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Background: Stromal-epithelial interactions regulate mammary gland development and tumorigenesis.
Results: Targeted overexpression of adipocyte enhancer-binding protein (AEBP1) in stromal macrophages induces alveolar
hyperplasia via up-regulation of NF-�B, TNF�, and hedgehog pathway components.
Conclusion: AEBP1 orchestrates the stromal-epithelial interactions via proinflammatory and hedgehog signaling.
Significance:This is a first report implicatingAEBP1 inmammary gland hyperplasiawith possible association to tumorigenesis.

Disruption of mammary stromal-epithelial communication
leads to aberrant mammary gland development and induces
mammary tumorigenesis.Macrophages have been implicated in
carcinogenesis primarily by creating an inflammatory microen-
vironment, which promotes growth of the adjacent epithelial
cells. Adipocyte enhancer-binding protein 1 (AEBP1), a novel
proinflammatory mediator, promotes macrophage inflamma-
tory responsiveness by inducing NF-�B activity, which has been
implicated in tumor cell growth and survival by aberrant sonic
hedgehog (Shh) expression. Here, we show that stromal macro-
phage AEBP1 overexpression results in precocious alveologen-
esis in the virgin AEBP1 transgenic (AEBP1TG) mice, and the
onset of ductal hyperplasia was accelerated in AEBP1TG mice
fed a high fat diet, which induces endogenous AEBP1 expres-
sion. Transplantation of AEBP1TG bone marrow cells into non-
transgenic (AEBP1NT) mice resulted in alveolar hyperplasia
with up-regulation of NF-�B activity and TNF� expression as
displayed in the AEBP1TG mammary macrophages and epithe-
lium. Shh expression was induced in AEBP1TG macrophages
and RAW264.7 macrophages overexpressing AEBP1. The Shh
target genes Gli1 and Bmi1 expression was induced in the
AEBP1TGmammary epithelium and HC11mammary epithelial
cells co-cultured with AEBP1TG peritoneal macrophages. The
conditioned AEBP1TG macrophage culture media promoted
NF-�B activity and survival signal, Akt activation, inHC11 cells,
whereas such effects were abolished by TNF� neutralizing anti-
body treatment. Furthermore, HC11 cells displayed enhanced

proliferation in response to AEBP1TG macrophages and their
conditionedmedia. Our findings highlight the role of AEBP1 in
the signaling pathways regulating the cross-talk between mam-
mary epithelium and stroma that could predispose the mam-
mary tissue to tumorigenesis.

Chronic inflammation is often the perpetrator of mammary
tumorigenesis via disruption of normal signaling between the
ductal epithelium and stromal microenvironments (1, 2). The
stromal microenvironment contains a heterogeneous popula-
tion of cells such as fibroblasts, endothelium, adipocytes, and
immune cells that can have a crucial impact on cancer develop-
ment (3). In particular, stromal macrophages play an integral
role in promoting inflammatory signaling leading to cancer
development, progression, and metastasis (4, 5).
Nuclear factor-� B (NF-�B) is a pivotal proinflammatory

transcriptional regulator that is constitutively active in mam-
mary tumors (6). NF-�B promotes aberrant cell proliferation,
survival and invasion via secretion of various cytokines and
chemokines (7). In the canonical pathway, NF-�B is a dimer of
RelA (p65) and p105/50 that translocates to the nucleus and
binds to the promoter regions of its target genes (8). However,
NF-�B activity is diminished in quiescent cells when it is
sequestered in the cytoplasm as it complexes with proteins of
the inhibitor of NF-�B (I�B) family. NF-�B activity is induced
by various signals that stimulate the multimeric I�B kinase
complexes to phosphorylate I�B, triggering ubiquitin-medi-
ated degradation by the proteasome (8).
NF-�B was recently shown to transcriptionally activate the

mitogen sonic hedgehog (Shh)6 in inflammatory-stimulated
macrophages (9). The hedgehog signaling pathway is a critical
regulator of tissuemorphogenesis, and it has been implicated in
the development, progression, and metastasis of various types
of cancer (9–11). Shh binds and inactivates the transmembrane
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receptor Patched (Ptch), which allows the activation of the
membrane-bound hedgehog effector Smoothened (SMO).
SMO activation prompts the release of the glioma-associated
oncogene homolog (Gli) transcription factors to the nucleus
(12), where they can activate Hh-responsive genes (e.g. Gli1,
Ptch1, Hhip). Constitutive activation of hedgehog signaling is
an essential pathway in cancer development as it up-regulates
genes involved in proliferation (cyclins), apoptosis resistance
(Bcl2), and epithelial-to-mesenchymal transition (Snail) (13–
16). Although previous studies indicated that aberrant produc-
tion of Shh originates from tumors themselves (9, 17), it has
been suggested that Shh production from NF-�B-stimulated
stromal macrophages is also essential for promoting tumor
growth in a paracrine manner (18).
Adipocyte enhancer-binding protein 1 (AEBP1) is a novel

proinflammatory mediator (19) that induces NF-�B activity via
hampering I�B� inhibitory function (20). AEBP1 is expressed
in many tissues, but it is most abundant in preadipocytes (21,
22) andmacrophages (19, 20, 23), which are found inmammary
stroma. We have recently demonstrated that AEBP1 is specifi-
cally localized in the stromal compartment of adult nulliparous
mammary glands and that macrophage AEBP1 plays a critical
role in mammary gland development (24). Interestingly,
microarray analyses revealed that AEBP1 is up-regulated in the
stroma ofmammary tumors (25) and breast cancer cells (26). In
this study we demonstrate that AEBP1-transgenic mice
(AEBP1TG),with targetedAEBP1overexpression in adipose tis-
sue andmacrophages (27), have a significantly higher incidence
of alveolar hyperplasia and enhanced macrophage infiltration
compared with non-transgenicmice (AEBP1NT).We also pres-
ent compelling evidence suggesting that macrophage AEBP1
promotes mammary hyperplasia by sustaining a chronic
inflammatory microenvironment associated with enhanced
hedgehog and NF-�B signaling.

EXPERIMENTAL PROCEDURES

Animals—Generation of AEBP1TG (27) and AEBP1�/� (28)
mice was previously described. Age-matched mice were kept
on a 12-h light cycle in the Carleton Animal Care Facility at
Dalhousie University where they were fed and watered ad libi-
tum. Standard rodent chow and high fat diet (HFD; 45% of total
calories from fat; D12451; Research Diets, New Brunswick, NJ)
were used. All animal protocols have been approved by the
Dalhousie University Animal Care committee. Mice were sac-
rificed by euthanasia using an overdose of sodium pentobarbi-
tal (Somnitol) and mammary glands were isolated for analysis.
Bone Marrow Transplantation—Bone marrow (BM) trans-

plantation experiments were performed as previously
described (29).
Whole Mount Analysis and Immunohistochemistry—Whole

mount preparations of mammary glands were performed as pre-
viouslydescribed (24).Quantificationofbranchingwasperformed
by analyzing whole-mount preparations of mammary glands.
Mammary gland sections were prepared as previously described
(24). Consecutive serial sections were incubated overnight at 4°C
with anti-F4/80 antibody (Abcam, Cambridge, MA), rat anti-
mouse TROMA-1 (keratin 8) antibody (Developmental Studies
Hybridoma Bank, University of Iowa, IA), or normal rat IgG. The

immunoperoxidase stainingwasperformedusingVectastainABC
kit (Vector Laboratories, Burlingame, CA). The signal was visual-
ized using 3,3�-diaminobenzidine peroxidase substrate (Sigma).
Peritoneal Macrophage Isolation—Peritoneal macrophages

were isolated as previously described (29). Briefly, mice were
injected intraperitoneally with 3 ml of sterile 4% Brewer’s thio-
glycollate brothmedium (Sigma). Five days latermicewere sac-
rificed, and peritoneal cells were isolated by lavage using high
glucose Dulbecco’s modified Eagle’s medium (DMEM)
medium supplemented with 10% heat-inactivated fetal calf
serum, 1% penicillin-streptomycin antibiotic mixture. Macro-
phage were further purified by adherence for �16 h at 37 °C, at
which timemedia were replaced to remove non-adherent cells.
Isolation of Murine Mammary Epithelial Cells—Mammary

gland digestion and isolation of mammary epithelial cells were
performed as previously described (24). Briefly, Mammary
gland tissue was excised, minced, and then digested in a colla-
genase/dispase (Sigma) solution at 37 °C for 2 h with shaking at
200 rpm. Mammary gland cells were collected by centrifuga-
tion, andmammary epithelial cells were isolated using themag-
netic EasySep Mouse Epithelial Cell Enrichment Kit (EasySep,
StemCell Technologies, BC, Canada) according to the manu-
facturer’s protocols.
Cell Culture and Ligand Treatments—Peritoneal macro-

phages, RAW264.7 macrophages, and HC11mammary epithe-
lial cells were maintained in DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin. For
co-culture experiments, HC11 cells (0.6–1.0 � 105 per well)
were seeded in 6-well tissue culture plates. The following day
culture inserts (transparent/translucent PETmembrane, 1-�m
pore size; BD Biosciences) were seeded with AEBP1NT or
AEBP1TG peritoneal macrophages (2.0–2.5 � 105) and co-cul-
tured with HC11 cells for 48 h. HC11 cells were subsequently
lysed for immunoblot analysis.
Cell ProliferationAssay—HC11 cells were seeded in 24-well co-

culture combinationplates at adensity of 6.0–8.0�103 cells/well.
After 24 h, AEBP1NT or AEBP1TG peritoneal macrophages were
seeded in the upper chamber (1.0 � 104 cells/insert), and the
growth of HC11 cells wasmonitored daily by hemocytometer cell
counting. HC11 cells were also cultured with AEBP1NT or
AEBP1TG peritoneal macrophage culture-conditioned media (24
h), and their growth was monitored byMTT reagent.
Transient Transfection of RAW264.7 Macrophages—

RAW264.7 cells were transfected in 6-well plates (1.0 � 106
cells/well) usingGenePorter3000 (Genlantis, SanDiego, CA) in
serum-freeOpti-MEMmedia according tomanufacturer’s pro-
tocol. After 4 h of adding transfection reagent, an equal volume
ofOpti-MEMcontaining 10% FBSwas added to eachwell. Cells
were cultured under standard conditions for 24 h after treat-
ment. The pRc/CMV-AEBP1 expression construct is derived
from the pRc/CMV vector. Detailed plasmid construction is
available upon request.
Morpholino Oligomer Construction and Treatments—Mor-

pholino constructs were designed to target the translation ini-
tiation site of the murine AEBP1 transcript (22). AEBP1-mor-
pholino (AEBP1-MO, 5�-TGT CCT CAA TGC GGT GTG
ACT CCA T-3�) and the nonspecific control morpholino
(CONT-MO, 5�-CCT CTT ACC TCA GTT ACA ATT TAT
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A-3�) were synthesized by Gene Tools (Philomath, OR). After
removing media, complete DMEM medium with morpholino
oligos (10 �M) was added to cells. Endo-Porter (6 �M, Gene
Tools), a delivery reagent, was subsequently added to the cells,
which were further incubated for 24 h.
Whole Cell and Nuclear Protein Extraction, Immunoblot

Analysis, and Electrophoretic Mobility Gel Shift Assay (EMSA)—
Whole cell and nuclear protein extraction of mammary glands,
cell lines, and cells isolated frommurine tissue as well as immu-
noblot analysis were performed as previously described (24).
Nuclear and cytosolic fractions were verified using the markers
c-myc andAkt, respectively, as previously described (20). Nuclear
protein extracts (2 �g) were used for EMSA as previously
described (20). The immunoblots were quantified based on densi-
tometric analysis using the program ImageJ (www.rsb.info.
nih.gov), normalized to actin, and represented as a bar graph.
Quantitative PCRAnalysis—TRIzol reagent (Invitrogen)was

used to extract RNA from cells according to manufacturer’s
instructions. Total RNAwas purified from the aqueous phase of
TRIzol extracts using the RNeasy Mini Kit (Qiagen, Valencia,
CA), and cDNA was synthesized from total RNA (1 �g) using
the QuantiTect Reverse Transcription kit (Qiagen) according
to the manufacturer’s instruction. Starting with 30 ng/�l of
cDNA, the SYBR Green quantitative PCR master mix (Invitro-
gen) and the CFX96 real time PCR detection system (Bio-Rad)
were used to amplify the genes of interest using the following
primer sets: murine Gli1, 5�-TTC GTG TGC CAT TGG
GGA GGT T-3� and 5�-TCT TCA CGT GTT TGC GGA
GCG A-3�; murine �-actin, 5�-GAC GGC CAG
GTC ATC ACT AT-3� and 5�-GAA AGG GTG TAA AAC
GCA GC-3�. Relative gene expression was evaluated using
the comparative Ct method (��Ct method) (30) and normal-
ized to �-actin expression.
Statistical Analysis—Data are expressed as the mean � S.D.

(or S.E. in some cases) of the indicated number of samples.
Statistical significancewas determined using Student’s t test for
unpaired observations. p � 0.05 (*) and p � 0.001 (**) are con-
sidered statistically significant.

RESULTS

AEBP1 Induces Mammary Epithelial Cell Hyperplasia with
Increased Macrophage Infiltration into Mammary Gland—
AEBP1 regulates inflammation by enhancing NF-�B activity in
macrophages (20), resulting in up-regulation of proinflamma-
tory chemokines and cytokines (19) reported to be involved in
mammary tumorigenesis (3–5). AEBP1 is expressed in the stro-
mal compartment of mammary gland (24). Aberrant up-regu-
lation of stromal AEBP1 in themammary glandmay potentially
promote tumorigenesis by inducing proinflammatory signals
that result in aberrant proliferation of mammary epithelial
cells. We tested this possibility using AEBP1TG mice with tar-
geted AEBP1 overexpression in adipocytes (27) and macro-
phages (19). Whole mount analysis revealed that �30% of
30-week-old AEBP1TG females fed regular chow diet exhibit
alveolar hyperplasia, whereas AEBP1NT females did not
develop hyperplasia (Table 1; Fig. 1A). Experimental evidence
suggests that a HFD challenge up-regulates AEBP1 expression
in white adipose tissue (27), peritoneal macrophages (29), and

mammary tissue (data not shown). We speculated that hyper-
induction of AEBP1 in the AEBP1TG mice by HFD could fur-
ther promote mammary epithelial cell hyperplasia. Remark-
ably, AEBP1TG females developed alveolar hyperplasia at a
more dramatic rate when mice were fed HFD (Table 1). In as
little as 7 weeks on HFD, the incidence of alveolar hyperplasia
increased to �60% in 10-week-old AEBP1TG females. After 20
weeks of HFD feeding, 100% of 30-week-old AEBP1TG females
exhibited alveolar hyperplasia. These results reveal that stromal
overexpression of AEBP1 can cause aberrant proliferation of
mammary epithelial cells, suggesting that AEBP1 and diet
interplay to influence mammary epithelial cell growth in vivo.
AEBP1 is abundantly expressed in macrophages, and it pro-

motes the expression of the proinflammatory chemokine Ccl2
(19), which is associated with tumor initiation and progression
by promoting macrophage infiltration into the tumor site (5).
Therefore, we examinedwhetherAEBP1 regulatesmacrophage
infiltration into mammary tissue. Immunohistochemical anal-
ysis using the macrophage marker F4/80 revealed that macro-
phages are recruited to the mammary epithelium, and they are
associated with alveolar hyperplasia (Fig. 1B), similar to a
reported mouse model of preneoplastic progression (4). Exam-
ination of epithelial structures in the mammary gland revealed
a dramatic increase in the number ofmacrophages surrounding
the ducts in AEBP1TG mice (Fig. 1B). Stromal macrophages
appear to be intercalated into the mammary epithelium and in
close proximity to the epithelial buds as observed with preneo-
plastic progression (4). Immunohistochemical analysis with the
epithelial cell marker TROMA-1 (keratin 8) reveals multilayers
of luminal epithelial cells and epithelial buds along the ducts of
AEBP1TG mammary gland (Fig. 1B), a phenotype that is typi-
cally observed in mammary epithelial cell hyperplasia (4). We
speculate that the increased rate of mammary epithelial cell
hyperplasia in AEBP1TG mice by HFD feeding is mediated via
AEBP1 up-regulation, leading to NF-�B activation, proinflam-
matory signaling, and macrophage infiltration.
AEBP1 Up-regulates NF-�B Activity in Mammary Gland—

We previously reported that AEBP1 up-regulates NF-�B (p65)
activity in macrophages (20). NF-�B transcriptional activity
regulates several cytokines and chemokines implicated in cell
growth, inflammation, apoptosis, transformation, and onco-
genesis (31). Given that stromal AEBP1 overexpression pro-
motes aberrant proliferation of mammary epithelial cells in
vivo, we speculate that the proinflammatory function ofAEBP1,
which is mediated via NF-�B up-regulation, may play a pivotal
role in mammary gland hyperplasia and potentially tumor-
igenesis. Using mammary glands isolated from AEBP1TG,
AEBP1NT, AEBP1�/�, and AEBP�/� mice, we examined
whether AEBP1 influences NF-�B expression and activity in

TABLE 1
Increased incidence of mammary hyperplasia in AEBP1TG mice
(n/n), the number of mice with alveolar hyperplasia per total number of mice.

Diet Age AEBP1TG AEBP1NT

Weeks % %
Regular diet 30 29 (2/7) 0 (0/5)
HFD (20 weeks) 30 100 (4/4) 25 (1/4)
HFD (12 weeks) 26 80 (4/5) 20 (1/5)
HFD (7 weeks) 10 60 (3/5) 0 (0/4)

Stromal AEBP1 Promotes Mammary Gland Hyperplasia

NOVEMBER 9, 2012 • VOLUME 287 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 39173



mammary glands. AEBP1TG mammary gland, which overex-
presses AEBP1 by �4.5-fold (Fig. 2A), exhibits �4-fold higher
levels of nuclear NF-�B (p65) compared with AEBP1NT mam-
mary gland (Fig. 2B). Consistently, the nuclear NF-�B (p65)
level in AEBP1�/� mammary gland is significantly lower than
that in AEBP1�/� mammary gland (Fig. 2C). To assess NF-�B
transcriptional activity, nuclear proteins extracted from mam-
mary glands were subjected to EMSA using 32P-labeled �B
DNA binding consensus sequence. EMSA analysis indicates
that NF-�B activity correlates with AEBP1 levels in the mam-
mary gland (Fig. 2D). These results suggest that stromal AEBP1
overexpression may mediate proinflammatory signaling
through augmentedNF-�Bactivity in themammary gland, ulti-
mately promoting mammary epithelial cell hyperplasia.

AEBP1 Promotes TNF� Expression in Mammary Gland—
TNF� is a proinflammatory cytokine produced predominantly
by infiltrative immune cells in an NF-�B-dependent manner
(32). TNF� is integral in the initiation and progression ofmam-
mary tumors (33). Because AEBP1 enhances NF-�B activity in
mammary gland, we anticipated that increased TNF� levels in
the mammary gland of AEBP1TG mice mediate mammary
hyperplasia and tumorigenesis. To examine this hypothesis,
TNF� level in AEBP1TG, AEBP1NT, AEBP1�/�, andAEBP1�/�

mammary glands was assessed by immunoblot analysis. Com-
pared with the AEBP1NT counterpart, TNF� level is signifi-
cantly higher in AEBP1TG mammary gland (Fig. 3A). Con-
versely, TNF� expression is reduced in AEBP1�/� mammary
gland compared with AEBP1�/� control (Fig. 3A). Because

FIGURE 1. Stromal AEBP1 overexpression increases the incidence of mammary epithelial cell hyperplasia. A, shown are whole mount (left and middle
panels) and histological (right panels) analyses of mammary glands from adult nulliparous AEBP1NT and AEBP1TG mice (n 	 5–7). B, shown are representative
paraffin-embedded sections of mammary glands from AEBP1TG (n 	 4) and AEBP1NT (n 	 3) mice fed a HFD for 22 weeks were stained with anti-F4/80, rat
anti-mouse TROMA-1 (keratin 8) antibodies, or normal rat IgG and counterstained with hematoxylin.
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immunohistochemical analysis indicated that stromal macro-
phages stain positive for AEBP1 (Fig. 1), we further analyzed
CD11b� macrophages isolated from AEBP1TG and AEBP1NT

mammary glands to determine whether these macrophages
were a significant cell source of TNF�. Expectedly, TNF�
expression was �6-fold higher in AEBP1TG stromal macro-
phages compared with AEBP1NT counterparts (Fig. 3B), sug-
gesting that stromal AEBP1 induces a proinflammatory
microenvironment by up-regulating TNF�, promoting mam-
mary tumorigenesis.
Induced activation of NF-�B in the mammary epithelium by

TNF� and other stimuli is pivotal tomammary tumor initiation
and progression as it enhances cell proliferation, survival, and
invasiveness (34). Because AEBP1 overexpression correlates
with TNF� up-regulation in mammary gland, we anticipated
that NF-�B activity and cytokine production to be enhanced in
mammary epithelial cells. Indeed, AEBP1TG mammary epithe-
lium displayed a 6-fold increase inNF-�B activity and a 2.5-fold
increase in TNF� level compared with AEBP1NT control (Fig.
3B), suggesting that stromal AEBP1 may mediate mammary
hyperplasia by inducing NF-�B activity in mammary epithe-
lium via TNF� signaling.
Macrophage AEBP1 Regulates Mammary Epithelial Cell

Growth—Although TNF� up-regulation in AEBP1TG macro-
phages suggests thatAEBP1 overexpression is a key contributor
to alveolar hyperplasia, it is plausible that ectopic expression of
the AEBP1 transgene in adipocytes (27) may also contribute to
mammary hyperplasia in AEBP1TG mice. To rule out this pos-
sibility, we performed BM transplantation experiments where
BM cells fromAEBP1TG and AEBP1NTmice were injected into
�-irradiated AEBP1NT recipients. Because stromal macro-
phages are derived from circulating monocytes, BM transplan-
tation allows the repopulation ofmacrophages in themammary
gland after �-irradiation (24), enabling us to specifically alter
macrophageAEBP1 expression in themammary stroma.Mam-
mary glands from BM-chimeric mice were subjected to
immunoblot analysis and ductal branch number quantifica-
tion to further demonstrate that macrophage AEBP1 over-
expression is primarily responsible for mammary epithelial
cell hyperplasia. The adoptive transfer of AEBP1TG BM cells
into AEBP1NT mice consequently resulted in up-regulation
of NF-�B activity and TNF� expression in the mammary
gland (Fig. 4A), concomitant with more extensive branching
(Fig. 4B). Conversely, the adoptive transfer of AEBP1NT BM
cells into AEBP1TG mice led to a significant reduction of
ductal branch number (Fig. 4B). These findings suggest that
stromal macrophage AEBP1 regulates mammary epithelial
cell growth via modulation of TNF� signaling to induce
NF-�B activity in the mammary epithelium.
AEBP1 Regulates Shh Signaling in Mammary Gland—Be-

cause Shh expression is directly regulated by NF-�B in macro-
phages (9, 10), AEBP1maymanifest itself as a novel regulator of
Shh signaling through its positive regulation of NF-�B activity.
Indeed, Shh level was �3-fold higher in AEBP1TG peritoneal
macrophages compared with AEBP1NT counterparts (Fig. 5A).
Similarly, exogenous overexpression of AEBP1 (�4-fold) in
RAW264.7macrophages resulted in an�3-fold increase in Shh
expression (Fig. 5B). Conversely, Shh expression was decreased

FIGURE 2. AEBP1 stimulates NF-�B activity in mammary gland.
A, shown is a representative blot of AEBP1 expression in AEBP1TG and
AEBP1NT mammary glands (n 	 4). B and C, shown is a representative blot
of nuclear NF-�B (p65) and AEBP1 levels in AEBP1TG, AEBP1NT, AEBP1�/�,
and AEBP1�/� mammary glands (n 	 3– 4). Cytoplasmic (A) and nuclear (B
and C) protein fractions were extracted and subjected to immunoblotting
using �-actin level for normalization. Nuclear and cytosolic fractions were
confirmed using the markers c-myc and Akt, respectively. D, nuclear pro-
tein extracts isolated from AEBP1TG, AEBP1NT, AEBP1�/�, and AEBP1�/�

mammary glands (n 	 3) were subjected to EMSA using 32P-labeled NF-�B
probe. Nuclear protein extracts from AEBP1TG mammary glands were
incubated with specific (unlabeled NF-�B probe) and nonspecific (unla-
beled, unrelated probe) competitors to serve as positive controls. NF-�B
probe alone served as a negative control.
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by �5-fold in peritoneal macrophages when the endogenous
AEBP1 level was reduced (�2.5-fold) by morpholino knock-
down (Fig. 5C). We further investigated whether AEBP1 pro-
motes hedgehog signaling in mammary gland by assessing the
mRNA level ofGli1, a specific target of hedgehog signaling (35).
Compared with AEBP1NT controls, mammary epithelial cells
from AEBP1TG mice display a �4-fold increase in Gli1mRNA
levels (Fig. 5D).
Enhanced expression of Gli1 in AEBP1TG mammary epithe-

lial cells suggests that AEBP1 modulates Shh signaling in
macrophages. To examine whether macrophage AEBP1 mod-
ulates Shh signaling, we assessed the expression of the onco-
gene Bmi1 (36), another target of hedgehog signaling (37), in
HC11 mammary epithelial cells co-cultured with peritoneal
macrophages. HC11 cells co-cultured with AEBP1TG macro-
phages exhibited an �2-fold up-regulation of Bmi1 (Fig. 5E)
compared with HC11 cells co-cultured with AEBP1NT macro-
phages, suggesting that AEBP1 promotes mammary hyperpla-
sia not only by modulating TNF� signaling but also by regulat-
ing Shh signaling.

Stromal Macrophage AEBP1 Induces NF-�B and Akt Activa-
tion in Mammary Epithelial Cells via Paracrine TNF� Signal-
ing Resulting in Increased Mammary Epithelial Cell
Proliferation—In addition to stimulatingNF-�B activity, TNF�
can also promote survival of mammary epithelial cells via Akt
phosphorylation/activation (38). We evaluated the ability of
macrophage-conditioned media to modulate NF-�B and Akt
activity in HC11 mammary epithelial cells. HC11 cells were
cultured in fresh medium supplemented with conditioned
media of thioglycollate-elicited macrophages, and nuclear and
cytoplasmic protein extracts were obtained and subjected to
immunoblotting to assess NF-�B activity (pNF-�B) and Akt
activity (pAkt), respectively. HC11 cells treated with AEBP1TG

macrophage supernatant resulted in a significant increase in
pNF-�B level compared with AEBP1NT control (Fig. 6A). Con-
sistently, pNF-�B level is significantly lower in HC11 cells
treated with AEBP1�/� macrophage supernatant compared
withAEBP1�/� control (Fig. 6A). In the presence of anti-TNF�
blocking antibody, the induction of pNF-�B level was com-
pletely abolished (Fig. 6A). Furthermore, pAkt level was signif-

FIGURE 3. AEBP1 promotes TNF� expression in mammary gland. A, shown is a representative blot of AEBP1 and TNF� expression in AEBP1TG, AEBP1NT,
AEBP1�/�, and AEBP1�/� mammary glands (n 	 3). B, shown is a representative blot of TNF� and p-NF-�B expression in macrophages and epithelial (Epith)
cells isolated from pooled (n 	 5) AEBP1TG and AEBP1NT mammary glands. For these data, whole cell protein extracts were obtained and subjected to
immunoblotting using �-actin level for normalization.
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icantly higher inHC11 cells treatedwithAEBP1TGmacrophage
supernatant compared with AEBP1NT control (Fig. 6B). Con-
versely, pAkt was significantly reduced in HC11 cells treated
with AEBP1�/� macrophage supernatant compared with
AEBP1�/� control (Fig. 6B). Again, the addition of anti-TNF�
blocking antibody in the macrophage supernatants abolished
the induction of pAkt level (Fig. 6B). These results suggest that
macrophage AEBP1 modulates paracrine TNF� signaling to
stimulate NF-�B and Akt activity in the mammary epithelial
cells, promoting aberrant cell survival and proliferation.
Because AEBP1 up-regulates various pro-proliferative factors
such as TNF�, NF-�B, Shh, and Akt, we evaluated the effect of
AEBP1TG and AEBP1NT macrophage co-culture on epithelial
cell proliferation. AEBP1TG macrophage supernatants signifi-
cantly increased HC11 cell proliferation (Fig. 6C). Similarly,
and compared with AEBP1NT controls, co-culture with
AEBP1TG peritoneal macrophages resulted in increased prolif-
eration of HC11 cells (Fig. 6D), suggesting that macrophage

AEBP1 causes aberrant epithelial cell proliferation potentially
via synergistic action of TNF�, Akt, NF-�B, and Shh signaling,
which stems from the macrophages.

DISCUSSION

Chronic inflammation is a common denominator in cancer
progression of various tissues (1, 2). In the mammary gland,
chronic inflammation stimulates aberrant epithelial cell prolif-
eration and survival, consequently promoting tumor initiation
and progression (3–6). AEBP1 is a critical proinflammatory
mediator (19, 20, 39, 40) expressed in the mammary stroma
(24). AEBP1 up-regulates NF-�B activity in macrophages via
I�B� inhibition in conjunction with enhanced proinflamma-
tory profile (19, 20). TNF� promotes the growth of normal and
transformedmammary epithelial cells andmammary tumors in
vivo by inducing NF-�B activity (32, 33). AEBP1 expression in
mammary gland correlates with up-regulation of NF-�B activ-
ity, TNF� expression, and increased macrophage infiltration.
Akt activity is also stimulated by a proinflammatory microen-
vironment in mammary tumors and has a strong correlation
with breast cancer survival rate (38). We demonstrate that
mammary epithelial cells cultured in the presence of AEBP1TG
and AEBP1�/� macrophage culture media exhibit significantly
increased and decreased NF-�B and Akt activity, respectively.
Furthermore, inhibiting macrophage-derived TNF� signaling
hinders AEBP1 ability to induce NF-�B and Akt activity. These
findings suggest that stromal overexpression of AEBP1 influ-
ences the initial stage ofmammary tumorigenesis by promoting
paracrine proinflammatory signaling, resulting in aberrant sur-
vival and proliferation of the ductal epithelium, subsequently
leading to alveolar hyperplasia.
Our findings also present AEBP1 as a novel regulator of Shh

signaling, a pathway that is critically involved in tumorigenesis,
angiogenesis, and epithelial-mesenchymal transition (9, 17, 18,
41). Our findings demonstrate that AEBP1 expression corre-
lates positively with Shh expression in macrophages, and it is
conceivable that AEBP1 up-regulates Shh expression through
regulation of NF-�B activity (18). In addition, cellular choles-
terol levels are essential for regulating the processing of the
hedgehog precursor proteins (42). Interestingly, AEBP1 regu-
lates cholesterol homeostasis in macrophages by transcrip-
tional repression of cholesterol efflux genes including liver X
receptor � (LXR�) (19, 39). By depleting cellular cholesterol
levels, LXR� inhibits Shh signaling possibly through decreasing
the level of its cholesterol-dependant cleavage and post-trans-
lational modification (43). The effect of AEBP1 in regulating
cholesterol homeostasis via LXR� repression may enhance
cholesterol-dependent processing of Shh, presenting AEBP1 as
a novel dual regulator of hedgehog signaling via mediating Shh
expression and cholesterol-dependent cleavage/post-transla-
tional modification.
Studies have demonstrated a link between chronic inflam-

mation and enhanced hedgehog signaling (9, 18). Our findings
indicate that paracrine TNF� and Shh signaling from stromal
macrophages to mammary epithelial cells induces phospho-
inositide 3-kinase (PI3K)/Akt and Shh-Gli signaling pathways,
respectively. PI3K-dependent Akt activation promotes hedge-
hog activity (44) by antagonizing PKA-mediated Gli-inactiva-

FIGURE 4. Macrophage AEBP1 stimulates NF-�B activation in mammary
epithelial cells via TNF�. A, shown is a representative blot of p-NF-�B and
TNF� expression in mammary gland of �-irradiated chimeric mice. Whole cell
protein extracts (n 	 4) were obtained and subjected to immunoblotting using
�-actin level for normalization. B, quantification of mammary ductal branching in
�-irradiated chimeric mice (n 	 5) and representative images are shown.
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tion. In our study macrophage AEBP1 enhances Akt activation
in mammary epithelial cells via TNF�, which may also potenti-
ate the effects of hedgehog signaling. This suggests that macro-
phage AEBP1 promotes mammary hyperplasia through the
synergistic effect of the PI3K/Akt and hedgehog pathways that
promote oncogenic activity of the Gli transcription factors in
mammary epithelium. We propose that macrophage AEBP1
plays a role as a criticalmammary stromal factor that stimulates
the NF-�B and Akt survival signals in mammary epithelial cells

via enhanced TNF� secretion from stromal macrophages. Fur-
thermore, we speculate that increased Shh expression in
macrophage overexpressingAEBP1may cause up-regulation of
Gli1 and Bmi1, genes known to be induced by the hedgehog
signaling pathway, in the mammary epithelial cells.
Our findings focus on the role of macrophage AEBP1 in pro-

moting mammary epithelial cell hyperplasia through TNF�
and Shh signaling. However, these signals are also involved in
tumor progression and metastasis (18, 43, 45–47), which may

FIGURE 5. Macrophage AEBP1 up-regulates Shh signaling in mammary gland. A, shown is a representative blot of Shh and AEBP1 expression in AEBP1NT

and AEBP1TG peritoneal macrophages (n 	 2). B, shown is a representative blot of Shh and AEBP1 expression in RAW264.7 macrophages transfected with 0.5
�g of pRc/CMV or pRc/CMV-AEBP1 (n 	 2). C, shown is a representative blot of Shh and AEBP1 expression in AEBP1NT peritoneal macrophages treated with
control (Ctrl Morph) or knockdown (AEBP1 KD) morpholino (n 	 1). D, Gli1 and Bmi1 mRNA levels in mammary epithelial cells (n 	 3) from pooled AEBP1NT and
AEBP1TG mammary glands (n 	 4 –5) are shown. E, shown is a representative blot of Bmi1 expression in HC11 cells (n 	 3) cultured in the presence of pooled
AEBP1NT or AEBP1TG peritoneal macrophages (n 	 4 –5). For the data shown, whole cell protein (A–C and E) and total RNA (D) extracts were obtained, and the
expression of the indicated target proteins/genes was determined by immunoblotting or qRT-PCR. These results were normalized to �-actin levels.
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implicate AEBP1 as a critical factor in breast cancer progres-
sion. Indeed, xenograft experiments indicated that growth of
4T1 mammary tumor cells in NOD/SCID mice was signifi-
cantly promoted by co-injectedAEBP1TGmacrophages.7 Inter-
estingly, AEBP1 is not expressed in normalmammary epithelial
cells (24), yet its expression is strongly induced in the hyper-
plastic epitheliumofAEBP1TGmammary gland.8 Furthermore,
AEBP1 expression is induced in mammary epithelial cells and
breast cancer cells treated with TNF�,9 suggesting that epithe-
lial AEBP1 induction may be a critical step in aberrant mam-

mary epithelial cell proliferation. Several recent studies indicate
that AEBP1 is also induced inmalignant breast cells (26), trans-
genic mouse probasin-Neu induced prostate cancer (48), pri-
mary glioblastoma multiforme (49), and primary breast and
colorectal cancers.10 This prompts further investigation of the
mechanism of epithelial AEBP1 induction that underlines the
growth, invasiveness, and metastasis of tumors.

Acknowledgments—We thank Chris Webber, Giban Ray, Hong Ma,
Xuefang Pan, Grace D. Wu, and Dalila Ouchellouche for their tech-
nical assistance. Recombinant mouse TNF� protein (PeproTech) and
goat anti-mouse TNF� antibody (R&DSystems) were kindly provided
by Dr. Jean Marshall (Dalhousie University).7 O. Bogachev, A. G. Bharadwaj, R. W. Holloway, and H.-S. Ro, unpublished

information.
8 R. W. Holloway, O. Bogachev, and H.-S. Ro, unpublished information.
9 G. D. McCluskey and H.-S. Ro, unpublished information. 10 X. Hu, Shanghai Jiao Tong University, personal communication.

FIGURE 6. Stromal macrophage AEBP1 induces NF-�B and Akt activation in mammary epithelial cells via paracrine TNF� signaling, resulting in increased
mammary epithelial cell proliferation. Mouse mammary epithelial HC11 cells were seeded (0.6 � 106) into 6-well plates. The next day HC11 cells were treated for 30
min with fresh medium, 10 ng/ml recombinant mouse TNF� protein (PeproTech), or 100 ml supernatants obtained from 0.2 � 106 AEBP1TG, AEBP1NT, AEBP1�/�, and
AEBP1�/� peritoneal macrophages (32-week-old mice, fed HFD starting at 3 weeks of age) cultured in fresh medium for 12 and 48 h. Treatment was carried out in the
presence of 1 �g/ml normal goat IgG (Santa Cruz Biotechnology) or goat anti-mouse TNF� antibody (R&D Systems). A representative blot of nuclear (A) and
cytoplasmic (B) protein extracts (n 	 3) were obtained and subjected to immunoblotting using �-actin level for normalization. C, AEBP1NT or AEBP1TG macrophage
supernatants were applied to cultured HC11 mammary epithelial cells, and cell proliferation was assessed by MTT assay. D, macrophages (upper chamber) were
co-cultured with HC11 cells (lower chamber) for 4–5 days, and cell growth was monitored by trypan blue counting.
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