas cells expressing the empty vector control, TD-lkBa, or CA—IKK-2 were cultivated on porous supports for 7 days in the pres-
ence (+) or absence (-) of TGF-B (5 ng/ml; days 2-7). (A) Photographs of cultivated cells are shown; regions with strands of spindle-shaped
mesenchymal cells are indicated by red dotted lines. Original magnification, x100. (B) Quantification of the area on porous supports covered
by mesenchymal strands as percentage relative to total area covered by adherent cells (cultures shown in A; day 6). (C) E-cadherin levels in
EpRas cells expressing empty vector, TD-lkBa, or CA-IKK-2 and not treated with TGF-p were determined by Western blot analysis with an
E-cadherin—specific antibody (E-Cad; upper panel). Subsequent stripping and reprobing of the blot with a p65/RelA-specific antibody (lower
panel) was done to demonstrate equal loading. (D) Cells as indicated were cultivated on porous supports for 7 days in the presence or absence
of TGF-B (5 ng/ml; days 2—7). Cells were immunostained for E-cadherin or vimentin (red) with DAPI counterstaining for DNA (blue), as described
in Methods. Regions of mesenchymal, E-cadherin—negative and vimentin-positive cells are outlined by white dotted lines and correspond to the

“mesenchymal” areas shown in A (red dotted lines). Original magnification, x400.

shaped, vimentin-positive cells only weakly expressing E-cadherin
(Figure 4, A, B, and D). No phenotypic changes or changes in mark-
er expression compared with EpRas control cells were observed in
TD-IxBa-expressing cells in the absence of TGF-f (Figure 4, A-D).
Upon treatment with TGF-f3, however, a considerable proportion
of these TD-IkBa-overexpressing EpRas cells with blocked NF-kB
activity rapidly detached from porous supports as a consequence
of cell death. The remaining cells almost completely failed to
undergo EMT (Figure 4A). TGF-p-treated TD-IkBa-expressing
EpRas cells lacked the strands of spindle-shaped mesenchymal
cells that were abundant in empty virus-infected EpRas control
cultures (Figure 4, A and B). The same cells failed to upregulate
vimentin and retained high levels of E-cadherin, which was partial-
ly redistributed to the cytoplasm, indicating some loss of polarity
(Figure 4D). Surprisingly, CA-IKK-2-overexpressing EpRas cells
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with increased NF-kB activity were able to undergo EMT ata con-
siderable rate even in the absence of TGF-f (Figure 4, A and B).
After cells had grown for 6 days on porous support, we observed
strands of spindle-shaped, E-cadherin-negative and vimentin-
positive cells that covered more than 10% of the total surface area
(Figure 4, A, B, and D). When we analyzed bulk cultures of these
cells by Western immunoblot, we observed a strong reduction in
E-cadherin levels (Figure 4C). Consistent with these observations,
we noted enhanced EMT in CA-IKK-2-expressing cells upon TGF-f3
treatment compared with that of control EpRas cells, as indicated
by a higher percentage of spindle-shaped cells with cytoplasmic
(depolarized) or no E-cadherin expression, and strong vimentin
expression (Figure 4, A, B, and D). Importantly, very similar results
were obtained when the CA-IKK-2 and TD-IkBa. transgenes were
introduced into V12S35Ras cells. These cells represent another
Volume 114 ~ Number 4
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Figure 5

TD-IkBo expressed in EpRas cells prevents EMT, whereas CA-IKK-2 induces EMT in the absence of TGF-f (analysis in collagen gels). EpRas cells
expressing the empty vector control, TD-IkBa, or CA-IKK-2 were seeded into collagen gels, were allowed to form structures for 3-5 days, and were
left untreated for no induction (-) or were induced to undergo EMT by the addition of TGF-{ (+) for 5-6 days. (A) Left column, culture without TGF-$
for 7 days; middle column, culture without TGF-f for 5 days, plus TGF-f treatment (5 ng/ml) for 1 day; right column, culture without TGF-p for 5 days,
plus TGF- treatment (5 ng/ml) for 5 days. Photographs of representative tubular structures with lumina (yellow arrows) or distended chords and
strands of invasive cells with mesenchymal morphology (white arrows) are shown. Original magnification, x100. (B) Quantification of mesenchymal
structures (see white arrows in A for the CA-IKK-2, -TGF-f culture) as the percentage relative to that of 60 randomly chosen structures per gel after
3 days of culture in the absence of TGF-. Below graph, n indicates the number of collagen gels analyzed. Bars represent the standard deviations
obtained in analyzing individual collagen gels. (C) Collagen gel structures were stained for the epithelial marker E-cadherin (first and second columns)
or the mesenchymal marker vimentin (third and fourth columns). Bottom row, second from left (CA—IKK-2—expressing cells, —-TGF-3): GFP expres-
sion (green) of structures stained for E-cadherin. Inset, third panel from left, middle row (TD-lkBa—expressing cells, + TGF-f): disintegrating structure
stained for E-cadherin. Inset, second panel from right, bottom row (CA-IKK-2—expressing cells, -TGF-3): GFP expression (green) of structures
stained for vimentin. Original magnification, x400.

monogenic transformed cell line, independently generated from
the original EpH4 cells and transformed by an effector mutant
of a different oncogenic Ras that induces hyperactive ERK/MAPK
but not PI3K signaling (17). We observed an inhibition of EMT in
TD-IkBa-expressing cells and a considerable rate of spontaneous
EMT in the absence of TGF-f} in CA-IKK-2-expressing V12S35Ras
cells that occurred even more frequently than in CA-IKK-2-express-
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ing EpRas cells (see Supplemental Figure 1; supplemental material
available at htep://www.jci.org/cgi/content/full/114/4/569/DC1).
Thus, the role of NF-«B in the regulation of EMT is not limited to
a single cell line.

A more physiological culture system to analyze epithelial cell
behavior and plasticity are three-dimensional serum-free collagen
I gel cultures (15). In these cultures, fully polarized EpRas control
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Suppression of NF-kB activity in EpRas cells leads to apoptosis and prevents EMT. (A) EpRas cells expressing the empty vector control,
TD-IkBa, or CA-IKK-2 were seeded into collagen gels, were allowed to form structures for 3 days, and were treated with TGF-f3 for 6 days or were
left untreated. Collagen cultures were subjected to in situ TUNEL staining (red) and DAPI staining (blue, indicating living cells). Light microscopy
images of collagen gels from the same experiment photographed prior to TUNEL staining are also shown. Arrows indicate TUNEL-positive nuclei.
Inset, right middle panel: another structure with TUNEL-positive nuclei. Original magnification, x200. (B) Quantification of TUNEL-positive cells
from collagen gel structures shown in A. TUNEL staining of nuclei was assessed in at least 300 cells from three to six randomly chosen fields.
The average from two to three collagen gels was used to calculate the apoptotic index and standard deviation. Average percentage of apoptotic
cells, assessed in 2-3 collagen gels (at least 300 cells per gel) for each cell type, are indicated above bars. (C) EpRas cells expressing the empty
vector control or TD-IkBa were cultivated for 5 days on porous support in the presence or absence of 25 uM Z-VAD-FMK (Z-VAD; days 0-5)
and/or TGF-B (5 ng/ml; days 1-5). The quantification of the area on porous support covered by mesenchymal strands is shown as the percent-
age relative to the total area covered by adherent cells (at day 4, after 3 days with or without TGF-f3 treatment). (D) Cells as indicated (with or
without 25 uM Z-VAD-FMK; days 0-5) were cultivated on porous support for 5 days in the presence or absence of TGF-f (5 ng/ml; days 1-5).
Cells were immunostained for E-cadherin or vimentin (red) plus DAPI counterstaining for DNA (blue) after 5 days of culture on porous support.
Original magnification, x400.

cells form tubular and alveolar structures with large lumina (Fig-
ure 5A). These cells show basolateral membrane (polarized) expres-
sion of E-cadherin, but no vimentin expression (Figure SC). Upon
addition of TGF-B1, EpRas control cells underwent EMT, as shown
by a spindle-shaped and migratory phenotype, loss of E-cadherin,
and de novo expression of vimentin after 6 days of treatment (Fig-
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ure 5, A and C). Untreated TD-IkBa cells resembled control EpRas
cells in that they formed epithelial structures (tubular structures
with lumina) and showed basolateral E-cadherin staining and no
vimentin expression. Despite this resemblance, TD-IkBa epithelial
structures appeared more compact and smaller in size (Figure 5, A
and C). Upon treatment with TGF-f, epithelial structures formed
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by TD-IxBo-expressing EpRas cells retained E-cadherin expression
(Figure 5C), but rapidly disintegrated (Figure 5, A and C). Only a
very small fraction of the structures (about 0.5%) formed unor-
dered cell strands before disintegration (data not shown). In con-
trast, untreated CA-IKK-2-expressing cells with increased NF-kB
activity formed two types of structures. While a large proportion
of epithelial tubular structures with lumina were apparent (Figure
5A), a significant number of the structures consisted of unordered
cell strands with spindle-like cellular morphology, resembling con-
trol EpRas cells treated with TGF-§ (Figure 5, A and B). Interest-
ingly, among the epithelial structures resembling control EpRas
cells (E-cadherin positive and vimentin negative), a large percent-
age had either lost or downregulated expression of CA-IKK-2, as
indicated by low levels of the coregulated GFP expression (Figure
5C, bottom). In contrast, mesenchymal structures generated by
untreated CA-IKK-2-expressing cells were E-cadherin negative,
expressed vimentin, and showed strong GFP staining, indicative
of high transgene expression (Figure 5C). Thus, high levels of
CA-IKK-2 expression appear to promote EMT even in the absence
of TGF-f. As expected, TGF-p treatment induced the remain-
ing epithelial CA-IKK-2-expressing EpRas cells to rapidly form
mesenchymal structures expressing vimentin but no E-cadherin
(Figure 5, A and C). We also determined whether a strong NF-kB
activator such as TNF-a would induce EMT. Indeed, we observed
a small number of mesenchymal structures expressing vimentin
in TNF-a-treated EpRas collagen gel cultures, even in the absence
of TGF-B (Supplemental Figure 2). In conclusion, an activated
NF-xB pathway plus Ras is sufficient to cause EMT, whereas inhi-
bition of NF-kB activity prevents EMT, causing disintegration of
structures formed in collagen.
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Figure 7

Effect of retrovirus-expressed TD-lkBa and CA-IKK-2 on NF-kB activ-
ity in EpRasXT cells. (A) Expression levels of dominant interfering
mutants compared with that of their endogenously expressed wild-
type counterparts in stably infected EpRasXT cells were determined
by Western blot analysis of whole-cell extracts using lkBa- and IKK-
specific antibodies for visualization. Protein bands of CA-IKK-2/endog-
enous IKK-2 (comigrating), TD-IkBa, and endogenous lkBa are indi-
cated. Equal loading was assessed by stripping and reprobing of blots
with a p65/RelA antibody (bottom panel). (B) Stably infected EpRasXT
cells were not treated (control) or were stimulated with TNF-o. (TNF; 40
ng/ml) for 1 hour or with PMA (50 ng/ml) for 1 hour. Then, NF-kB DNA-
binding activity was assessed with an NF-kB—specific probe (upper
panel) or with an Sp-1-specific probe (lower panel) as a loading control.
(C) NF-kB transcriptional activity in the EpRasXT derivatives described
in A and B was determined by luciferase assay, as described in Figure
3D. The expression level of empty vector—transfected EpRasXT cells
was used as a reference luciferase activity and was arbitrarily setto 1.
Mean values are indicated above bars.

NF-B is required both for protection from TGF-B~induced apoptosis and
for direct promotion of EMT. The previous experiments showed that
NF-kB can, at least in part, substitute for TGF-f in the induction of
EMT in collaboration with Ras. We next addressed the mechanistic
consequence of NF-kB inhibition with respect to the prevention
of EMT. Because we observed rapid disintegration of TD-IkBa-
expressing structures upon TGF-f treatment, we assessed their
apoptotic response under these conditions. EpRas control cells
as well as TD-IkBa- and CA-IKK-2-expressing derivatives were
allowed to form organotypic structures in collagen gels for 3 days.
Then they were induced to undergo EMT by TGF-f or were left
untreated. TGF-B-treated TD-IkBa-expressing EpRas structures
showed cell disintegration due to apoptosis, as determined by in
situ TUNEL staining (Figure 6A). As shown in Figure 6B, approxi-
mately 55% of these cells were TUNEL positive and were thus
apoptotic after 6 days of TGF-f treatment. Moreover, TD-IkBo. cells
showed a slight elevation in induction of apoptosis compared with
control EpRas cells even in the absence of TGF-f3 (4.5% versus 0.6%),
possibly explaining the smaller size of epithelial structures formed
by TD-IkBa-expressing cells in collagen gels. Finally, EpRas cells
expressing CA-IKK-2 showed low levels of apoptosis, comparable
to that of EpRas control cells. We then asked whether the observed
failure of TD-IkBa-expressing EpRas cells to undergo EMT (Fig-
ures 4 and 5) was exclusively due to inhibition of the antiapoptotic
function of NF-kB in these cells. EpRas control cells and TD-IkBa-
expressing derivatives were cultured on porous support. Treatment
of TD-IxkBa-expressing EpRas cells with 25 uM cell-permeable
caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl-
ketone (Z-VAD-FMK) strongly suppressed the TGF-B-induced
apoptosis seen in these cells (on porous support as well as in colla-
gen gels; Figure 6B), to a level that was comparable to that of EpRas
control cells (data not shown). Importantly, neither mesenchymal
structures (as seen in TGF-f-treated EpRas control cells) nor loss
of polarized E-cadherin expression or de novo vimentin expression
was observed in these Z-VAD-FMK-treated TD-IxkBa-expressing
EpRas cells after 4 days of stimulation with TGF-§ (Figure 6, C
and D). Notably, due to the significant fraction of apoptotic cells
following TGF-f treatment, small areas of irregular structures
were detected in the TD-IkBo-expressing EpRas cultures (data
not shown). These were not observed when apoptosis was blocked
by Z-VAD-FMK. In summary, NF-kB signaling is required in Ras-
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phenotype and expressed high levels of
vimentin, but no E-cadherin (Figure 8, A
and B). Interestingly, however, a large per-
centage of TD-IkBa-expressing cells revert-
ed to an epithelial phenotype, in which the
cells formed compact structures, regained
marked E-cadherin expression at the plas-
ma membrane, and almost completely lost
expression of vimentin, as demonstrated
by immunofluorescence (Figure 8A) and
Western blot analysis (Figure 8B). Simi-
lar results were obtained under different
culture conditions (data not shown). TD-
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100 100 108

IkBa-expressing EpRasXT cells showed
no obvious signs of cell death when cul-
tured on porous support (e.g., condensed
nuclei, disintegrated cells, and detachment
from porous support). Annexin V staining
(Figure 8C) as well as cell cycle analysis
(data not shown) of TD-IkBa-express-
ing EpRasXT cells that had reverted to an
epithelial phenotype demonstrated that
reverted epithelial cells were still viable and
healthy. These results indicate that NF-kB
activity is required for maintenance of the

Counts
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Inhibition of NF-«B activity in mesenchymal EpRasXT cells causes reversal of EMT. EpRasXT cells
expressing the empty vector control, TD-lkBa, or CA-IKK-2 were cultivated on porous supports
for 6 days. (A) Cells were immunostained for E-cadherin (red; left column) or vimentin (red; right
column) and were counterstained for DNA (blue; omitted in top and middle panels, right column).
Original magnification, x200. (B) E-cadherin and vimentin levels were determined by Western blot
analysis with antibodies specific for E-cadherin and vimentin, respectively. Subsequent stripping
and reprobing of the blot with a p65/RelA—specific antibody was carried out to show equal loading
(bottom panel). (C) EpRasXT cells infected with either the TD-lkBo—expressing virus or the control
virus were grown on porous supports to allow EMT reversal in TD-lkBa. cells. Apoptotic cells were

mesenchymal phenotype of Ras-trans-
formed cells that have undergone EMT.
NF-KB is required for the metastatic potential
of EpRas cells in vivo. EpRas cells undergo
EMT in vivo in response to endogenous
TGF-B (19). TGF-B-induced EMT of
EpRas cells is tightly linked to their abil-

identified by annexin V staining and FACS analysis.

transformed cells for protection from TGF-B-induced apoptosis
during EMT. Moreover, NF-kB plays an additional role as a direct
regulator of the EMT program, as blockade of apoptosis does not
restore the ability of TD-IxBo-expressing EpRas cells to undergo
EMT in response to TGF-f3.

Inhibition of NF-XB activity in mesenchymal EpRasXT cells causes rever-
sal of EMT. We next addressed whether interference with NF-kB
activity would also affect the mesenchymal EpRasXT cells that
have completed EMT. EpRasXT cells were again stably infected
with retroviruses expressing TD-IkBa or CA-IKK-2 or with a
GFP-only empty control vector. Transgene expression, as assessed
by Western blot analysis, is shown in Figure 7A. EMSA showed
complete inhibition of NF-kB DNA-binding activity in untreat-
ed and TNF-a- or PMA-stimulated EpRasXT cells expressing
TD-IkBo. The expression of CA-IKK-2 resulted only in a moder-
ate (less than 2-fold) enhancement of NF-kB activity in untreated
cells (Figure 7B). Transient transfection with 3xkB.luc and sub-
sequent luciferase assays revealed a strong blockade of NF-xB
transactivation activity in EpRasXT cells expressing TD-IkBa,
while a moderate increase of luciferase activity was observed in
EpRasXT cells infected with CA-IKK-2.

To test whether TD-IkBa was able to revert EMT, we cultured
EpRasXT cells expressing TD-IkBa,, CA-IKK-2, or the control vec-
tor on porous support. As expected, CA-IKK-2- and control vector-
expressing EpRasXT cells showed a mesenchymal, spindle-shaped
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ity to form lung metastases, evident after

tail vein injection of cultured EpRas cells

(S. Griinert and H. Beug, unpublished
data) or cells recultivated from EpRas-induced primary mammary
tumors (17). Because NF-kB activity was found to be essential
for both the induction and maintenance of EMT, we sought to
determine whether NF-kB signaling is also required for metastatic
potential induced by Ras plus TGF- in vivo and whether inhibi-
tion of NF-kB would abrogate this metastatic ability. The meta-
static potential of TD-IkBa-expressing EpRas cells and EpRas
control cells was assayed by injection of cultured cells into the
tail vein of nude mice. Mice injected with EpRas control cells rap-
idly died from numerous large metastases (on average, 3-4 weeks
after tail vein injection), while mice receiving TD-IxBa-express-
ing EpRas cells appeared healthy at the time of death of the mice
injected with EpRas control cells. Mice injected with EpRas cells
with blocked NF-kB activity showed a 2-fold decrease in lung
weight (compared with that of control mice of similar age; data
not shown) and had only a few small (micro-) metastases (aver-
age number, 16.6 metastases per lung) by histological analysis,
compared with an average number of 171.0 metastases per lung in
animals injected with EpRas control cells (Figure 9, A-C). To verify
that TD-IkBa-expressing EpRas cells were still able to form pri-
mary tumors in a fashion similar to that of EpRas control cells, we
injected the cell types described above (in each case from the same
batches as used for tail vein injections) into mammary gland fat
pads of nude mice. After 3 weeks, both EpRas control cells as well
as EpRas cells expressing TD-IkBa formed tumors, which differed
Volume 114 577
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Figure 9

Inhibition of NF-«kB activity prevents metastasis of EpRas cells. (A) EpRas
cells infected with empty GFP vector (Empty) or TD-IkBa were injected
(5 x 105 cells per injection) into the tail veins of nude mice (four animals per
cell type), and mice were analyzed for the presence of lung metastases.
Note large metastatic nodules (white arrows) in the lung from the mouse
injected with EpRas cells that had been infected with empty vector (EpRas
empty; left). (B) Metastases in lungs similar to those shown in A were quan-
tified in serial sections to determine the mean numbers of metastases per
lung (four lungs per cell type). (C) Hematoxylin and eosin staining of lungs
from mice injected with EpRas cells that had been infected with empty vec-
tor or TD-IkBa.. Note large metastases in the mouse injected with EpRas
cells that had been infected with empty vector. Original magnification, x10.
(D) The same cells analyzed in A—C were injected (2 x 10° cells per injec-
tion site; four injection sites per animal) into the fat pads of nude mice (three
animals per cell type), and total tumor weight was determined for each indi-

NF-KB is required for distinct aspects of tumor progression. Our
observation that the antiapoptotic role of NF-kB plays a criti-
cal role in late-stage tumorigenesis (EMT) is consistent with
many reports in the literature. Indeed, NF-kB positively regu-
lates a plethora of antiapoptotic genes (30), and constitutive
NF-kB activity has been found in breast, prostate, colorectal,
and ovarian cancers and in certain forms of leukemia and lym-
phoma (reviewed in ref. 2). Inhibition of NF-kB in many human
tumor-derived cell lines, including malignant Reed-Sternberg
cells of Hodgkin disease, induces spontaneous apoptosis and/
or sensitizes cells to killing by TNF-a. or anticancer drugs (30).
Several studies have demonstrated that inhibition of NF-kB
results in an increased sensitivity of tumor cells to cancer ther-
apy-induced apoptosis. For example, delivery of a recombinant
TD-IkBa to chemoresistant tumors in mouse xenograft models
induced tumor regression by sensitizing them to chemothera-
peutic treatment with the topoisomerase I inhibitor CPT-11
(31, 32). Our results clearly establish a critical role for NF-xB
as an important regulator of the EMT gene program that goes
beyond its well established function in apoptosis protection.
This is based on several lines of evidence. First, NF-kB activa-
tion is sufficient to induce EMT in a considerable proportion
of epithelial EpRas cells. Second, NF-kB inhibition results in
a blockade of EMT (under conditions in which apoptosis was
efficiently suppressed). Third, NF-xB is a critical factor for
the activation of a subset of endogenous genes in the TGF-B-
induced gene program. Finally, NF-kB blockade can partially
revert EMT, resulting in viable and healthy epithelial cells.

Here we demonstrate for the first time to our knowledge that
NF-kB plays a causal role in the induction and maintenance of
EMT in Ras-transformed mammary epithelial cells, mediating an
invasive/metastatic tumor phenotype. These findings add mech-
anistic insight regarding the role of NF-kB in late-stage mam-
mary tumorigenesis and metastasis. Our observations regard-

vidual mouse after 3 weeks. Average total tumor weights are shown.

mainly in size (Figure 9D). In conclusion, inhibition of NF-kB
activity strongly affects the metastatic potential of EpRas cells in
vivo, while primary tumor formation is affected only moderately.

Discussion

Activation of NF-kB signaling is increasingly being recognized as a
key mechanism for tumorigenesis and is thought to act mainly by
conferring apoptosis resistance to transformed cells. In this report,
we used a well characterized combined in vitro/in vivo model of
mammary carcinogenesis (EpRas) to determine the function of
NF-kB in the regulation of epithelial plasticity and metastasis. First,
we showed that NF-kB activity is required together with oncogenic
Ras for efficient protection of mammary epithelial cells from TGF-3-
induced apoptosis, as a prerequisite for these cells to undergo an EMT
toward an invasive, metastatic tumor phenotype. Second, NF-kB
can, in part, induce EMT in Ras-transformed cells in the absence
of TGF-f3, suggesting that NF-kB signaling can mediate important
aspects of TGF-f signaling essential for inducing EMT. Third, NF-kB
activity is necessary for cells to be maintained in a mesenchymal
state, as its inhibition causes reversal of EMT; and finally, in agree-
ment with its essential role in the regulation of at least these three
distinct aspects of tumor progression in vitro, NF-kB signaling is
required for metastasis of Ras-transformed epithelial cells in vivo.
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ing a detectable or further elevated baseline activity of NF-kB in

unstimulated EpRas and EpRasXT cells, respectively, are consis-

tent with reports demonstrating constitutive activation of NF-xB
factors in breast cancer (33, 34). Inhibition of the constitutive NF-kB
activity in human breast cancer cell lines induced apoptosis (34) or
led to reduced tumorigenicity (35). Furthermore, mouse mamma-
ry tumor virus c¢-rel-transgenic mice develop late-onset mammary
tumors of diverse histology (36). Interestingly, some of the tumors
identified in the study by Romieu-Mourez et al. were spindle cell car-
cinomas, a tumor type possibly generated by EMT (12, 22).

Recent studies have suggested that NF-kB regulates the expres-
sion of multiple genes involved in tumor spread and metastasis,
including those encoding MMPs, IL-8, VEGF, and CXCR4 (37, 38).
Several NF-kB target genes we have reported to be induced during
EMT of EpRas cells, such as those encoding various MMPs and
cathepsin family members, chemokines/cytokines, tenascin-C,
etc. (see Table 1 and Figure 3E), could contribute to the NF-kB-
dependent metastatic capacity we observed in our study. Suppres-
sion of metastasis upon blockade of NF-kB activity has also been
reported in human prostate cancer cells (37), in human melano-
ma cells (39), and in murine lung alveolar carcinoma cells (40).
Collectively, our work and work by others clearly show the impor-
tance of NF-kB signaling for tumor progression and metastasis
in multiple tumor model systems. It should be noted, however,
that while NF-xB contributes to oncogenesis in many cell types,
its IkBo-mediated suppression in keratinocytes was recently dem-
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onstrated to be necessary for Ras-mediated induction of invasive
epidermal tumors resembling squamous cell carcinomas (41). The
role of TGF- signaling in the oncogenic Ras/IxBa tumors, how-
ever, has not been addressed.

Role of NF-KB in the cooperation of Ras- and TGF-B—dependent signal-
ing pathways during tumor progression. Previous studies by Janda et
al. (17) addressed the effect of Ras signaling pathways on epithe-
lial plasticity in the EpH4/EpRas model, using Ras mutants that
specifically activate only the Raf/MEK/Erk pathway (S35Ras) or
the PI3K/Akt pathway (C40Ras). Furthermore, specific inhibitors
that block Ras, MEK1, or PI3K were used to interfere with EMT
induction or maintenance in EpRas cells (17). Both approaches
showed that Ras-dependent signaling of the Raf/MEK/Erk path-
way in combination with TGF-f signaling is required for EMT
(17). In contrast, C40-induced PI3K/Akt signaling protected
EpH4 cells from TGF-f-induced apoptosis, but failed to induce
EMT. In vivo, only a Ras mutant able to activate the Raf/MEK/Erk
pathway (S35Ras), but not the C40Ras mutant, was able to gen-
erate metastases, strictly correlating with the potential of these
mutants to induce EMT (17). A number of reports have shown
that oncogenic Ras stimulates NF-kB-dependent transcription
and that NF-kB is required for Ras-mediated transformation
(reviewed in ref. 1). Several lines of evidence indicate that NF-xB
acts in a common pathway with PI3K/Akt, leading to suppres-
sion of TGF-B-induced apoptosis in Ras-transformed mammary
epithelial cells. First, the rate of TGF-f-dependent apoptosis
induction is very similar in TD-IkBo-expressing EpRas cells and
in EpRas cells treated with a specific PI3K inhibitor (17). Second,
Akt has been shown in several cellular systems to stimulate signal-
ing pathways that upregulate the activity of NF-kB. Importantly,
the antiapoptotic signals elicited by PDGF have been shown to
require Akt-induced NF-kB transcriptional activity (42). Several
reports have indicated that IKK activity is involved in the ability
of Akt to stimulate NF-kB transcriptional activity (42-44), while
others have found that PI3K or Akt can also stimulate NF-xB
activity through signaling pathways targeting the p65 subunit
of NF-kB (45). Our finding that modulating NF-kB activity has
the same effects in EpRas cells and V12S35 cells would be consis-
tent with the interpretation that the PI3K/Akt signaling may be
upstream of NF-kB activity. Collectively, further experiments are
required to elucidate how NF-kB precisely mediates Ras-depen-
dent effects in the EpRas cellular system.

Our observation that TGF-f-dependent induction of EMT
depends at least in part on NF-kB activity raises the question of
how these signaling pathways may collaborate. Induction of NF-kB
activity and transcription of target genes by TGF-f}, as observed in
our study, are in line with observations by Arsura et al. (28) in liver
epithelial cells. TGF-f can signal in a Smad-independent manner
through TGF-B1-activated kinase 1 (TAK1). Interestingly, TAK1
has been shown to directly phosphorylate the IKK complex in
response to TGF-f treatment, promoting NF-kB activation (28).
In addition, several Smad proteins, acting as transcription factors
defined as the major responders to TGF-f signaling, can function
as transcriptional coactivators through physical interaction with
NF-kB subunits to stimulate transcription via kB sites (46). It will
be important to further analyze at which levels these two pathways
intersect to abrogate the classical functions of TGF-f in the induc-
tion of apoptosis and how they cooperate in enhancing the role of
TGEF-B in the induction of EMT. A potential novel point of inter-
section has been discovered very recently. TGF-f induces transcrip-
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tion of the cell cycle inhibitor p21CIP1 by a mechanism, in which
Smad proteins cooperate with FoxO transcription factors (47).
Three strategies have been described to overcome this cell cycle
inhibition. The first is counteraction of FoxO function by another
member of the Fox transcription factor family, namely FoxG1
(47). The second is inactivation of FoxO proteins by the PI3K/Akt
pathway, which results in relocalization of FoxO proteins to the
cytoplasm (48). Third, in breast tumors, upregulation of IKK-2 has
been observed and IKK-2 was shown to directly phosphorylate and
functionally inactivate the FoxO proteins (49).

In summary, our study provides a functional dissection of the
requirement for NF-kB in several aspects of breast cancer pro-
gression in this combined in vitro/in vivo model system. It iden-
tifies NF-kB as a pivotal regulator of the EMT process, which
by itself is a critical prerequisite for metastasis. Further char-
acterization of the mechanisms by which NF-xB contributes to
the invasion and metastasis of mammary carcinomas and other
malignant tumors will provide important targets for drug dis-
covery, which should lead to new therapeutic approaches for
antimetastatic cancer treatments.

Methods

Cells and cell culture. Origin and culture conditions for EpRas and
EpRasXT cells were described earlier (19, 20). The generation and cul-
ture conditions of YNX amphotropic retrovirus producer cells express-
ing TD-IkBa, CA-IKK-2, and parental vector, coupled to the expression
of a GFP-zeocin-resistance fusion gene through an internal ribosome
entry site were described previously (29).

Retroviral infection of EpRas and EpRasXT cells with supernatant from NX
producer cells. EpRas and EpRasXT cells were infected with parental vector
or retroviruses expressing the dominant interfering mutants as described
earlier (29). Briefly, 24 hours prior to infection, EpRas and EpRasXT cells
were seeded in six-well plates at a density of 2 x 105 cells per well, and $NX
cells were seeded at a density of 3 x 10° cells per 10-cm plate. For infec-
tion, ONX cell supernatants were obtained and filtered through a 0.45-
um filter, and 5 ug/ml polybrene (Sigma-Aldrich, St. Louis, Missouri,
USA) was added to the filtrate. Thereafter, medium was removed from
the EpRas and EpRasXT cells and was replaced with ¢NX cell superna-
tants containing the retrovirus. Culture plates were centrifuged at 750 g
for 2 hours, the supernatants were removed and replaced with propaga-
tion medium. Then, 48 hours later, the efficiency of infection was moni-
tored by fluorescence microscopy (Improvision, Heidelberg, Germany)
and infected cells were selected with zeocin at concentrations of 1,500
ug/ml (EpRas) and 1,700 ug/ml (EpRasXT).

NF-KB assays. Western immunoblot analysis for monitoring protein
expression levels of dominant interfering NF-kB mutants was performed
as described earlier (29) using antibodies specific for IkBa (sc-371; Santa
Cruz Biotechnology, Santa Cruz, California, USA), IKK-2 (sc-7607; Santa
Cruz Biotechnology), and RelA (sc-372; Santa Cruz Biotechnology).

NF-kB DNA-binding activity was measured by EMSA. Whole-cell
extracts were prepared by the “freeze-thaw” method and EMSAs were
performed as described earlier (29). In all cases, whole-cell extracts were
incubated for 20 minutes at room temperature with radiolabeled double-
stranded oligonucleotides containing an Igk enhancer consensus NF-kB
site, an octamer-specific site (5'-ATGCAAAT-3'), or an Sp-1-specific
site (5'-ATTCGATCGGGGCGGGGCGAGC-3'), and the DNA-protein
complexes formed were then separated from free oligonucleotides by
electrophoresis through a native 4% polyacrylamide gel.

Modulations of NF-kB transactivation activity were measured by stable
transfection of EpRas and EpRasXT parental and retrovirus-transduced
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clones with the 3xxB luciferase reporter (3xkB.luc) and p-globin-TATA,
and subsequent luciferase activity assays. In brief, cells were transfected
with 10 ug of the 3xxB.luc reporter plasmid together with 100 ng of a
thymidine kinase Renilla luciferase reporter under the control of the herpes
simplex virus thymidine kinase promoter. Transfections were performed by
incubation of cells for 4 hours with a mixture of DNA and lipofectamine
at a ratio of 1:2.5 (Lipofectamine 2000; Invitrogen, Carlsbad, California,
USA) in serum-free media. At 20-28 hours after the start of transfection,
luciferase activity was determined with the Lumat LB 9507 luminometer
(Berthold Technologies, Bad Wildbad, Germany).

Semiquantitative RT-PCR. Total RNA was extracted and semiquantitative
RT-PCR was carried out as described earlier (29). Mouse MMP-13 was
amplified with primers 5'-CACTCCAAGGACCCAGGAGCCC-3' (sense)
and 5'-GCTGAGGGTGCAGGCGCCAGAA-3' (antisense; 28 cycles); mouse
MCP-1 was amplified with primers 5-CGGCTGGAGCATCCACGTGTTG-
3’ (sense) and 5'-GTCTGGACCCATTCCTTCTTGGGG-3' (antisense; 28
cycles); mouse cholecystokinin was amplified with primers 5'-CGCAGCCGG-
TAGTCCCTGCAGAA-3' (sense) and 5'-CCATCCAGCCCATGTAGTCCC-
GG-3' (antisense; 28 cycles); and mouse B-actin was amplified with primers
5'-GGTCAGAAGGACTCCTATGTG-3' (sense) and 5'-AGAGCAACATAG-
CACAGCTTC-3' (antisense; 28 cycles).

Marker analysis of cells grown on porous support. Cells were seeded on
porous supports (cell culture inserts; pore size, 0.4 um; BD, San Jose,
California, USA) at densities of 0.5 x 105 cells/well for EpRas cells and 1
x 10% cells/well for EpRasXT cells. In some experiments, cells were incu-
bated with the indicated concentration (see Figure 6C) of the broad-
range caspase inhibitor Z-VAD-FMK (R&D Systems, Minneapolis, Min-
nesota, USA). Fresh inhibitor was supplied with each medium change
every other day. Cells were cultivated for 5-7 days and then either cells
were subjected to immunofluorescence staining (described in detail in
ref. 17) with polyclonal rabbit anti-E-cadherin (610182; 1:500 dilution;
BD), monoclonal anti-mouse vimentin (Vim-13.4; V-2258; 1:500 dilu-
tion; Sigma-Aldrich), and Cy3-conjugated donkey anti-mouse IgG as
secondary antibody (1:1,000 dilution; Jackson ImmunoResearch Labo-
ratories), or cells were lysed in buffer containing 20 mM HEPES, 25%
glycerol, 0.42 M NaCl, 1.5 mM MgCl,, and 0.2 mM EDTA and subjected
to Western immunoblot analysis with antibodies specific for E-cadherin,
vimentin, and RelA (as specified above). For immunofluorescence stain-
ing, DAPI (0.1 ng/ml) was used for nuclear counterstaining. Digital
images were collected either with a MicroMAX camera (Roper Scientific,
Trenton, New Jersey, USA) on a Zeiss Axioplan 2 (Zeiss, Thornwood, New
York, USA) using Metamorph software (EpRas cells; Universal Imaging
Corp., Philadelphia, Pennsylvania, USA), or on a fluorescence micro-
scope (Improvision) using OpenLab 3.0.2 and 3.0.3 software (EpRasXT
cells; Improvision).

Collagen gel culture, marker analysis, and apoptosis assay. Serum-free,
three-dimensional cultures of EpRas cells and their derivatives were
performed as described earlier (17, 19). TGF-f1 (5 ng/ml; R&D Sys-
tems) was added to the cultures after 2-5 days and then was supplied
together with fresh medium every other day for a total of 5-7 days. In
situ immunofluorescence analysis was performed to analyze three-dimen-
sional structures for E-cadherin and vimentin expression, as described by
Janda et al. (17). The following antibodies were used: polyclonal rabbit
anti-E-cadherin (610182; 1:500 dilution; BD), monoclonal anti-mouse
vimentin (Vim-13.4; V-2258; 1:500 dilution; Sigma-Aldrich), and Cy3-
conjugated goat anti-mouse IgG as secondary antibody (1:3,000 dilution;
Jackson ImmunoResearch Laboratories). In all cases, DAPI (0.1 ng/ml)
was used for nuclear counterstaining.

For TUNEL assays, collagen gels were fixed in 4% paraformaldehyde in
PBS, washed with PBS three times, and stained for apoptotic nuclei with
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the In Situ Cell Death Detection Kit, TMR red (2156792; Roche Diag-
nostics, Indianapolis, Indiana, USA), according to the manufacturer’s
instructions. DAPI (0.1 ng/ml) was used for nuclear counterstaining.

Digital images of immunofluorescence-stained and TUNEL-stained col-
lagen gels were collected with a MicroMAX camera on a Zeiss Axioplan 2
using Micromorph software. For quantification of the TUNEL assay, more
than 300 cells from at least three fields in each collagen gel were counted
and average apoptotic indices were determined from two collagen gels.

Annexin V staining. XT cells expressing either TD-IkBa or the empty vec-
tor were grown for 4 days on cell culture inserts with a pore size of 0.4
um (BD). Cells were scraped off the filters, washed twice in ice-cold PBS,
and resuspended in binding buffer (BD) at a density of 1 x 10° cells/ml.
Then, 1 x 10° cells were stained with 5 ul of phycoerythrin-conjugated
annexin V (BD) for 15 minutes, washed twice with PBS, and analyzed by
flow cytometry (FACSCalibur, BD).

Tumorigenesis and metastasis assays. All animal studies have been approved
by the review board of the Institute of Molecular Pathology. Athymic MF1
nude mice were used for mammary gland and tail vein injections, with
200,000 cells per 20 ul PBS for mammary gland injection (tumorigenesis
assay) and 500,000 cells per 0.5 ml PBS for tail vein injection (metastasis
assay) of 6- to 10-week-old female mice.

For tumorigenesis assays, mice were sacrificed when tumors of control
animals had reached a size of approximately 1.0-1.5 cm in diameter (on
average, 3 weeks after mammary gland injection) or if tumors ulcerated or
the mice showed significant morbidity. Then, tumors were excised and col-
lected in PBS and total tumor weight (from four injection sites per mouse)
was determined for each individual animal.

For metastasis assays, mice were checked daily for weight loss and breath-
lessness for detection of massive lung metastasis. The mice of an entire
experiment were sacrificed at the time when control mice started to die
from lung metastasis (on average, 3-4 weeks after tail vein injection). Lungs
were excised and collected in PBS, and lung weight was determined.

For histological analysis of metastasis assays, lungs were immersed in
10% neutral buffered formalin before paraffin embedding and section-
ing. Sections 5 wm in thickness were processed for hematoxylin and
eosin staining and histological evaluation. Total numbers of metastases
per lung were determined by collection of serial lung sections, selection
of sections at approximately 0.3 mm apart, and counting of metastatic
lesions, with correction for the contribution of large metastatic lesions
that appeared on more than one section.
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