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Abstract
The role of mammary tumor epithelial cell (MEC) NF-κB in tumor progression in vivo is unknown
as murine NF-κB components and kinases are either required for murine survival or interfere with
normal mammary gland development. As NF-κB inhibitors block both tumor-associated
macrophages (TAM) and MEC NF-κB, the importance of MEC NF-κB to tumor progression in
vivo remained to be determined. Herein, an MEC-targeted inducible transgenic inhibitor of NF-κB
(IκBαSR) was developed in ErbB2 mammary oncomice. Inducible suppression of NF-κB in the
adult mammary epithelium delayed the onset and number of new tumors. Within similar sized
breast tumors, TAM and tumor neoangiogenesis was reduced. Co-culture experiments
demonstrated MEC NF-κB enhanced TAM recruitment. Genome wide expression and proteomic
analysis demonstrated IκBαSR inhibited tumor stem cell pathways. IκBαSR inhibited breast tumor
stem cell markers in transgenic tumors, reduced stem cell expansion in vitro, and repressed
expression of Nanog and Sox2 in vivo and in vitro. Mammary epithelial cell NF-κB contributes to
mammary tumorigenesis. As we show NF-κB contributes to expansion of breast tumor stem cells
and heterotypic signals that enhance TAM and vasculogenesis, these processes may contribute to
NF-κB dependent mammary tumorigenesis.
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INTRODUCTION
NF-κB proteins, which play a key role in regulating the inflammatory response (1),
participate in two intersecting signal pathways. The canonical NF-κB pathway proteins
(RelA, c-Rel and p50), form dimers with similar DNA binding specificity (2). The dimers
are held in an inactive cytoplasmic complexes with proteins of the IκB (Inhibitor of NF-κB)
family. IκB kinases (IKK) phosphorylate IκB bound to NF-κB, directing the IκB to
ubiquitin-dependent degradation (3) thereby releasing NF-κB dimers to enter the nucleus.
The alternate pathway utilizes the RelB/p52 dimer, which is regulated primarily by the
IKKα and interacts with a mostly distinct subset of target genes (4). NF-κB family members
are overexpressed or activated in breast cancer cell lines, primary human breast tumors and a
range of other malignancies (5,6). Inhibition of NF-κB in vivo enhanced squamous cell
tumor growth (7,8) and enhanced the development of hepatocellular carcinoma (9). In
contrast, the inactivation of IKKβ in intestinal epithelial cells reduced colonic tumor
formation in response to chemical pro-carcinogens (10).

Efforts to determine the specific role of mammary epithelial cell vs inflammatory cell NF-
κB in tumor progression have been confounded by three key principles. Firstly, most NF-κB
signaling proteins are essential for completing embryogenesis or post-natal mammary
growth and development, precluding the use of genetically-deleted mouse models for
exploring NF-κB function in mammary tumorigenesis in vivo (11). The NF-κB proteins
(RelA, p50) and the IκB proteins (IκBα) are expressed during normal murine postnatal
mammary gland morphogenesis (12). Transplantation experiments, using tissue donated by
mice deficient in NF-κB activity due to IκBα overexpression, support a role for NF-κB in
mammary epithelial proliferation and branching during normal mammary development (13).
Analysis of the alternate pathway of NF-κB signaling demonstrated IKKα and the Rel-B/p52
complex contribute to mammary gland development and IKKαA/A mice, have defective
development of terminal alveolar breast buds (14).

Secondly, NF-κB is expressed widely in multiple distinct cell types. These distinct cell types
(inflammatory cells, blood vessels, adipocytes, breast epithelial cells) may each contribute
independently to the tumor phenotype. The role of tumor epithelial cell NF-κB in breast
tumor progression in vivo in the immune-competent state is poorly understood. The
inflammatory response governing interactions between tumor cells and infiltrating immune
cells in the tumor microenvironment can either promote or inhibit tumor development (1).
Thus, dissecting the role of NF-κB in the mammary epithelial cell requires MEC cell-type-
specific regulation in immune-competent animals. Thirdly, NF-κB activity may contribute
differently during distinct phases of tumorigenesis. Thus, NF-κB may alter its function to
either inhibit or promote differentiation or tumorigenesis during development or tumor
progression. Temporarily controlled genetic regulation in the fully developed mammary
gland is therefore essential for such analysis.

Herein, we determined the role of NF-κB in ErbB2 mammary tumorigenesis in vivo by
developing an animal model that permits inducible suppression of NF-κB activity, targeted
to the mammary gland. Transgenic mice were generated encoding an ecdysone-regulated
stabilized IκBα protein (IκBα SuperRepressor: IκBαSR), in which serine residues 32 and 36
of IκBα have been changed to alanine and are therefore unavailable to IKKα-mediated
phosphorylation and degradation. The three cointegrated transgenes allowed temporally
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controlled suppression of NF-κB activity in the normally developed mammary gland. These
triple transgenics were crossed to mammary-targeted ErbB2 to determine the requirement
for NF-κB activity in ErbB2-mediated mammary tumorigenesis in vivo.

Using spatial and temporal control of mammary epithelial cell NF-κB in vivo we
demonstrate that mammary epithelial cell NF-κB promotes tumor onset, growth,
angiogenesis and the infiltration of TAM. Inhibition of NF-κB correlated with reduction in
epithelial mesenchymal transition (EMT), a reduction in breast tumor stem cell expansion
and a reduction in a heterotypic signal in which MEC recruited TAM.

MATERIALS AND METHODS
Cell culture, retroviral infection, luciferase reporter assay

The 293T, NAFA, ErbB2-induced mammary tumor cell lines and mouse embryo fibroblasts
(MEFs) were cultured as described (15,16). MCF10A, MCF10A-NeuT cells were cultured
in DMEM/F-12 50/50 (Cellgro, Mediatech Inc., Herndon, VA) as recommended by the
American Type Culture Collection. Primary murine mammary epithelial cell (MEC) was
collected from transgenic mice and cultured as previously described (17). To make the
MSCV-IκBαSR-IRES-GFP retroviral vector, an EcoRI fragment coding for IκBαSR (18)
was subcloned into the MSCV-IRES-GFP vector (19) at the EcoRI site upstream of the
IRES driving expression of GFP (20). Viral supernatants were prepared and target cells were
infected as previously described (20). The expression vector plasmid, pVgRXR was
obtained from Invitrogen (Carlsbad, CA). The Ponasterone A inducible pBPSTR1-VgEcR/
RXRα-EGRE3-IκBαSR vector is an all in one retrovirus based on the pBPSTR1 system.
VgEcR and RXRα were subcloned into pBPSTR1 together with EGRE3-IκBαSR. The NF-
κB-responsive reporter construct 3xRel-luc, was as previously described (21). Transfections
were performed with Superfect transfection reagent (Qiagen, Valencia, CA) or
Lipotectamine 2000 Transfection reagent (Invitrogen, Carlsbad, CA) according to the
manufacture's protocols. The relative firefly luciferase activities were calculated by
normalizing transfection efficiency according to the Renilla luciferase activities. TNF-α was
obtained from Sigma (St. Louis, MO). Statistical analyses were performed using the Student
t test.

Colony formation, cellular proliferation, DNA synthesis, cell-cycle, apoptosis
Colony formation assay, [3H] thymidine (TdR) incorporation and cell proliferation analysis
determined using MTT were previously described (22). Flow cytometry was used for cell-
cycle analysis followed the standard protocol (22). Apoptotic cells were assessed using the
Annexin V-FITC apoptosis detection kit (Roche, Grenzacherstrasse, Switzerland).

Immunohistochemistry and Angiogenesis
Immunohistochemical staining was performed using the EnVision+ System-HRP following
manufacturers guidelines. Slides were made from paraffin-embedded murine mammary
tissue from MMTV-ErbB2 and MMTV-ErbB2/IκBαSR mice (N=5/group). The following
primary antibodies were used [(CD31 (CM 303A, BIOCARE MEDICAL, Concord CA)
(1/50); CD34 (ab8158, abCam, Cambridge, MA) (1/50); vWF (A0082, DAKO, Carpinteria,
CA) (1/500); VEGF (sc-507, Santa Cruz, CA) (1/250); VCAM-1 (sc-8304, Santa Cruz, CA)
(1/250); CD44 (#550538, BD Pharmingen, Franklin Lakes, NJ) (1/50); F4/80 (ab6640,
abCam, Cambridge, MA) (1/700); FLAG-IκBαSR (A9594, Sigma, St. Louis MO) (1/100)].
The signal was visualized using a Cyanine 3 (Cy-3) labeled Tyramide amplification system
(Perkin Elmer Life Sciences, INC., Boston, MA). Sections were mounted in aqueous
medium containing DAPI as a nuclear counterstain (Vector LABS). A negative control was
performed to ensure the specificity of fluorescent immunostaining by replacing primary
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antibody with a nonimmune rabbit IgG. Microvascular density (MVD) of the tumors was
determined as previously described (23).

Ponasterone A-inducible IκBαSR transgenic mice
Animal experiments were approved by the Georgetown University and Thomas Jefferson
University animal use committees. The transgenic lines carrying the EGRE3-IκBαSR
transgene were crossed with animals expressing mammary gland-targeted MMTV-pVgEcR,
CMV-RXRα and EGRE3-β-Gal mice (15,17) to create Ponasterone A-Inducible IκBαSR
(PISA) mice. These lines were then crossed with MMTV-ErbB2 mice (16) to create PISA/
ErbB2 mice. Transgenic tumor analysis is described in supplemental data.

Microarray and cluster analysis
Microarrays were performed as previously described (24). Arrays were normalized using
robust multiarray analysis (RMA), and P-value of 0.05 was applied as statistical criteria for
differential expressed genes. Expression profiles are displayed using Treeview (25).
Classification and clustering for pathway level analysis employed ASSESS (Analysis of
Sample Set Enrichment Scores) (26).

Bone marrow macrophage isolation and NAFA co-culture assay
Bone marrow cells obtained from tibiae of 5-8 week old female FVB mice were cultured in
24-well plates (3×105 cells/0.5 ml per well) in DMEM containing 10% FBS and 50ng/ml
CSF-1 for 4 days (27,28). Accordingly, almost all the adherent cells should express
macrophage-specific antigens Mac-1/CD11b, Moma-2 and F4/80 (28). The macrophages
were enriched and selected according to manufacturers guidelines (Miltenyi Biotec Inc.,
CA).

In the NAFA-macrophage co-culture studies, 3×105 NAFA/GFP or NAFA/IκBSR cells
were seeded on coverslips in the bottom of a 24 well plate overnight. The next day, CD11b+

F4/80+ macrophages (3×104 macrophages/transwell) were placed inside the 24-well plate
(29). The cells were co-cultured in phenol red free DMEM containing 5% charcoal stripped
serum and 5ng/ml CSF-1 for 5 days. After 5 days of co-culture, the cells on the coverslips
were then fixed with 4% paraformaldehyde for 20 minutes and permeabilized using ice cold
0.2% Triton-X in PBS for 2 minutes on ice. After washing, the fixed and permeabilized cells
were stained for F4/80 (CI:A3-1, Abcam, Cambridge, MA) with a DAPI nuclear stain and
the macrophages were counted to determine how many had migrated to the NAFA cells on
the coverslips. Images of the F4/80 positive macrophages were captured on a confocal
microscope at 40× magnification.

Mammosphere formation and FACS analysis of stem cell surface markers
Mammosphere formation assays were conducted as previously described (30).
Immunostaining of cell surface markers by FACS analysis for breast cancer stem cells was
based on prior publications (31).

Small interfering RNA transfection
Small interfering RNAs (siRNAs) against NF-κB p105 (J-003520-09-0010, NM_003998),
NF-κB p65 (J-003533-08-0010, NM_021975), and nontargeting siRNA (D-001810–03)
were acquired from Dharmacon RNA Technology (Lafayette, CO) and were solubilized
according to manufacturer's protocol. MCF10A-NeuT cells were transfected by the
Nucleofector technology using Nucleofector Kit V and program T-024 (Amaxa Biosystems,
Gaithersburg, MD). Transfection efficiency was monitored by non-silencing fluorescein
labeled siRNA from QIAGEN.
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Immunoprecipitation and Western blot
Immunoprecipitation and Western blot analysis was conducted as previously described (22).
The antibodies used were directed to p65 (Rockland Immunochemicals Inc, Gilbertsville,
PA), p50 (Upstate, Lake Placid, NY), E-cadherin (BD Biosciences, Franklin Lakes, NJ),
ZO-1 (33-9100, Zymed, San Francisco, CA), N-Cadherin (3B9, Zymed, San Francisco, CA),
Fibronectin (F3648, Sigma, St. Louis, MO), β-Catenin (E-5, Santa Cruz, CA), Vimentin
(H-84, Santa Cruz, CA), FLAG (C-21, Santa Cruz, CA), IκBα (C19, Santa Cruz, CA), anti-
FLAG M2 Affinity Gel (A2220, Sigma, St. Louis, MO) and the loading control guanine
dissociation inhibitor (GDI, RTG Sol. LLC, Gaithersburg, MD), Vinculin (V9131, Sigma,
St. Louis, MO) or β-Actin (Upstate, Lake Placid, NY). The appropriate HRP-conjugated
secondary antibodies were subsequently applied and immunodetection was conducted using
the ECL procedure.

RNA isolation, RT-PCR and quantitative real-time PCR
Total RNA was isolated from NAFA cells infected with IκBαSR inducible system, MMTV-
ErbB2 and MMTV-ErbB2/IκBαSR mammary tumors used Trizol (17). One step RT-PCR
for IκBαSR transgene expression was performed using a mRNA Selective PCR Kit (Takara
Shuzo, Otsu, Japan) according to the manufacturers' instructions. Expression values were
normalized to ribosomal protein L19 (RPL-19).

SYBR Green based real-time PCR reactions were performed using QuantiTect SYBR Green
PCR kit (Qiagen Inc, Valencia, CA) and Quantitect pre-validated Primer Assays for mouse
MMP3, MMP9, PDGF-AA, ICAM1, Arcp30, and 18S rRNA as internal control following
manufacturers recommendations on an ABI Prism 7900HT system (Applied Biosystems
Inc., Foster City, CA). All primer sequences used in RT-PCR were listed in the material
supplemental table.

RESULTS
Transgenic mice express IκBαSR, targeted to mammary epithelial cells

Germ-line deletion of the NF-κB proteins results in embryonic lethality. IκBα-deficient mice
die at ~9 days postnatally. A transgenic system, in which IκBαSR expression was targeted to
the mammary gland and temporally regulated by ecdysone receptor activation was
developed to determine the role of NF-κB in tumorigenesis. A cell line derived from tumors
of transgenic mice in which activated ErbB2 was targeted to the mammary gland (NAFA)
was used. In the presence of the stably-integrated pVgEcR/RXRα/EGRE3-IκBαSR
expression vector, Ponasterone A induced expression of the EGRE3-IκBαSR transgene in
NAFA cells as determined by Western blotting for either the FLAG epitope or for IκBαSR
(Supplementary Fig. S1A). This led to suppression of NF-κB activity, as measured with the
3xRel-luc luciferase reporter construct (Supplementary Fig. S1B).

Founder lines co-integrating the EGRE3-IκBαSR transgene were established
(Supplementary Fig. S1C). Transgenic mice expressing MMTV-VgEcR, RXRα, EGRE3-β-
gal, EGRE3-IκBαSR are known as PISA mice (Ponasterone A-inducible IκBαSR). The
mouse embryo fibroblasts (MEFs) created from PISA/ErbB2 transgenic mice were
transfected with the NF-κB-responsive reporter, 3xRel-luc and treated with Ponasterone A
to induce IκBαSR expression (Supplementary Fig. S1D). Ponasterone A induced IκBαSR
FLAG epitope expression in the MEFs, as also demonstrated by immunohistochemical
staining (Supplementary Fig. S1E). In the absence of Ponasterone A, TNF-α induced NF-κB
activity 15-fold at 48 h, which was inhibited ~60% upon induction of the endogenous
IκBαSR transgene with Ponasterone A (Supplementary Fig. S1F).
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Endogenous NF-κB regulates epithelial cell proliferation and survival
Inducible transgenic IκBαSR expression was confirmed by Western blot analyses of 3
separate MEC cultures (Fig. 1A). Inhibition of NF-κB reduced cellular growth and DNA
synthesis by approximately 35% to 50%, as measured by MTT reduction and [3H]
thymidine (TdR) incorporation (Fig. 1A, B), but did not significantly influence cell cycle
distribution in MEC (data not shown).

Ponasterone A induced expression of IκBαSR in NAFA cells transfected with the
pBPSTR1-VgEcR/RXRα-EGRE3-IκBαSR vector (Fig. 1C). After 5 days of IκBαSR
expression, NAFA proliferation was reduced by ~35% (Fig. 1C). The proportion of cells in
the DNA synthetic phase of the cell-cycle was reduced by induction of IκBαSR expression
via Ponasterone A in NAFA cell lines (Fig. 1D). The NAFA tumor cells formed colonies in
soft agar and induction of the IκBαSR transgene reduced colony growth 20~35% (Fig. 1D).
IκBαSR suppresses, and thus NF-κB maintains, cell proliferation and colony formation of
ErbB2-derived murine mammary tumor cell lines. The trend was mirrored in a PISA/ErbB2
derived tumor cell line (Supplementary Fig. S2)

Endogenous NF-κB activity regulates initiation of ErbB2-induced mammary tumorigenesis
Mammary tumors develop spontaneously in PISA/ErbB2 mice in the absence of IκBαSR
transgene induction. To circumvent the requirement for NF-κB in normal ductal
development, the multigenic PISA/ErbB2 mice were allowed to develop to maturity, then
treated with Ponasterone A or placebo, by pellet implantation from 13 weeks (to study tumor
onset) (Supplementary Fig. S3A) or 23 weeks (to measure growth-linked outcomes). In the
absence of Ponasterone A induction of IκBαSR, PISA/ErbB2 mice developed multifocal
mammary tumors (Supplementary Fig. S3B, C). In contrast, PISA/ErbB2 mice in which
IκBαSR had been induced with Ponasterone A, rarely developed tumors by 21 weeks.
Tumors that arose in mammary glands of IκBαSR-expressing transgenic mice were typically
fewer in number (Supplementary Fig. S3C).

When NF-κB activity was suppressed after 23 weeks of age (Fig. 2A), IκBαSR transgene-
expression reduced the average number of tumors developing per mouse significantly over
the following 6 weeks (Fig. 2B). Fewer Ponasterone A-treated animals had any tumors after
2 weeks and the difference was significant at 5 weeks (Fig. 2C, D). Together, these studies
demonstrate for the first time that in immune-competent transgenic mice mammary NF-κB
activity governs the rate of initiation and the number of ErbB2 tumors.

NF-κB regulates mammary epithelial cell gene expression of reactive oxygen species
(ROS), EMT and stem cells

Gene expression profiles were compared between MMTV-ErbB2 animals and Ponasterone
A-treated PISA/ErbB2 (Supplementary Fig. S4). Gene targets of NF-κB were identified with
functions in cell survival, cell cycle control, signaling, DNA repair, chromosomal
organization, biogenesis, and functions in transcription, cytoskeleton formation, transport
and metabolism (Supplementary Fig. S4A; Supplementary Table S1). In order to identify
functional pathways regulated by endogenous NF-κB, genome-wide enrichment analysis
was conducted using ASSESS. These studies identified pathways inhibited by IκBαSR
including NF-κB signaling, ROS production, epithelial mesenchymal transition (EMT),
cellular invasion, cellular proliferation, inflammation and vasculogenesis (Supplementary
Fig. S4B).
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Mammary epithelial cell NF-κB determines recruitment of tumor-associated macrophages
and angiogenesis during ErbB2 tumorigenesis

Gene expression array analysis of the transgenic mice mammary tumors (Supplementary
Fig. S4) identified a number of genes inhibited by IκBαSR that promote angiogenesis (Table
S3). As the growth of tumors beyond 1 to 2 mm requires the induction and maintenance of a
blood supply (32), we examined the influence of IκBαSR transgene expression on tumor
vascularity in Ponasterone A and placebo-exposed PISA mice. Tumors of transgenic mice
expressing IκBαSR demonstrated a ~45% reduction in tumor microvessel density (Fig. 3A).
Tumors were less vascular by histomorphometric and immunohistochemical analyses (Fig.
3B). Integrin engagement activates mammary tumor NF-κB in vitro when assayed with 3D
matrigel cultures (33). We examined candidate proangiogenic extracellular matrix (ECM)
integrin-binding proteins, to determine the mechanism by which NF-κB promoted mammary
tumor angiogenesis in vivo. Neither the α1α4 integrin binding protein VCAM1, nor the αvα3
binding ECM protein vWF changed in abundance (Fig. 3C, D). In contrast, VEGF
abundance and the endothelium-expressed PECAM-1/CD31 were significantly reduced by
IκBαSR expression in vivo.

Mouse models with defective CSF1 signaling due to mutation of the CSF1 receptor
suggested TAM (Tumor Associated Macrophages) contribute to murine mammary tumor
progression by enhancing angiogenesis (34). It has been hypothesized, but never proven,
that mammary epithelial tumor induced-NF-κB may contribute to mammary tumor TAM
recruitment. To determine whether mammary epithelial cell NF-κB regulates TAM
recruitment, we examined the infiltration of bone marrow macrophages assayed using F4/80
immunostaining. IκBαSR expression reduced the proportion of F4/80 staining macrophages
within the mammary tumors by ~50% (Fig. 4A). F4/80 expressing macrophages were
isolated by fluorescence activated cell sorting and migration was assessed (Fig. 4B). The
lower chamber of the Boyden chamber contained equal numbers of either cultured NAFA-
IκBαSR or NAFA-GFP control cells. The number of migrating macrophages was reduced
~40% in the presence of NAFA-IκBαSR (Fig. 4C). Thus, NF-κB within MEC contributes
heterotypic signals to recruit TAM.

NF-κB in mammary tumors maintains progenitor cell expansion
In view of the finding that NF-κB inhibition reduced EMT, we determined the function of
NF-κB in regulating stem cell features in transgenic mice. CD44 is a transmembrane cell-
surface protein that is essential for the homing and stem cell properties of leukemic stem
cells and serves as a useful marker for solid tumor-initiating cells in mammary tumors (35).
IκBαSR expression reduced the proportion of CD44 positive cell in PISA/ErbB2 tumor by
~50% (Fig. 5A).

A small number of primary breast cancer cells, tumor initiating cell (TIC) or cancer stem
cells form secondary tumors (36). TICs form non-adherent mammospheres when cultured
under specific conditions in the absence of serum. Inhibition of NF-κB activity reduced
mammosphere number by >60% in cell lines derived from PISA/ErbB2 mice and in Met-1
cells (Fig. 5B). Cancer stem cells can be enriched by sorting for CD44+/CD24−/low cells in
human and murine breast cancer cells (37,38). In mouse breast tumor cells, CD44+/CD24−
cells are enriched 50- to 100-fold in tumor growth potential in syngeneic transplantation,
and are enriched for expression of stem cell associated genes (37). Reduction of endogenous
NF-κB through IκBαSR expression reduced the proportion of CD44+/CD24-/low cells by
15% in the cell lines derived from PISA/ErbB2 mice (Fig. 5C) and 75% in a second murine
cell line Met1 (Fig. 5D).
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The molecular circuitry governing embryonic stem (ES) cells is active in many tumors, with
altered expression of key ES cell regulators (Oct4, Sox2 and Nanog). mRNA from tumors of
transgenic mice examined by QT-PCR (Fig. 6A) for candidate ES cell regulators (Sox2,
Oct4, Nanog), demonstrated a reduction in Sox2 (~60%) and Nanog (~30%). Expression of
IκBαSR reduced Nanog and Sox2 promoter activity in the PISA/ErbB2-derived cell line
50% and 90% respectively (Fig. 6B). p65/p50 induced the Sox2 promoter 3-fold and the
Nanog promoter was induced 6-fold. IκBαSR reduced NF-κB dependent activity of the
promoter (Fig. 6C, D).

DISCUSSION
The current studies include the first in vivo analysis of the molecular genetic pathways
regulated by endogenous MEC NF-κB. The PISA mouse provided a valid model for
examining mammary tumorigenesis without disturbing antecedent physiological mammary
gland development or disturbing other NF-κB regulated functions, such as inflammatory and
immune responses in the tumor. This system allowed normal NF-κB activity throughout the
animal during development, providing a physiologically valid background to determine the
function of NF-κB in the normally-developed adult mammary gland. Local, timed
suppression of NF-κB activity in these multiply-transgenic mice was used to examine the
significance of MEC NF-κB on tumor progression and local heterotypic signals. Mammary
epithelial cell IκBαSR induction delayed tumor appearance and reduced average tumor
number. Suppressed tumor formation rate in vivo was reflected in IκBαSR-regulated
suppression of growth in PISA mammary epithelial cell lines in vitro. IκBαSR expression
induced by ponasterone did not reduce the relative expression of ErbB2 mRNA compared
with vehicle control (N=6, 8.59 vs 8.58) by microarray nor abundance by Western blot
analysis (Supplementary Fig. S5). Inhibition of MEC NF-κB in vivo reduced the infiltration
of F4/80 staining macrophages and reduced tumor vascularity and features of
neoangiogenesis. Reconstitution analysis demonstrated endogenous breast tumor epithelial
cell NF-κB governs macrophage recruitments. Through selectively inactivating MEC NF-κB
in the adult mammary gland we have demonstrated MEC NF-κB governs a heterotypic
signal in vivo that controls the initiation of mammary tumor growth, recruits TAM and
promotes neoangiogenesis.

The role of MEC NF-κB in generating angiogenesis and specific heterotypic signals was
previously unknown. IκBαSR expression reduced angiogenesis in mammary tumors of
PISA/ErbB2 mice. Microarray analysis demonstrated a reduction in expression of gene
clusters regulating angiogenesis and a subset of secreted factors capable of regulating
neovasculogenesis. Analysis of the mechanisms by which MEC NF-κB regulated
angiogenesis identified reduced secretion of VEGF and several other factors (Acrp30, Mip2,
Rantes, K6, MMP-3, MMP-9) in the NAFA cell line expressing IκBαSR, corresponding to a
reduction in gene expression within the mammary tumor expressing IκBαSR (data not
shown). The reduction in angiogenesis may have contributed to the delay in onset and or
progression of the ErbB2 tumors.

Herein, MEC NF-κB enhanced the infiltration of TAM. G-CSF is produced in advanced
human and murine breast cancers (39). Breast tumor derived CSF-1 increased hematopoietic
stem cells and endothelial progenitor cell numbers in the mouse (39). In prior studies
investigating the potential role of macrophages in mammary tumor progression, the polyoma
middle T antigen was expressed in the murine mammary gland and the animals crossed with
mice expressing a mutation of the CSF-1 receptor (34). Tumor progression and angiogenesis
was reduced in the mice expressing a mutant CSF-1 receptor. Although CSF-1 receptor is
expressed on vascular smooth muscle cells, these studies were consistent with a model in
which CSF-1-recruitment of TAM contributes to mammary tumor progression. The
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mechanisms by which macrophages contribute to breast tumor progression are unclear.
Macrophage infiltration correlates with angiogenesis (34) and bone marrow cells recruited
through the neuropilin-1 receptor promote neoangiogenesis formation in mice (40).

The current studies provide several lines of evidence that the canonical NF-κB pathway
contributes to self renewal of mammary tumor cells in vivo. First, genome wide analysis
implicated NF-κB function in regulating genes involved in ES cell function. Secondly,
expression of CD44, a transmembrane receptor used as a marker of human breast tumor
stem cells (35) was reduced ~50% in the transgenic mouse tumors in vivo upon induction of
the IκBαSR transgene. Thirdly, mammosphere production, a recognized surrogate for self
renewal, using cell lines derived from the transgenic mice, was inhibited by IκBαSR
expression. Fourth, the generation of CD44high/CD24-/low cells, characteristic of human and
murine mammary stem cells was reduced by IκBαSR expression (37,38). The specific
mechanism by which NF-κB regulates self-renewal may involve transcriptional repression
of the key regulators of ES cell identity (Sox2 and Nanog). Herein IκBαSR was shown to
regulate the abundance of Sox2 and Nanog in mammary tumors and to directly regulate their
gene expression. Our findings with the canonical NF-κB pathway are consistent with studies
of the alternate (IKKα) pathway in breast tumor self-renewal using a kinase knockin model
(41). The canonical NF-κB and alternate pathways are often distinct and may be mutually
antagonistic. The keratinocyte defect of IKKα−/− mice is NF-κB-independent (42). IKKα
has been shown to suppress NF-κB activation by accelerating the turnover of RelA and C-
Rel, and inactivation of IKKα, in contrast with inactivation of the canonical NF-κB pathway,
can lead to enhanced inflammation (43). An IKKαAA/AA knockin mouse model
demonstrated a role for IKKα in normal mammary gland development and mammary
epithelial stem cell expansion (14,41). Importantly, no alteration in NF-κB activity was
observed in the WT vs IKKαAA/AA mammary tumors suggesting the IKKα mediated
induction of mammary stem cell expansion involves distinct mechanisms from the current
studies which specifically inactivated NF-κB signaling. Collectively, these studies are
consistent with a role for both the canonical and alternative NF-κB pathways in maintaining
tumor stem cells.
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Figure 1. NF-κB enhances DNA synthesis, cellular proliferation or colony formation in
mammary epithelial cells (MEC) and NAFA cells carrying Ponasterone A-inducible system
A, Induction of IκBαSR expression by Ponasterone A in MECs (left diagram) and effect on
proliferation (N≥16) (right diagram). B, DNA synthesis in MEC was analyzed by 3H-
thymidine incorporation (48 h Ponasterone A treatment, N=3). C, Inducible IκBαSR
expression in NAFA cells carrying Ponasterone A-inducible system (pBPSTR1-VgEcR/
RXRα-EGRE3-IκBαSR) determined by RT-PCR (left diagram) and the effect on
proliferation as determined by MTT assay (right diagram). D, Cell cycle distribution was
determined using FACS (N≥2), showing decline in proportion of S phase after IκBαSR
induction via Ponasterone A exposure for 48 h (left diagram) and reduced colony formation
in soft agar after Ponasterone A treatment for 2 weeks (right diagram). (5μM of Ponasterone
A was used in culture. * P<0.05; ** P<0.01).

Liu et al. Page 13

Cancer Res. Author manuscript; available in PMC 2011 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. IκBαSR delays ErbB2 induced mammary tumor onset
A, A group of thirty-seven PISA/ErbB2 mice were treated from 23 weeks of age with
Ponasterone A (n = 19) or placebo (n = 18) (left diagram). Inducible IκBαSR expression in
transgenic mice mammary tumor treated with Ponasterone A and placebo, displayed by
immunoprecipitation with anti-FLAG and detection with anti-IκBα (right diagram). B,
Average number of tumors per mouse in Ponasterone A or placebo-exposed groups. C,
Kaplan-Meier plots of proportion of animals free of mammary tumor in Ponasterone A and
placebo treated groups. D, Percentage of mice in each group free of tumor at 60 days after
pellet implantation. (* P< 0.05, ** P<0.01).
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Figure 3. Reduced vasculogenesis and bone marrow macrophages in PISA/ErbB2 mammary
tumors
Analysis of mammary tumors in PISA mice (N=10), with or without Ponasterone A-induced
IκBαSR expression to determine: A, Microvessel density; B, Histopathology by hematoxylin
and eosin staining (left), immunostaining to demarcate CD31 (middle), CD34 (right)
positive tumor blood vessels and C, immunohistochemical staining for candidate
proangiogenic factors; E, Quantitation of immunohistochemical staining for proangiogenic
factors, shown as mean + SEM (* P< 0.05, ** P<0.01). All pictures taken using 40x
objective.
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Figure 4. Mammary epithelial cell NF-κB determines recruitment of tumor-associated
macrophages
Analysis of mammary tumors in PISA mice (N=10), with or without Ponasterone A-induced
IκBαSR expression to determine: A, Immunohistochemical staining and quantitation for
F4/80; B and C, Macrophage migration assays in response to secreted factors of IκBαSR
expressing mammary tumors. Schematic representation of protocol in which bone marrow
macrophages were differentiated with G-CSF for 5 days then assessed for migration through
a transwell toward NAFA/GFP or NAFA/IκBαSR cells seed on the bottom of a Boyden
chamber. Macrophages that had migrated to the bottom were stained for F4/80 and counted
(C, right diagram).
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Figure 5. NF-κB promotes breast tumor stem cell marker expression and mammosphere
production
A, Analysis of breast cancer stem cell marker CD44 in mammary tumors of PISA mice
(N≥3) with or without IκBαSR induced by Ponasterone A. B, Mammosphere assays (N≥4)
were conducted of breast cancer cell lines derived from 3 separate PISA/ErbB2 cell lines
(left diagram) and in Met-1 cells (right diagram), and quantitation was conducted after 10
days. Treatment was with the IKKα inhibitor (Bay11-7082, 10μM). C, D, Stem cell surface
markers (CD24−/low/CD44+/+) of breast cancer cell line PISA/ErbB2 (C) or Met-1 (D). Cells
were transduced with IκBαSR or control vector (N≥3).
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Figure 6. NF-κB in mammary tumors maintains progenitor cell expansion
A, Quantitative analysis of (QT-PCR) of ES cell marker genes (Sox2, Oct4, Nanog) in
mammary tumors of transgenic mice (PISA/ErbB2) with or without Ponasterone A
treatment. Data are mean ± SEM of N=6 separate tumors. B, Luciferase reporter gene assays
were conducted in PISA/ErbB2 tumor cells. Data are mean luciferase activity ± SEM or
N≥3 separate experiments. C, D, Luciferase reporter gene assays were conducted by
transient transfection as described in the materials and methods.
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