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ABSTRACT
Breast cancer is characterized in part by chronic inflammation and tissue remodelling in
the mammary gland. Adipocyte enhancer binding protein 1 (AEBP1), a proinflammatory protein, is up-regulated in breast cancer and enhances cytokine secretion in
the mammary tumour microenvironment.
AEBP1 over-expression in cultured
macrophages resulted in increased enzymatic activity of MMP-9, a matrix
metalloproteinase implicated in processing cytokines and stimulating tumour cell growth
and mobility. MMP-9 activates the cytokine tumour necrosis factor-alpha (TNFα), and is
required for the transformation of epithelial cells by the cytokine interleukin 6 (IL6).
Treatment of epithelial cells with TNFα and IL6, both of which promote tumourigenesis,
induced AEBP1 expression. Chromatin immunoprecipitation results suggested AEBP1
induction is directly mediated by pro-inflammatory transcription factors NF-κB and
STAT3, downstream effectors of TNFα and IL6, respectively. AEBP1 induction may
enhance inflammation, thereby contributing to cell proliferation and survival.
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1. INTRODUCTION
1.1 The mammary gland
The mammary gland is a self-renewing organ that undergoes multiple
morphological changes throughout the lifetime of a female mammal (Khokha & Werb,
2011). The mammary gland consists of an epithelial network within stromal tissue, with
the latter comprised of fibroblasts, adipocytes, and various immune cells (Robinson et al.,
1999). During embryogenesis, the epithelial network invades the stroma and forms a
rudimentary branched network that further develops after birth (Zhang et al., 2011).
During puberty, development of the epithelial network progresses, as a result of tissue
remodelling and cell proliferation, and epithelial ducts extend until they reach the limits
of the stroma (Zhang et al., 2011; Wiseman & Werb, 2002). Following the onset of
pregnancy, epithelial cells rapidly proliferate, filling the stroma, and differentiate into
multi-layered lobulo-alveolar structures that serve to produce milk (Zhang et al., 2011;
Wiseman & Werb, 2002). When milk production becomes unnecessary, the epithelial
network rapidly degrades due to apoptosis, a process known as involution (Zhang et al.,
2011; Wiseman & Werb, 2002). The diverse cell types of the gland are in constant
communication with each other, and can alter expression of genes within neighbouring
tissues (Wiseman & Werb, 2002).

Signalling between the stromal and epithelial

compartments allows for proper gland development and function; referred to as stromalepithelial crosstalk (Wiseman & Werb, 2002). Aberrant stromal-epithelial crosstalk can
result in gland malfunction, improper development, morphology, and carcinogenesis
(Wiseman & Werb, 2002).
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1.1.1 Breast cancer
Breast cancer is a disease of the mammary gland characterized by chronic
inflammation and the sustained release of cytokines that cause growth and proliferation of
epithelial cells (Radisky & Radisky, 2007). Chronic inflammation can cause oxidative
stress and genomic instability due to DNA damage (Jaiswal et al., 2001; Federico et al.,
2007). DNA damage can result in mutations that cause constitutively high expression of
tumour causing genes, known as oncogenes or hyper-activation of the resultant protein
(Jackson & Bartek, 2009). DNA damage caused by oxidative stress may also result in the
loss, repression or hypo-activation of tumour suppressing proteins (Shaked et al., 2012).
Thus, gain of function of a oncogene and/or loss of function of a tumour suppressor can
be sufficient to cause tumourigenesis (Jackson & Bartek, 2009).

Mammary

tumourigenesis involves the dysregulation of cell cycle and survival pathways that leads
to the formation of solid epithelial tumours (Malumbres & Barbacid, 2009).

In

conjunction with solid tumour formation, signals from the stroma can also modulate cell
mobility and invasive potential (Wiseman & Werb, 2002). Increased cell mobility leads
to potential for invasion of other tissues, a process known as metastasis, and is the
greatest cause of death in cancer patients (Mehlen & Puisieux, 2006).
Tumour cell behaviour is greatly affected by signalling within the tumour
microenvironment, with all cells in a tumour contributing to the progression of
tumourigenesis (Albini & Sporn, 2007). Pro-inflammatory signalling between tumour
and surrounding non-tumour cells enables the tumour cells to grow, proliferate, and
invade other tissues (Wu & Zhou, 2009). Genes coding for growth factors and proinflammatory cytokines are up-regulated and matrix metalloproteinases (MMPs) are
2

activated in concert to further facilitate cell-to-cell signalling and tissue remodelling.
Inflammation correlates with accelerated tumourigenesis and invasiveness (Wu & Zhou,
2009).
1.2 Inflammation
Inflammation is an innate immune response to infection, cell damage, or irritants,
such as saturated fatty acids or cell debris, and has been implicated in the development of
cancer (Coussens & Werb, 2002). Such inflammatory stimuli activate toll-like receptors
(TLR), cell surface proteins that recognize potential infection or irritants, on leukocytes
within tissues that causes the recruitment of immune cells from circulation, such as
macrophages, to the afflicted area (Akira & Takeda, 2004; Lee et al., 2009). Recruitment
of macrophages to the site of inflammation is mediated by chemokines, proteins that
attract leukocytes, that are released by tissue associated immune cells (Lee et al., 2009).
There is a chemokine gradient that directs leukocyte migration toward the highest
concentration of chemokines at the site of inflammation (Lee et al., 2009).

Once

infiltrating macrophages reach the source of inflammation, paracrine and autocrine
signalling takes place through the secretion of cytokines, signalling proteins that mediate
inflammatory signalling (Mantovani et al., 2008). Increased macrophage infiltration is
indicative of inflammation and results in propagation of inflammatory cytokine secretion
(Mantovani et al., 2008). Pro-inflammatory cytokines, such as tumour necrosis factoralpha (TNFα) or interleukin 6 (IL6), cause changes in target cell behaviour and promote
tumourigenesis (Kuninaka et al., 2000). The TNFα-NF-κB and IL6-STAT3 signalling
cascades are two important signalling pathways involved in inflammation and breast
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cancer, and can cause unscheduled cell proliferation and tissue remodelling in the
mammary gland (Grivennikov & Karin, 2011).
1.2.1 The TNFα-NF-κB signalling cascade
TNFα is secreted from stromal cells and activates NF-κB in epithelial and stromal
cells alike. NF-κB is a transcription factor that up-regulates the expression of genes
involved in inflammation, proliferation, growth, and cell motility (Balkwill, 2009).
Under un-stimulated conditions, NF-κB dimers are sequestered within the cytosol by the
inhibitor of κB (IκB) family of proteins that mask the nuclear localization sequence of
NF-κB subunits (Muller et al., 1995). NF-κB translocalization to the nucleus requires the
activation of the inhibitor of κB kinase (IKK) which occurs through a receptor-mediated
mechanism (Baeuerle & Baltimore, 1988). TNFα binding its receptor activates IKK that
subsequently phosphorylates IκB (Baeuerle & Baltimore, 1988; Figure 1). Following
phosphorylation, IκB is proteolytically degraded which liberates NF-κB (Majdalawieh &
Ro, 2010).

NF-κB dimers are then phosphorylated and translocate to the nucleus

resulting in the activation of NF-κB target genes. Sustained secretion of TNFα can cause
hyper-activation of the NF-κB pathway in epithelial tissue resulting in rapid proliferation,
and concomitant secretion of TNFα and IL6 (Ndlovu et al., 2009).
1.2.2 The IL6-STAT3 signalling cascade
IL6 signalling activates the transcription factor STAT3 through the JAK/STAT
pathway. IL6 binding to its receptor results in phosphorylation of janus kinase (JAK), a
tyrosine kinase, which subsequently phosphorylates STAT3 causing dimerization and

4

Figure 1. Schematic diagram of TNFα-mediated NF-κB activation.
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revealing nuclear localization sequences (Niemand et al., 2003; Figure 2).
Phosphorylated STAT3 dimers translocate to the nucleus where they can transcriptionally
activate genes including IL6 (Niemand et al., 2003). As a result, IL6 signalling acts in an
autocrine loop, inducing its own expression to maintain further IL6 secretion from target
cells (Iliopoulos et al., 2009). Autocrine IL6 signalling, and resultant constitutive STAT3
activation, has been categorized as an oncogenic process (Bromberg et al., 1999) and is a
necessary event in various forms of cancer (Hartman et al., 2011; Ancrile et al., 2007;
Iliopoulos et al., 2011). In one study (Ancrile et al., 2007), mice that lacked the IL6 gene
were unable to develop cancer when subjected to carcinogens, and IL6 knock down by
RNA interference was sufficient to block oncogenic Ras-induced tumourigenesis. IL6
greatly promotes tumourigenesis by stimulating cell cycle growth, proliferation and
invasion.

IL6-mediated invasiveness is controlled by the matrix metalloproteinases

(MMPs).
1.3 Matrix metalloproteinases (MMPs)
Matrix metalloproteinases are either membrane-bound or secreted proteases that
mediate cell-cell and cell-matrix interactions, including adhesion, motility, and invasion
(Hua et al., 2011). MMPs are synthesized as proenzymes with an inhibitory domain that
folds into the catalytic site preventing enzymatic activity, but can be removed by
proteolysis (Murphy et al., 1999). To date 24 MMPs have been identified with diverse
substrates that include extracellular matrix (ECM) proteins that provide structural support
for cells and tissues (Hua et al., 2011; Khokha & Werb, 2011). MMPs can degrade ECM
proteins, such as collagen, laminin and fibronectin, resulting in vastly different tissue

6

Figure 2. Schematic diagram of IL6-mediated STAT3 activation and autocrine IL6
signalling.
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morphology (Khokha & Werb, 2011).

ECM remodelling is a normal physiological

process and is necessary for mammary gland development throughout the lifetime of the
female mammal (Khokha & Werb, 2011).

MMPs clear ECM proteins to facilitate

epithelial cell migration and proliferation, a process that also stimulates ECM protein
deposition by stromal cells behind the invading epithelial tissue (Khokha & Werb, 2011).
When the ECM is cleared, cells become disassociated from the matrix resulting in
anoikis, a form of programmed cell death (Hua et al., 2011). Cancer cells that do not
undergo anoikis and secrete elevated levels of activated MMPs have the potential to
invade other tissues and form secondary tumours, known as metastases (Hua et al., 2011).
1.3.1 MMPs and metastasis
Metastasis depends on the activation of MMPs, to clear ECM proteins and cell
adhesion molecules (e.g. cadherins and integrins), and mutations in apoptotic signalling
pathways that prevent anoikis from occurring (Hua et al., 2011). MMP-2, MMP-3, and
MMP-9 are up-regulated in breast cancer and other inflammatory diseases by the TNFαNF-κB and IL6-STAT3 signalling pathways (Vincenti & Brinckerhoff, 2007).

Up-

regulation of MMP-3 can contribute to transformation of nearby epithelial cells by
inducing oncogenic mutations (Radisky et al., 2005; Sternlicht et al., 1999, Witty et al.,
1995). MMP-2, MMP-3, and MMP-9 mediate tumour invasion by degrading type IV
collagen, a structural component of basement membranes (Hua et al., 2011). Basement
membranes are the barriers that separate adjacent tissues from one another, such as the
stroma and epithelial tissues in the mammary gland (Zeng et al., 1999). By degrading
basement membranes, tumour cells can eliminate the barrier that separates blood vessels
from tumour cells, allowing them to enter the blood stream for transport to another organ
8

(Liotta, 1984). MMP-2, MMP-3, and MMP-9 also liberate cancer cells from adhesion to
other cells or the ECM by cleaving cadherins and integrins (Nagase et al., 2006). ECM
clearing and degradation of cell adhesion molecules facilitates cell mobility and the
potential for tumour metastasis (Nagase et al., 2006).

ECM proteins and adhesion

molecules are not the only substrates for MMPs, and there is increasing evidence that
MMPs are mediators of cell signalling by activating secreted signalling proteins such as
TNFα (McCawley & Matrisian, 2001).
1.3.2 MMPs and cell signalling
MMP-2, MMP-3, and MMP-9 all have non-matrix substrates (McCawley &
Matrisian, 2001). Non-matrix substrates include signalling proteins that are secreted as
inactive or membrane-tethered precursors that require proteolytic cleavage to become
“bioavailable” (McCawley & Matrisian, 2001). Bioavailability of signals is a measure of
whether they can bind and activate receptors on the target cell (Bergers et al., 2000).
TNFα is synthesized as a precursor tethered to the membrane of the secreting cell and
must be proteolytically cleaved to enable diffusion to the target cell (Gearing et al., 1995).
MMPs can also enhance cell signalling by cleavaging ECM proteins which produces
polypeptide fragments that resemble those of transforming growth factor-beta (TGF-β)
and epidermal growth factor (Khokha & Werb, 2011; McCawley & Matrisian, 2001).
Such similar peptides can stimulate receptors for those specific cytokines and cause
activation of their downstream effectors (McCawley & Matrisian, 2001). A combination
of cytokine secretion and MMP activity results in enhanced inflammation in the tumour
microenvironment because of elevated secretion of signalling precursors such as TNFα
and their subsequent activation by MMPs (McCawley & Matrisian, 2001). An important
9

non-matrix substrate for MMP-3 is MMP-9, which can be activated when cleaved by
MMP-3 (Murphy et al., 1999; Ramos-DeSimone et al., 1999). MMP-9 is necessary for
STAT3-mediated transformation that arises from autocrine IL6 signalling and can also
activate TNFα precursors (Dechow, 2004; McCawley & Matrisian, 2001). When MMP-9
enzymatic activity is inhibited, STAT3 mediated tumourigenesis is hampered despite
constitutive STAT3 activity causing tumourigenesis in samples without MMP-9
inihibition. (Dechow, 2004). Both IL6 and TNFα are candidates for inducing expression
of the adipocyte enhancer binding protein 1 (AEBP1) (Holloway et al., submitted; figures
5, 6, and 7), a pro-inflammatory mediator, which may also regulate MMP expression and
activity.
1.4 Adipocyte Enhancer Binding Protein 1 (AEBP1)
AEBP1 is a ubiquitously expressed, multifunctional protein that is highly
expressed in preadipocytes and macrophages (He et al., 1995). AEBP1 was originally
characterized as a transcriptional repressor of the aP2 gene in pre-adipocytes, but as
adipogenesis progresses AEBP1 expression is abolished (He et al., 1995).

AEBP1

consists of an N-terminal discoidin-like domain, a carboxypeptidase domain and a Cterminal DNA-binding domain (Figure 3). AEBP1 is equally distributed between the
nucleus and cytosol (Park et al., 1999) and alters signalling via protein-protein
interactions in the cytosol, via the discoidin-like domain (DLD), and by transcriptionally
repressing anti-inflammatory and apoptotic genes in the nucleus, via the C-terminal
DNA-binding domain (Lyons et al., 2006; Majdalawieh et al., 2006; Ladha et al., 2012).
In pre-adipocytes, extracellular signal-regulated kinase 1 and 2 (ERK1/2),

10

Figure 3. Schematic model of AEBP1 protein domain structure
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stimulate cell growth and proliferation by interacting with the DLD of AEBP1, which
also protects ERK1/2 from de-phosphorylation by phosphatases (Kim et al., 2001). The
net result of this interaction is sustained activation of the ERK1/2 pathway and increased
cell proliferation (Zhang et al., 2005, Figure 4). AEBP1 is also a negative regulator of the
phosphatase and tensin homolog deleted on chromosome ten (PTEN), an inhibitor of Akt
with diverse roles in controlling cell survival and proliferation (Zhang et al., 2005; Ro et
al., 2007). PTEN physically interacts with the DLD of AEBP1 which results in the
degredation of PTEN and sustained Akt activity (Zhang et al., 2005; Ro et al., 2007;
figure 4).

Cells of AEBP1-null mice display reduced proliferative ability because

AEBP1-mediated PTEN degradation is ablated causing repression of the Akt pathway
that drives cell growth and proliferation (Ro et al., 2007). AEBP1-null mice also display
reduced ERK1/2 activation, which is important for cell growth and proliferation (Ro et
al., 2007). Mice with transgenic over-expression of AEBP1 in the macrophages and
adipocytes under the control of the aP2 promoter (AEBP1TG mice; Zhang et al., 2005) are
more susceptible to obesity when fed a high fat diet (HFD) than non-transgenic mice
(AEBP1NT mice) due to elevated ERK1/2 activity and reduced PTEN levels (Kim et al.,
2001; Zhang et al., 2005; Ro et al., 2007). Diets rich in saturated fatty acids, such as the
one used in this study, are TLR ligands (Coussens & Werb, 2002). TLR activation
stimulates AEBP1 expression in macrophages and adipose tissue resulting in
inflammation (Majdalawieh et al., 2009; Zhang et al., 2005). AEBP1 stimulation by TLR
signalling leads to inflammation and can contribute to the development of inflammatory
diseases such as atherosclerosis (Majdalawieh et al., 2009), metabolic disease (Ro et al.,
2007; Zhang et al., 2005) and unscheduled cell proliferation (Holloway et al., submitted).

12

Figure 4. Schematic diagram of protein-protein interactions mediated by AEBP1. Blunt
arrows signify inhibition.
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1.4.1 AEBP1 is an amplifier of inflammatory signalling
AEBP1 can amplify inflammation by a combination of protein-protein
interactions and transcriptional repression of anti-inflammatory genes (Majdalawieh et
al., 2006; Majdalawieh et al., 2007; Majdalawieh et al., 2009). The carboxy-terminal
DNA binding domain of AEBP1 is important for the transcriptional repression of genes
such as Pparγ and Lxrα (Majdalawieh et al., 2006).

PPARγ and LXRα are anti-

inflammatory proteins that inhibit the nuclear translocation of NF-κB subunits by
physical interactions (Castrillo et al., 2003). AEBP1 also interacts with IκBα via the
carboxypeptidase domain resulting in IκBα degradation through an unknown mechanism
(Majdalawieh et al., 2007; Figure 4). This facilitates the activation of NF-κB, which can
then translocate to the nucleus and upregulate genes involved in inflammation, cell
survival and matrix remodelling (Majdalawieh et al., 2007).

Bone marrow

transplantations have identified haematopoietic cells as critical mediators of AEBP1induced inflammatory signalling (Holloway et al., submitted).

Bone marrow from

AEBP1TG mice was transplanted into AEBP1NT mice resulting in increased NF-κB
activation and TNFα secretion in the mammary glands of recipient mice (Holloway et al.,
submitted). AEBP1 over-expression in macrophage cell lines also results in increased
secretion of TNFα and IL6 through NF-κB activation (Majdalawieh et al., 2009).
Furthermore, co-injection of the breast cancer cell line 4T1 with AEBP1TG macrophages
into NOD/SCID mice resulted in significantly enhanced tumour growth in vivo, clearly
illustrating the importance of AEBP1 expression in the mammary stroma on growth of
adjacent cells (unpublished). Enhanced inflammation mediated by AEBP1 over-
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expression, results in aberrant development of the mammary gland that has been
associated with cancer (Holloway et al., submitted; Witty et al., 1995).
1.4.2 AEBP1 controls mammary epithelial cell growth and proliferation
Macrophages and adipocytes extracted from AEBP1TG mice, display increased
cell growth and proliferation when compared to those extracted from AEBP1NT mice
(Holloway et al., submitted). The expression of the AEBP1 transgene within adipocytes
and macrophages was confirmed, specifically by an epithelial cell transplantation
experiment (Zhang et al., 2005). When epithelial cells from AEBP1-null mice were
transplanted into the mammary stroma of wild-type mice the mammary gland developed
properly and AEBP1 was detected within the gland by western blotting (Zhang et al.,
2005). When epithelial cells from wild-type mice were transplanted into the stroma of
AEBP1-null mice the mammary gland underwent unscheduled apoptosis and no AEBP1
was detected in the gland by western blotting (Zhang et al., 2005). This result suggested
that AEBP1 must be present in the stromal compartment of the mammary gland, and also
underscores the necessity of AEBP1 for the survival of the mammary epithelium (Zhang
et al., 2005). Proliferation associated with stromal AEBP1 over-expression may be due to
increased inflammation and matrix signalling because of increased cytokine secretion and
tissue remodelling in AEBP1TG mice (Holloway et al., submitted). Interestingly, AEBP1
protein has been detected in the epithelial tissue of AEBP1TG mice, suggesting that
AEBP1 can induce its own expression in tissues neighbouring the macrophage
component of the mammary gland (Holloway and Ro, Dalhousie University, personal
communication, 2012). AEBP1 has also been detected in breast cancer cells (Grigoraidis
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et al., 2006), primary glioblastoma (Ladha et al., 2012) and prostate cancer (Li et al.,
2006).
AEBP1 was recently shown to function as a novel pro-survival factor when
induced in glioblastoma cell lines and directly modifies the transcription of over 100
genes (Ladha et al., 2012). When AEBP1 expression was knocked down by siRNA, there
was reduced survival of the glioblastoma cells, increased transcription of Tnfsf14 and
Cdkn2c and reduced expression of Cdc25c, E2f1, and E2f2 (Ladha et al., 2012). Tnfsf14
and Cdkn2c are associated with tumour suppression and cell cycle arrest (Yu and Fu,
2008; Pei et al., 2009) and Cdc25c, E2f1, and E2f2 are genes that promote cell cycle
progression (Turowski et al, 2003; Lukas et al., 1996).

Ladha et al., (2012) also

employed ChIP-chip techniques to confirm that AEBP1 is capable of modulating gene
expression by binding to GAAAT/TTTCT motifs in the promoter regions of the candidate
genes. These findings strengthen the assertion that AEBP1 modulates the cell survival
and proliferation, but also show that AEBP1 can be induced in epithelial tumour cells.
AEBP1 may be able to enhance inflammation further when induced in the epithelium,
thereby preserving chronic inflammation and MMP activity that would lead to
tumourigenesis. This hypothesis was investigated in my study.
1.5 Overview of research
1.5.1 AEBP1 modulates the expression and activation of MMPs
The mammary glands of AEBP1TG mice are characterized by morphological
abnormalities that can be attributed to increased inflammation (Holloway et al.,
submitted). Mammary epithelial tissues display a hyperplastic phenotype and extensive
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tissue remodelling when AEBP1 is over-expressed (Holloway et al., submitted).
Extensive remodelling of tissues and ECM dynamics are mediated by MMPs (Hua et al.,
2011; Khokha & Werb, 2011).

In particular, MMP-2, MMP-3, and MMP-9 are

commonly associated with inflammation and mammary tumourigenesis (Zeng et al.,
1999; Witty et al., 1995).

In this study, I tested the hypothesis that AEBP1 over-

expression affects MMP expression and/or activity. My research indicated that AEBP1
over-expression results in MMP-9 activation, but also repressed MMP-3 and MMP-9
transcription. AEBP1 appears to regulate MMP expression, and possibly enzymatic
activity, when over-expressed in macrophages.
1.5.2 Aebp1 is an inflammation-responsive gene
A second goal of my research was to determine whether AEBP1 influences
proliferation and morphology of epithelial tissues. I also set out to show the response of
the Aebp1 gene to pro-inflammatory signals secreted by macrophages.

My results

indicated that the Aebp1 gene may be regulated directly by NF-κB and STAT3, and that
stimulation of epithelial cells with TNFα and IL6 stimulates AEBP1 expression (Figure
5). Persistent AEBP1 induction and STAT3 phosphorylation in epithelial cells after IL6
stimulation suggest AEBP1 may be a critical mediator of IL6 autocrine signalling. Taken
together, my data support a model in which Aebp1 is induced by and maintains
inflammation in mammary epithelial cells.
1.5.3 Macrophage-specific knock-down of AEBP1 expression
To confirm that AEBP1 over-expression in macrophages causes aberrant
mammary epithelial development, a method for knocking down AEBP1 expression,
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Figure 5. Schematic diagram of how AEBP1-mediated secretion of IL6 and TNFα may
induce Aebp1 transcription.
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specifically in macrophages, needed to be developed. Bone marrow transplantations have
confirmed that the haematopoietic compartment is a significant contributor to
atherosclerosis, metabolic disease, and mammary gland hyperplasia in AEBP1TG mice
(Zhang et al., 2011; Bogachev et al., 2011; Hollway et al., submitted). To demonstrate
that the macrophage component of the bone marrow is involved, I required a method for
knocking-down AEBP1 expression specifically in macrophages.

For macrophage-

specific delivery, I chose to use β-1,3-D-glucans that are purified from the cell wall of
Saccharomyces cerevisiae (baker’s yeast). The glucans are porous, hollow, and spherical
which allows the user to package nanoparticles within them via electrostatic interactions.
They can be delivered orally by gavage, where they are recognized by M cells in the
intestine and transferred to macrophages in the gut associated lymphatic tissue (Beier &
Gebert, 1998; Aouadi et al., 2009). From this point the macrophages migrate to various
tissues in the body, carrying the cargo with them, which can be any charged molecule
such as siRNA, shRNA or morpholino-DNA heteroduplexes.
I chose to use morpholinos to knock-down AEBP1 expression because they are
stable (Hudziak et al., 1996) and non-immunogenic (Wu et al., 2009), therefore limiting
the potential off-target effects of siRNA-induced inflammation that may unintentionally
stimulate AEBP1 expression (Jackson & Linsley, 2010; Majdalawieh et al., 2009).
Morpholinos are synthetic, uncharged, DNA analogues that have nucleoside bases
attached to a non-ionic backbone and can be designed to be complementary to a target
mRNA. When introduced into a cell, the morpholino can hybridize specifically to its
complementary target mRNA blocking ribosome recognition of the start codon, thereby
preventing translation. I designed a morpholino with a sequence complementary to the
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AEBP1 mRNA followed by a stretch complementary to a DNA adapter. When annealed
to the morpholino, the adapter would convey a negative charge needed for packaging of
the otherwise neutral morpholino within the glucan particles.
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2. MATERIALS AND METHODS
2.1 Mice
2.1.1 Animal Care
Age-matched FVB mice were maintained on a 12 hour light cycle in filtered
cages. The mice were fed chow (4.5% fat, 0.02% cholesterol, no cholate) (LabDiet,
Indiana, USA) or high-fat diet (45% fat, 0.05% cholesterol, no cholate) (Research Diets,
New Jersey, USA) starting at 3 weeks of age with continuous access to water. Mice were
sacrificed by CO2 asphyxiation to isolate tissues for analyses.

All protocols were

approved by the University Committee on Laboratory Animals (UCLA).
2.1.2 AEBP1TG mice
The AEBP1TG mice were generated previously (Zhang et al., 2005), having
adipocyte and macrophage-specific over-expression of AEBP1.

These mice were

genotyped on a regular basis to confirm the presence of the transgene.

Peritoneal

macrophages were isolated from AEBP1TG mice for use in the indicated experiments
2.2 Reagents and plasmids
2.2.1 Chemicals and recombinant proteins
Thioglycollate broth medium, type-A gelatin from porcine skin, and Brij 35
solution were purchased from Sigma-Aldrich (Missouri, USA). High-glucose Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine sera, trypsin/EDTA, and penicillinstreptomycin were purchased from Invitrogen (Ontario, Canada).
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The MAGnify

chromatin immunoprecipitation kit and Express SYBR GreenER qPCR supermix were
also purchased from Invitrogen (Ontario, Canada).

Linear polyethyleneimine was

purchased from Polysciences (Pennsylvania, USA). DNA oligonucleotides for qPCR
were purchased from Invitrogen (Ontario, Canada). Lyophilized recombinant TNFα and
IL6 were purchased from Sigma-Aldrich (Missouri, USA).
2.2.2 Plasmids
The full-length AEBP1 cDNA was cloned into the vector pcDNA (Invitrogen) to
create plasmid pcDNA-AEBP1 that expresses constitutively high levels of AEBP1 under
the control of the CMV promoter (Wu, unpublished). The pcDNA-AEBP1ΔN expression
plasmid was derived from pcDNA-AEBP1 by deleting the sequence encoding the first
166 amino acids of Aebp1 (Lyons et al., 2005). The pcDNA-AEBP1ΔC expression
plasmid was also derived from the pcDNA-AEBP1 plasmid by deleting the region
encoding AEBP1 amino acids 596-748 (Lyons et al., 2005).
2.2.3 Antisera
Anti-AEBP1 polyclonal antibody, generated in chickens against recombinant
mouse AEBP1 (amino acids 156-596), was purchased from Gallus Immunotech (Ontario,
Canada). Primary antibodies directed against MMP-9, p65, phospho-p65(S536), STAT3,
phospho-STAT3(Y705) and β-Actin were purchased from Cell Signalling Technology
(Massachusetts, USA). Rabbit IgG antibodies used in chromatin immunoprecipitation
were provided in the MAGnify ChIP kit from Invitrogen (Ontario, Canada).
2.3 Cell culture and Treatment
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2.3.1 Cell lines
RAW264.7, HC11, E0771, HT1080, and MDA-MB-231 cell lines (Table 1) were
cultured in high-glucose DMEM supplemented with 10% fetal bovine serum (FBS), and
1% penicillin-streptomycin. Cells were passaged every 3 days and maintained at a cell
density of 105 cells/ml. RAW264.7 cells were detached in 1 ml of trypsin/EDTA (5 min
at 37 °C) followed by scraping using a rubber policeman. HC11, E0771, HT1080 and
MDA-MB-231 cells did not require scraping.
2.3.2 Peritoneal Macrophage Isolation and Culture
AEBP1TG and AEBP1NT mice were injected intraperitoneally with 3 ml sterile
Brewer’s thioglycollate broth solution (Sigma-Aldrich).

After 5 days, mice were

sacrificed and peritoneal exudate cells were isolated by lavage using sterile, cold highglucose DMEM. Peritoneal exudate cells were collected by centrifugation for 10 min at 4
°C at 225 x g and resuspended in 5 ml of ACK lysis buffer (0.15 M NH4Cl, 1 mM
KHCO3, 0.1 mM Na2EDTA) for 2 min at 37 °C to eliminate erythrocyte contamination.
Cells were then subjected to centrifugation again and resuspended in DMEM
supplemented with 10% FBS, 1% penicillin-streptomycin, and cultured under standard
conditions for 72 hr before experimentation.
2.3.3 Transient transfections
RAW264.7 cells were transfected at 70-80% confluency in 6-well plates with
polyethylenimine (PEI) (Polysciences).

In brief, total plasmid DNA was diluted in

serum-free DMEM followed by the addition of PEI (1 μg/μl in H2O) to make a final
DNA:PEI ratio of 1:3. The mixture was incubated for 15 minutes at room temperature
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Table 1. Cell lines used in this study
Name
RAW264.7
E0771
HC11
HT1080
MDA-MB-231

Tissue and cell type
Peritoneal macrophage
Mammary epithelium
Mammary epithelium
Connective tissue fibroblast
Mammary epithelium
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Cancer
Leukaemia
Carcinoma
Not transformed
Fibrosarcoma
Carcinoma

Species
Mouse
Mouse
Mouse
Human
Human

before being added dropwise to cells. Cells were cultured for 48 hours prior to gelatin
zymography and western blotting experiments.
2.3.4 Cytokine treatments
For IL6 stimulation experiments, HC11 and E0771 cells were cultured in serumfree DMEM supplemented with recombinant mouse IL6 (50 ng/mL) and 1% penicillinstreptomycin for 48 hr prior to replacement of the media with fresh, cytokine-free, serumcontaining DMEM. Cells were cultured for an additional 48 hr prior to lysis and western
blot analysis. For TNFα stimulation experiments, HC11 and E0771 cells were cultured in
DMEM supplemented with 10% FBS and 1% penicillin-streptomycin prior to the
addition of recombinant mouse TNFα (20 ng/ml). Cells were cultured for 48 hr prior to
lysis and western blot analysis.
2.4 Protein isolation and analysis
2.4.1 Western blotting
Proteins were resolved by SDS-8%PAGE at 120V for 1.5 hours. Approximately
20 μg of total protein was mixed with gel loading buffer and boiled for 5 minutes prior to
gel loading. Proteins were transferred to a PVDF membrane at approximately 350 mA
for one hour in Towbin’s transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol)
using a Bio-Rad Mini Trans-Blot system. Polyclonal anti-AEBP1 (1:500,000), anti-p65
(1:1000), anti-phosphop65 (1:1000), anti-STAT3 (1:1000), anti-phosphoSTAT3 (1:1000),
anti-β-actin (1:10,000), and anti-MMP9 (1:500) antibodies were used at the indicated
dilutions in 4% milk (Carnation, Ontario, Canada). Peroxidase-labelled anti-rabbit IgG
(1:5000), peroxidase-labelled anti-mouse (1:5000), and peroxidise-labelled anti-chicken
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(1:400,000), were used as secondary antibodies at the indicated dilutions. Signals were
detected by chemiluminescence using a Crescendo kit (Thermo).
2.4.2 Gelatin Zymography
RAW264.7 cells and macrophages from AEBP1TG and AEBP1NT mice were
seeded in 6-well plates and cultured over-night in DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin.

Next day, the media was removed and cells were

washed twice with room temperature PBS. The cells were then cultured with 2 ml of
serum-free DMEM for 2 hours. Conditioned medium was collected, concentrated using
Amicon Ultra-4 filters (Millipore), and equal sample volumes were resolved by SDS12%PAGE in the presence of 0.1% gelatin under non-reducing conditions.

After

electrophoresis, the gel was incubated in a renaturing buffer (50mM Tris-HCl, pH 7.5,
2.5% Triton-X100) for one hour, and then incubated overnight at 37 °C in a protease
activation buffer (50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5 mM CaCl, 0.02% Brij 35).
The gel was stained using 0.5% Coomassie Blue R250 in 30% isopropanol/10% acetic
acid for 30 min, and destained in 12.5% isopropanol/10% acetic acid for an additional 30
min. Presence of MMP activity was indicated by the absence of staining for the indicated
MMPs due to gelatin degradation. Zymogram images were captured using the Odyssey
Imagine System (LI-COR, Nebraska, USA).
2.5 RNA analysis
2.5.1 RNA isolation
Total RNA was isolated and purified from cells using TRIzol (Invitrogen, Ontario,
Canada) and the RNeasy mini kit (Qiagen, Ontario, Canada) according to the
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manufacturers’ instructions. Briefly, cells were homogenized in 800 μl of TRIzol prior to
the addition of 200ul of chloroform and incubated for 3 minutes at room temperature.
The homogenate was subjected to centrifugation at 15000 x g at 4 °C, and the top
aqueous layer was harvested for use in the RNeasy mini kit. RNA concentration was
determined using a BioRad UV spectrophotometer and was used immediately for a
reverse transcriptase reaction. Excess sample was stored at -80 °C.
2.5.2 Semi-quantitative RT-PCR
For the reverse transcriptase reaction, 1 μg of RNA was reverse transcribed using
the reverse transcriptase kit (Qiagen, Ontario, Canada) according to manufacturer’s
instructions. The newly synthesized cDNA concentration was determined, and 30 ng was
used per 20 μl polymerase chain reaction (PCR). Express SYBR GreenER super-mix
(Invitrogen, Ontario, Canada) was used for amplification of cDNA targets. All primers
(Invitrogen) were validated and are listed in Table 1. Thermocycling and fluorescent
detection was accomplished using a C1000-CFX96 thermocycler (BioRad).

PCR

conditions were optimized for each gene examined. Quantitation was performed using
the delta-deltaCT method.
2.6 Chromatin immunoprecipitation
Chromatin immunoprecipitation was carried out using a MAGnify ChIP kit
according to manufacturer’s specifications (Invitrogen). In brief, MDA-MB-231 cells
were cross-linked with formaldehyde and sonicated using a Sonifier 250 (Branson,
Connecticut, USA) for 8 cycles of 12 seconds at output 3 and 50% duty cycle. Chromatin
was immunoprecipitated using anti-phosphoSTAT3(Y705), anti-phosphop65(S536), or
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anti-rabbit IgG (control) antibodies and protein A/G beads at dilutions of 1:100.
Immunoprecipitated chromatin was heated to reverse cross-linking, and the DNA was
purified and analyzed by semi-quantitative PCR with primers specific for putative STAT3
(AEBP1p(STAT3)) and p65 (AEBP1p(p65)) binding sites in the AEBP1 promoter (Table
2).

DNA from the sonicated fraction was analyzed by PCR, without being

immunoprecipitated, as the input control. Regions known to be bound by STAT3 or p65
in the VEGF (VEGFp(STAT3)) and MMP-9 (MMP9p(p65)) promoters, respectively,
were also analyzed as a positive control using specific primers (Table 2).
2.7 Morpholino-DNA heteroduplex preparation
DNA oligonucleotides were purchased from Invitrogen (Ontario, Canada) and
morpholinos from Gene-Tools (Oregon, USA), respectively.

Preparation of a

morpholino-DNA heteroduplex was carried out according to recommendations made by
Gene-Tools LLC (Oregon, USA). In summary, a single stranded DNA oligo nucleotide
was designed to be complementary to one portion of the AEBP1 morpholino (MAO) to
convey a negative charge. The DNA oligonucleotide adapter was hybridized with the
morpholino at a molar ratio of 1.0:1.4 to saturate the DNA. As a result, final working
concentrations were calculated as a function of DNA concentration. An adapter for the
control morpholino has yet to be designed. Refer to Table 3 for oligo sequences.
2.8 Preparation of β-1,3-D-glucans
Glucans were purified from Fleischmann’s baker’s years (Missouri, USA) as
described previously by Soto and Ostroff (2008). In brief, 4 grams of baker’s yeast was
suspended in 40 ml of 1 M NaOH and incubated at 80 °C for one hour. The insoluble
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Table 2. Primers used in this study
Target sequence
AEBP1
β-Actin
MMP-2
MMP-3
MMP-9
AEBP1p(STAT3)
AEBP1p(p65)
VEGFp(STAT3)
MMPp(p65)

Forward Primer (5' - 3')
GTCTGAACCACTAGCCCACG
GACGGCCAGGTCATCACTAT
CACACCAGGTGAAGGATGTG
CAGACTTGTCCCGTTTCCAT
GAAGGCAAACCCTGTGTGTT
CCAAATCCAATCCATGTGTG
CCCTGACTGGCTTCACTCTG
CAGGTCAGAAAACCAGCCAG
GACCAAGGGATGGGGGATC
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Reverse Primer (5' - 3')
CGATCCACTGGGTCTGCGAC
GAAAGGGTGTAAAACGCAGC
AGGGCTGCATTGCAAATATC
GGTGCTGACTGCATCAAAGA
AGAGTACTGCTTGCCCAGGA
CCTCATCCTCTGCAAAGCTC
CCACTTTCAGCTTCCCACAT
CGTGATGATTCAAACCTACC
CTTGACAGGCAAGTGTCTGAC

Table 3. Sequence information for the morpholino oligos and DNA adapter used in this
study
Oligo type
AEBP1 morpholino
Control morpholino
AEBP1 DNA adapter

Sequence (5'-3')
TGTCCTCAATGCGGTGTGACTCCAT
CCTCTTACCTCAGTTACAATTTATA
AAAAAAAAAAATGGAGTCACACCGCA
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material was collected by centrifugation at 2000 x g for 10 minutes and resuspended in 40
ml H2O (pH 4-5). The mixture was incubated at 55 °C for 1 hr. The residue was
collected by centrifugation again and washed once more in water, three times in 10 ml of
100% isopropanol, and twice in 10 ml of 100% acetone. The acetone wash is critical to
obtain a dehydrated, powder end product. The slurry was dried at room temperature on a
glass tray and stored at room temperature.
2.9 Fluorescein labelling of β-1,3-D-glucans
Prior to labelling of glucans with fluorescein, 250 mg of glucan powder was
washed with sodium carbonate buffer (0.1 M, pH 9.2), and subsequently resuspended in
25 ml of carbonate buffer. Glucans were labelled by adding Single isomer 5-(4,6Dichlorotriazinyl) Aminofluorescein (5-DTAF) (1 mg/ml in DMSO, Invitrogen) to the
suspension to make a 10% (v/v) solution.

The samples were incubated at room

temperature for 16 hours in the dark. Tris buffer (pH 6.8) was added to the suspension to
a final concentration of 2 mM and incubated for 15 minutes before collecting the
insoluble fraction by centrifugation, as before. Glucans were washed with pyrogen-free
H2O and re-collected until the supernatant was colourless. The glucans were sterilized by
washing with 10 ml of absolute ethanol and dehydrated by washing with 10 ml of 100%
acetone. The resulting fluorescent glucans were dried in the dark at room temperature,
then sterilized with 70% ethanol, diluted in saline (1 x 109 glucans/ml) and stored at -20
°C.
2.10 Preparation of glucan-encapsulated morpholinos (GeMAO)
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The procedure of Tesz and colleagues (2011) was followed to load MAOs into
glucan particles, with some modifications. In brief, 1 nmol of the MAO-DNA complex
was added to 50 nmol of Endo-Porter (EP, Gene-Tools L.L.C.) in 30 mM sodium acetate,
pH 4.8, for 15 minutes at room temperature in a final volume of 20 μl. EP becomes
positively charged at low pH, allowing it to interact strongly with the negatively charged
MAO-DNA heteroduplex. The EP-MAO solution was added to 1 mg of glucan particles,
vortexed, and incubated for 1 hour at room temperature to allow for adsorption of the
mixture into the dry shells. Tris-EDTA buffer (10 mM Tris, pH 7.4, and 1 mM EDTA)
was added to the particles and incubated for 15 minutes at room temperature.

EP

aggregates at neutral pH, which traps the nanoparticles within the glucans. Loaded
GeMAOs were resuspended in PBS and sonicated to homogeneity. GeMAOs were then
counted and aliquoted into tubes to avoid repeated freeze-thaw cycles and stored at -20
°C.
2.11 Immunocytochemistry and fluorescence microscopy
RAW264.7 cells (104 cells/well) were seeded on a Nunc Lab-Tek II 8-well
chamber slide (Sigma-Aldrich) and maintained in DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin. Fluorescent glucans were added to the cells at a 1:10
cell to glucan ratio, and the cells were incubated for 48 hours under standard conditions.
Culture media was then removed and cells were briefly washed with 1X PBS at 37 °C.
The cells were fixed in warm 3.7% formaldehyde for 15 min at room temperature and
samples were rinsed with PBS three times for 1 minute. The slide was blocked in 1%
BSA in PBS in the dark for one hour. The slide was rinsed with PBS and incubated with
an antibody specific for a macrophage-specific protein (anti-F4/80) in 1% BSA (1:100)
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for an additional hour. The cells were washed three times with PBS for 5 minutes per
wash and then incubated with Texas-Red conjugated secondary antibody (Invitrogen) in
1% BSA (1:1000) for one hour. The cells were washed another 3 times with PBS as
before and a cover-slip was mounted over the cells. Cells were visualized on a Zeiss
Axiovert 200M fluorescence microscope (Toronto, Ontario) using excitation wavelengths
of 460 nm for fluorescein, 594 nm for Texas Red, and differential interference contrast
for cell structure visualization. Images were captured with a Hamamatsu Orca R2 camera
and Axiovision software.
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3. RESULTS
3.1.1 MMP-3 and MMP-9 are repressed in peritoneal macrophages from AEBP1TG
mice
To test the possibility that AEBP1 regulates the expression of MMPs associated
with cancer, peritoneal macrophages were isolated from AEBP1TG and non-transgenic
(AEBP1NT) mice and the relative transcript levels of the genes encoding MMP-2, MMP3, and MMP-9 were compared by RT-qPCR. As a control, AEBP1 mRNA levels were
also analyzed and as a previously reported (Holloway, personal communication, 2012)
were 6-fold elevated in the AEBP1TG macrophages compared to those isolated from
AEBP1NT mice (Figure 6). For the MMP mRNAs, transcript levels of MMP-3 and MMP9 were 10.4- and 4.3-fold reduced, respectively, in peritoneal macrophages from
AEBP1TG mice (Figure 6). MMP-2 transcript levels were not significantly reduced
suggesting that AEBP1 regulates the transcription of MMP-3 and MMP-9, but not MMP2.
3.1.2 AEBP1 stimulates MMP-9 activation in RAW264.7 macrophages
Although AEBP1 over-expression appeared to down-regulate the expression of
the MMP-3 and MMP-9 genes, altered transcript levels may not indicate an alteration in
MMP activity. To investigate the effect of over-expression of AEBP1 on MMP-9 protein
levels and activity, RAW264.7 macrophages were transiently-transfected with 7 μg of an
AEBP1 expression vector (pcDNA-AEBP1) or a control plasmid that would not express
AEBP1 (pcDNA). After 24 hours, the growth medium was analyzed for secreted MMP-9
activity by gelatin zymography, and cell lysates were subjected to western blotting for
MMP-9 (Figure 7). Cleavage of proMMP-9, the non-active unprocessed form of MMP-9,
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Figure 6. MMP-3 and MMP-9 transcripts are down-regulated in macrophages from
AEBP1TG mice. Peritoneal macrophages from 20 week old AEBP1TG and AEBP1NT mice
were isolated and RNA was used for cDNA synthesis. Levels of MMP-2, MMP-3,
MMP-9, and AEBP1 transcripts relative to β-actin (control) transcript levels in the same
sample were determined by qPCR with primers for each target cDNA and are expressed
as a fold difference compared to AEBP1NT samples. Data represents the average (±SEM)
from 4 replicates. ** p < 0.01.
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Figure 7. AEBP1 over-expression in macrophages causes activation and secretion of
MMP-9.

RAW264.7 macrophages were transfected with 7ug of pcDNA (control),

pcDNA-AEBP1 (AEBP1), pcDNA-AEBP1ΔN (ΔN), or pcDNA-AEBP1ΔC (ΔC) and
cultured for 24 hours. (A) Protein from whole cell extracts was subjected to SDS-PAGE
and western blotting using antibodies against MMP-9 (top) and β-actin (bottom). Each
lane contains protein pooled from 3 biological replicates. (B) Prior to lysis, spent culture
medium was changed to fresh serum-free medium and after two hours the resulting
conditioned medium was subjected to gelatin zymography. Each lane contains medium
from an individual biological replicate.
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to the smaller active MMP-9 (Okada et al., 1992), was only detected in lysates from cells
transfected with pcDNA-AEBP1 (Figure 7). Two plasmids encoding truncated forms of
AEBP1 (ΔN and ΔC) were also transfected into RAW264.7 cells. pcDNA-AEBP1ΔC
can interact with PTEN, ERK1/2, and IκBα, but lacks the DNA-binding domain
necessary for transcriptionally repressing AEBP1 target genes (Majdalawieh et al., 2007).
pcDNA-AEBP1ΔN lacks the DLD which is necessary for both protein-protein
interactions and DNA binding (Lyons et al., 2005). Introducing both into RAW264.7
cells served to identify which function of AEBP1 may play a role in MMP-9 activation.
Interestingly, only pro-MMP9 was detected in cells transfected with either truncated form
of AEBP1 suggesting that the DNA binding function of AEBP1 is important for MMP-9
activation (Figure 7). Using gelatin zymography, activated MMP-9 was only detected in
samples containing pcDNA-AEBP1 (Figure 7). These data suggest that AEBP1 overexpression causes proMMP-9 cleavage and secretion of activated MMP-9.
3.1.3 AEBP1TG and AEBP1NT macrophages secrete activated MMP-9
Having determined that over-expression of AEBP1 in cultured macrophages
altered MMP-9 activity, I wanted to determine whether similar effects occur in AEBP1TG
mice.

To test whether AEBP1 over-expression altered the activation of MMP-9 in

AEBP1TG mice, conditioned growth medium isolated from primary macrophages of
AEBP1TG and AEBP1NT mice was analyzed by gelatin zymography.

As a positive

control, growth medium was also collected from a cultured human fibrosarcoma cell line
(HT1080) that constitutively secretes MMP-2 and MMP-9 (Kubota et al., 1991). Only
inactive MMP-2 was detected in all samples except for the control (Figure 8). Activated
MMP-9 was detected in both samples irrespective of whether macrophages were from
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transgenic or non-transgenic mice (Figure 8), suggesting MMP-9 activation was not
dependent

on

AEBP1

over-expression

under

these

experimental

conditions.

Unfortunately, a specific anti-AEBP1 antibody was not available to confirm that AEBP1
and the truncated forms of AEBP1 were actually being over-expressed.
3.2.1 STAT3 and NF-κB regulate transcription of the Aebp1 gene
Analysis of the Aebp1 gene promoter revealed putative binding elements for
STAT3 and the p65 subunit of NF-κB located 1835 bp and 2219 bp upstream of the
Aebp1 transcription start site, respectively.

Chromatin immunoprecipitation (ChIP)

experiments were carried out to determine whether occupancy of the Aebp1 promoter
region could be detected for either STAT3 or NF-κB (p65). MDA-MB-231 mammary
carcinoma cells were cross-linked and phosphorylated STAT3 and p65 were
immunoprecipitated

from

cell

lysates

using

anti-phosphoSTAT3(Y705),

anti-

phosphop65(S536), or anti-rabbit IgG (control). Chromatin immunoprecipitated DNA
was analysed by semiquantitative PCR using primers specific to regions of the Aebp1
promoter containing the putative STAT3 and p65 binding sites.

Published primers

specific to a STAT3 element in the Vegf promoter (Gray et al., 2005) and a p65 element
in the MMP-9 promoter (Cho et al., 2009) were used as positive controls. The Aebp1 and
Vegf promoters were efficiently amplified when chromatin was immunoprecipitated with
anti-phosphoSTAT3(Y705) (6.5% and 5.8%, respectively) compared to the IgG controls
(Figure 9A). The anti-phosphop65(S536) antibodies only weakly immuniprecipitated the
Aebp1 and Mmp-9 promoters (0.35% and 0.12%, respectively), although this was
significantly higher than the respective IgG controls (Figure 9B). These data suggest that
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Figure 8. Peritoneal macrophages from AEBP1NT and AEBP1TG mice secrete active
MMP-9. Peritoneal macrophages from both AEBP1NT and AEBP1TG mice were cultured
in serum-free medium for 2 hours, and the conditioned medium was subject to gelatin
zymography. Conditioned medium from HT1080 cells was used as a positive control
(H). Each lane contains medium pooled from four biological replicates.
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Activated STAT3 and NF-kB (p65) recognize target sites in the Aebp1

promoter in MDA-MB-231 cells. ChIP assays were performed with MDA-MB-231
human carcinoma cells using antibodies against (A) phospho-Stat3 or (B) phospho-p65.
As a control, cross-linked chromatin was immuniprecipitated with anti-rabbit IgG.
Immunoprecipitated DNA was purified for (A), the regions from 1967 to 1805 bp
upstream of the AEBP1 transcription start site and 1386 to 1036 bp upstream of the
VEGF transcription start site were amplified by qPCR (50 cycles), and for (B), DNA was
amplified using primers specific to the regions 2329 to 2124 bp upstream of the AEBP1
transcription start site and 3300 to 3013 bp upstream of the MMP-9 transcription start
site. Values indicate reactions performed in quadruplicate from one single experiment
and are expressed as the percentage of input DNA immunoprecipitated (±SEM).
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phosphoSTAT3 and activated NF-κB may recognize the putative binding sites identified
in the Aebp1 promoter.
3.2.2 AEBP1 is up-regulated in cells stimulated with TNFα or IL6
NF-κB and STAT3 are activated by TNFα and IL6, respectively, meaning that
Aebp1 may be up-regulated in cells by TNFα and IL6 pathways. To test whether these
cytokines could induce AEBP1 expression, mammary epithelial cells (HC11) and
mammary carcinoma cells (E0771) were stimulated with recombinant TNFα (20 ng/ml)
or IL6 (50 ng/ml), respectively, for 48 hours. Cell lysates were subjected to western
blotting for AEBP1 (Figures 10 and 11). Relative AEBP1 levels were up 2-fold in HC11
cells, and 4-fold in E0771 cells, treated with TNFα compared to un-treated samples
(Figure 10). AEBP1 levels were elevated by 3-fold in E0771 cells treated with IL6
(Figure 11). The increase in AEBP1 levels suggests that TNFα and IL6 induce AEBP1
expression in these target cells. AEBP1 levels in HC11 cells treated with IL6 returned to
the levels observed in un-treated cells after 48 hours (data not shown).
3.2.3 IL6 mediated AEBP1 induction persists after removal of exogenous IL6
IL6 signalling can cause IL6 secretion from the target cell resulting in an
autocrine signalling loop (Iliopoulos et al., 2009). AEBP1 over-expression causes IL6
secretion from macrophages (Majdalawieh et al., 2006) and AEBP1 can also be induced
in E0771 cells following exogenous IL6 stimulation (Figure 11) suggesting that AEBP1
may be involved in autocrine IL6 signalling in epithelial cells. To test whether AEBP1
expression is elevated during autocrine IL6 signalling, E0771 mammary carcinoma cells
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Figure 10. TNFα signalling induces AEBP1 expression in HC11 and E0771 cells. HC11
(A, B) and E0771 (B, D) cells were cultured in the presence (+) or absence (-) of TNFα
(20ng/mL) for 48 hours. Protein was extracted and analyzed by western blotting using
antibodies specific for AEBP1 and β-actin.

Signals were analysed using ImageJ

densitometric software and AEBP1 levels normalized to β-actin levels were expressed as
a fold difference between TNFα-treated compared to un-treated cells. Data in C and D
represent the average (±SEM) of 3 and 2 individual experiments, respectively.
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Figure 11. IL6 stimulates AEBP1 expression in E0771 cells. (A) E0771 cells were
cultured in serum free media in the presence (+) or absence (-) of IL6 (50ng/mL) for 48
hours. Protein was extracted and analyzed by western blotting using antibodies specific
for AEBP1 and β-Actin. (B) Signals were analysed using ImageJ densitometric software
and AEBP1 levels normalized to β-actin levels were expressed as a fold difference
between IL6-treated cells compared to un-treated cells. Data represent the average of 3
replicates (±SEM).
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were treated with exogenous IL6 for 48 hours to induce endogenous IL6 secretion. Once
endogenous IL6 signalling was underway, the medium was replaced with fresh, cytokinefree, medium and the cells were maintained for an additional 48 hours. Protein from
whole cell extracts was subjected to western blotting using antibodies specific to the
indicated proteins (Figure 12A). AEBP1 levels were 4-fold higher in IL6-stimulated
E0771 cells, despite the removal of the cytokine. STAT3(Y705) phosphorylation was also
sustained (Figure 12B). Persistent AEBP1 induction during IL6 signalling may posit a
role for AEBP1 in IL6-induced tumourigenesis.
3.3.1 Purified glucans can be internalized by RAW264.7 macrophages in vitro
To confirm whether AEBP1 expression in macrophages, and not another cell type,
causes mammary gland hyperplasia, a macrophage-specific glucan-vehicle for the
delivery of morpholinos directed against AEBP1 mRNA was used.

To determine

whether the purified glucans could be internalized by macrophages in culture, RAW264.7
macrophages were treated with fluorescein-labelled glucans at a 1:10 cell to glucan ratio
for 48 hrs. Cells were fixed and probed with antibodies for the macrophage-specific
marker F4/80 and fluorescent immunocytochemistry was performed. Glucan particles
were detected within the RAW264.7 cells (Figure 13).
3.3.2 Endo-Porter-delivered morpholino can knock-down AEBP1 expression in
RAW264.7 cells in vitro
To test whether the AEBP1-directed morpholino (MAO) could knock-down
AEBP1 expression, RAW264.7 macrophages were treated with 10 μM of MAO or
control morpholinos to determine whether AEBP1 expression had been reduced using
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Figure 12.

IL6-treated E0771 cells maintain elevated AEBP1 expression following

removal of exogenous IL6 from the culture medium. E0771 cells were cultured in serumfree medium with recombinant IL6 (50 ng/mL) for 48 hours prior to further culture in
fresh, cytokine-free, media for another 48 hours. (A) Protein was extracted and analyzed
by western blotting using antibodies specific for AEBP1, phospho-STAT3, STAT3,
phospho-p65, p65, and β-Actin. (B) Protein levels normalized to β-actin levels using
ImageJ densitometric software and expressed as a fold difference between IL6-treated
cells compared to un-treated cells. For phosphoSTAT3 and phopshoNF-κB, levels are
expressed as the ratio of phosphorylated to total amounts of these proteins.

Data

represents the average of 2 replicates. “*” signifies non-specific bands detected by the
antibody.
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Figure 13.

Purified glucan particles engulfed by RAW264.7 macrophages in vitro.

RAW264.7 cells were cultured for 48 hours with fluorescein-labelled glucan particles
(arrows, green) at a particle to cell ratio of 10:1. The cells were then stained using antiF4/80 antibodies (red) and signal was captured using a Zeiss Axiovert 200M fluorescence
microscope.
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AEBP1-specific morpholino. After 48 hour exposure to the morpholinos, the cells were
lysed and protein was collected and analyzed by western blotting. AEBP1 levels were
approximately 2.5-fold lower in cells treated with an AEBP1-specific morpholino
compared to cells treated with a negative control morpholino (Figure 14).
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Figure 14.

AEBP1-specific morpholinos can knock down AEBP1 expression in

RAW264.7 cells in vitro. RAW264.7 cells (80% confluency) were treated with 6 μM
Endo-Porter and either 10 μM control morpholino (control) or AEBP1 morpholino
(MAO), and incubated for an additional 48 hours. (A) Cells were lysed and total lysate
was subjected to western blotting for AEBP1 and β-actin (loading control) using specific
antibodies. (B) Densitometric analysis (ImageJ) of AEBP1 protein levels, based on βactin levels, in MAO-treated samples relative to control samples. Data represent a single
replicate.
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4. DISCUSSION
4.1 AEBP1 affects matrix signalling
Breast cancer is often characterized by amplified inflammatory signalling
combined with elevated expression and activity of various MMPs that promote cell
growth and motility (Khokha & Werb, 2011). Some MMPs can degrade the ECM that
separates different tissues, aiding in tumour metastasis from one organ to another, and
MMPs can also stimulate cell proliferation by activating cytokines (Khokha & Werb,
2011). The mammary epithelium of mice with transgenic over-expression of AEBP1 in
the macrophages (AEBP1TG mice) displays clear signs of morphological dysfunction and
increased inflammation associated with uncontrolled cell growth and proliferation, known
as hyperplasia (Holloway et al., submitted). Using semi-quantitative RT-PCR, I tested
whether AEBP1 over-expression regulates the transcription of three candidate MMPs
(MMP-2, MMP-3, and MMP-9) that are often up-regulated in breast cancer and
inflammation and cause matrix remodelling and stromal-epithelial cross talk (Bachmeier
et al., 2001). During inflammation, MMP-2, MMP-3, and MMP-9 are expressed at
higher amounts and can be enzymatically activated (Vincenti & Brinckerhoff, 2007).
MMP-2 was not significantly affected by AEBP1 expression, but Mmp-3 and Mmp-9
were down-regulated in AEBP1TG mice (Figure 6). The result was unexpected because
Mmp-3 and Mmp-9 are normally transcriptionally activated by NF-κB, and AEBP1 can
enhance NF-κB activity. NF-κB was, however, found to repress Mmp-9 transcription
when tumour growth factor-beta (TGF-β) signalling is activated (Ogawa et al., 2004).
Ogawa et al. (2004) found that TGF-β stimulation of RAW264.7 macrophages resulted in
Mmp-9 down-regulation when NF-κB was activated by TLR signalling. When the NF-κB
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binding element in the Mmp-9 promoter was mutated to prevent NF-κB binding, TGF-β
stimulation of the cells did not down-regulate Mmp-9 transcription (Ogawa et al., 2004).
TGF-β is a cytokine that can protect tumour cells by deactivating tumouricidal cells in the
tumour microenvironment and stimulate angiogenesis, the recruitment of blood vessels
(Blobe et al., 2000). There is currently little evidence that TGF-β signalling is enhanced
in AEBP1TG mice; however, AEBP1 can enhance hyperlipidemia (Ro et al., 2007) by
stimulating pre-adipocyte proliferation through Akt and ERK1/2 activation (Zhang et al.,
2005; Ro et al., 2007). Hyperlipidemia can activate TGF-β in some tissues (Koncarevic
et al., 2012) and it is speculated that AEBP1 may also affect TGF-β signalling by upregulating the transcription of members of the TGF-β pathway (Ladha et al., 2012). TGFβ expression may result in NF-κB mediated transcriptional repression, which should be
investigated in AEBP1TG and non-transgenic (AEBP1NT) mice.
Another possible reason why Mmp-3 and Mmp-9 were down-regulated is the
transcriptional repression function of AEBP1. AEBP1 was originally characterized as a
transcription factor that binds to the AE-1 sequence (He et al., 1995), and AE-1-like
sequences have been found in the promoter upstream regions of Mmp-9, but not Mmp-3
(data not shown). At this time, it is unclear if AEBP1 is directly or indirectly regulating
the transcription of Mmp-3 and Mmp-9.

To confirm whether AEBP1 is directly

repressing Mmp-3 and Mmp-9 transcription, chromatin immunoprecipitation using antiAEBP1 antibodies could be performed. If AEBP1 is directly repressing the Mmp-3 and
Mmp-9 genes I would expect to detect elevated enrichment of Mmp-3 and Mmp-9
chromatin in AEBP1-immunoprecipitated samples compared to IgG immunoprecipitated
samples. The down-regulation of MMPs in AEBP1TG mice runs counter to the matrix
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remodelling observed (Holloway et al., submitted), so I also investigated the possibility
that AEBP1 over-expression influences MMP-9 activity.
All MMPs are translated as pro-enzymes with N-terminal inhibitory domains that
must be proteolytically cleaved for proteolytic activity (Khokha & Werb, 2011). I tested
whether AEBP1 over-expression can result in cleavage of proMMP-9 and activity of the
activated MMP-9 product by transfecting plasmids encoding full-length or truncated
AEBP1 into a macrophage cell line.

RAW264.7 cells that were transfected with

functional, full-length AEBP1 expressed activated MMP-9; however, cells that were
transfected with truncated forms of AEBP1 or empty vector control plasmids only
expressed proMMP-9 (Figure 7). The DNA binding ability of AEBP1 appeared to be
required for MMP-9 activation; however, the mechanism is currently unknown. AEBP1
is unlikely to cleave MMP-9 because both pcDNA-AEBP1ΔN and pcDNA-AEBP1ΔC
plasmids still encode the carboxypeptidase domain (Lyons et al., 2005; Majdalawieh et
al., 2007) and there was no proMMP-9 processing when either truncated form was
transfected into the cells. The pcDNA-AEBP1ΔC plasmid encodes a form of AEBP1 that
cannot bind DNA, but can mediate the protein-protein interactions that enhance
inflammation (Majdalawieh et al., 2007). Neither of the truncated forms of AEBP1 can
bind DNA suggesting that DNA binding by AEBP1 may be required for MMP-9 posttranslational regulation. Another possible reason for a lack of MMP-9 processing is that
the truncated versions of AEBP1 were not expressed or the products were rapidly
degraded or misfolded.

I would expect to detect elevated AEBP1 levels in cells

transfected with the full-length AEBP1 plasmid, and species corresponding to 60 and 66
kDa proteins representing the AEBP1ΔN and AEBP1ΔC, respectively, but the mutant
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forms of AEBP1 were not detected by the anti-AEBP1 antibody (data not shown).
Expression of AEBP1 or the truncated forms could not be confirmed because a specific
anti-AEBP1 antibody was not available for this experiment. Instead, plasmids encoding
epitope-tagged AEBP1 (e.g. myc-tagged AEBP1) could be used for transfections so long
as the protein product functions the same way untagged AEBP1 does.
I also tested peritoneal macrophages from AEBP1TG and AEBP1NT mice, in which
AEBP1 levels are known (Holloway, personal communication, 2012), for MMP-2 and
MMP-9 activation.

Unlike the transiently transfected cells, MMP-9 was activated

irrespective of AEBP1 levels (Figure 8). Either AEBP1 does not regulate MMP-9 in the
AEBP1TG mice, or the procedure used to isolate the peritoneal macrophages caused
MMP-9 activation in both samples. In this procedure, thioglycollate is injected into the
mouse peritoneum stimulating low-grade inflammation and macrophage infiltration.
Activated MMP-9 has been detected in wild-type peritoneal macrophages several days
after thioglycollate-stimulation suggesting MMP-9 is involved in macrophage migration
and could be activated by thioglycollate (Gong et al., 2008). The experiment needs to be
repeated without the use of thioglycollate-elicited macrophages. Instead, homogenized
mammary gland tissue from AEBP1TG and AEBP1NT mice would provide a
representative sample for examining the potential effects of AEBP1 expression on MMP
activity.
4.2 Epithelial AEBP1 expression can be induced by pro-inflammatory signalling
The mammary epithelium of AEBP1TG mice is susceptible to hyperplasia due to
chronic inflammation mediated by macrophages.
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AEBP1 amplifies NF-κB activity

resulting in elevated inflammatory signalling and epithelial cell proliferation
(Majdalaweigh et al., 2007; Holloway et al., submitted). AEBP1 can also be induced in
epithelial tissue (Ladha et al., 2012; Holloway et al., submitted), which is uncharacteristic
because the mammary epithelium of non-transgenic mice completely lacks AEBP1
protein (Zhang et al., 2011). Previous research has confirmed that AEBP1 has many roles
in driving cell growth and proliferation once induced, and the induction of AEBP1 may
be an important step in the transformation of epithelial cells into cancer cells (Ladha et
al., 2012). I set out to determine what pro-inflammatory signals might cause induction of
AEBP1 expression. To do this, the Aebp1 promoter upstream region was analyzed for
potential NF-κB and STAT3 binding elements. Regions 1835 bp and 2219 bp upstream
of the Aebp1 transcription start site were recognized as putative STAT3 and NF-κB
elements, respectively (data not shown). I tested whether STAT3 and NF-κB were bound
to those sites by chromatin immunoprecipitating phospho-STAT3(Y705) and phosphop65(S536) from human MDA-MB-231 mammary carcinoma cells, and confirmed that
chromatin corresponding to the Aebp1 promoter was present in immunoprecipitated
samples (Figure 9).

This experiment needs to be repeated in murine cells with

appropriate controls. For example, primers specific to regions that are not bound by
STAT3 or p65 need to be used to confirm that the antibodies did not non-specifically pull
down other genomic regions in addition to the Aebp1 promoter region. Attempts were
made to repeat the experiment using murine HC11 mammary epithelial cells and the
appropriate controls, but further optimization is needed for the different cell type, primers
and antibodies. Another experiment that could be performed is a luciferase assay using a
reporter construct driven by the Aebp1 promoter. Monitoring the effect of mutating the
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putative STAT3 or NF-kB elements on luciferase reporter gene expression would
determine whether either transcription factor directly regulates Aebp1 transcription.
IL6 and TNFα activate STAT3 and NF-κB, respectively, and are secreted from
AEBP1TG macrophages at higher rates compared to AEBP1NT macrophages
(Majdalawieh et al., 2007). I tested whether recombinant IL6 and TNFα could stimulate
AEBP1 expression in HC11 and E0771 epithelial cells in vitro. AEBP1 levels were
elevated in HC11 and E0771 cells treated with TNFα (Figure 10), and in E0771 cells
treated with IL6 (Figure 11). HC11 cells did not maintain elevated AEBP1 levels after
IL6 treatment probably because they have defective IL6 receptor expression that prevents
them from responding to IL6 signals (Hutt & DeWille, 2002). In the future, a control
treatment in which recombinant TNFα or IL6 is pre-mixed with neutralizing antibodies
specific to those cytokines prior to treating the cells should be included. This control
would verify whether induction of AEBP1 was dependent on the activation of TNFα- or
IL6-specific receptors. I also analyzed whether AEBP1 expression could remain elevated
throughout autocrine IL6 signalling, which might implicate it as a contributor to the
tumourigenic process. Autocrine IL6 signalling is an important tumourigenic event that
stimulates cell growth, proliferation, matrix remodelling and concomitant IL6 secretion
(Hartman et al., 2011; Iliopoulos et al., 2009). I treated E0771 mammary carcinoma cells
with IL6, but removed the exogenous cytokine after 48 hours and continued culturing the
cells for an additional 48 hours. Phosphorylated STAT3 was still elevated 48 hours after
removal of exogenous IL6, which is an indication that endogenous IL6 may be secreted
(Figure 12). To confirm this, neutralizing antibodies for IL6 should be added after the
exogenous cytokine is removed to negate the endogenous autocrine IL6 signalling loop,
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which would block AEBP1 up-regulation if it was dependent on the endogenous signal.
AEBP1 levels were also elevated in concert with STAT3 phosphorylation despite no
exogenous IL6 being present in any samples, suggesting that AEBP1 is induced and
maintained during IL6 autocrine signalling. More replicates are needed using specific
anti-AEBP1 antibodies to confirm this result, but there is evidence that AEBP1 may play
a role in autocrine IL6 signalling. As previously mentioned, AEBP1TG macrophages also
exhibit elevated IL6 secretion, and Aebp1 expression may have the same effect when
induced in epithelial cells. If these results are confirmed, AEBP1 might be an important
mediator of IL6-induced tumourigenesis. This experiment would need to be repeated in
cells with AEBP1-expression knocked down by morpholino delivery.

If AEBP1 is

involved IL6 secretion, cell growth and proliferation should be reduced upon morpholino
delivery, which could be confirmed by fluorescence-activated cell sorting. If AEBP1 is
involved in IL6 signalling, it might suggest that AEBP1 is a potential therapeutic target in
treating inflammation and tumourigenesis.
4.3 AEBP1 expression can be knocked-down by morpholino delivery in
macrophages
Stromal over-expression of AEBP1 causes atherosclerosis, insulin resistance and
mammary gland hyperplasia (Bogachev et al., 2011; Ro et al., 2007; Holloway et al.,
submitted).

Bone marrow transplantations have identified the haematopoetic

compartment as a contributor to these phenotypes, but there is significant evidence that
AEBP1 over-expression in macrophages is of particular importance (Zhang et al., 2011).
Bone marrow transplantations from AEBP1TG mice into AEBP1NT mice cause epithelial
cell growth and increased mammary gland inflammation (Holloway et al., submitted).
Transplantation of bone marrow from wild type mice into AEBP1-null mice is sufficient
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to rescue the mammary gland from premature involution (Zhang et al., 2011). These data
underscore the importance of AEBP1 in the haematopoetic compartment, but not
necessarily macrophages because bone marrow has other types of cells such as
neutrophils and lymphocytes (Omokaro et al., 2009). The hypothesis that macrophages
are the source of AEBP1 mediated proliferation of mammary epithelial cells could be
tested if AEBP1 expression is specifically reduced in macrophages. My goal was to
determine whether this could be accomplished by the use of glucan particles and
morpholinos. I successfully purified glucans that can be internalized by macrophages in
vitro (Figure 13) and developed a morpholino that can knockdown AEBP1 expression
(Figure 14), but there were significant hurdles to overcome in the use of both together.
Morpholinos are un-charged and therefore cannot be packaged using electrostatic
interactions, and are very costly for the amount of optimization needed to ensure that they
are bound to the DNA adapter or within the particles. Once the technique is perfected,
AEBP1TG mice will need to be treated with GeMAOs followed by analysis of the
mammary epithelium to confirm whether AEBP1 expression has been reduced and if the
epithelial tissue is hyperplastic or not. In the future, the levels of pro-inflammatory
cytokines such as IL6 and TNFa will need to be examined following GeMAO treatment
to also confirm that these cytokines are secreted specifically from macrophages.
4.4 Conclusion
Based on my observations, I hypothesize that AEBP1 modulates the expression of
a subset of MMPs in macrophages and is responsive to pro-inflammatory stimuli in
epithelial cells. The significance of MMP activation by AEBP1 is unclear, but may
implicate AEBP1 as an important modulator of tumour signalling and invasion. The
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repression of MMP-3 and MMP-9 transcription by AEBP1TG mice compared to activation
of MMP-9 in transiently transfected macrophages may be the result of differences in
AEBP1 expression between the two systems. The AEBP1 transgene in the AEBP1 TG
mice is under the control of the aP2 promoter, which has already been characterized as a
target for AEBP1-mediated transcriptional repression (He et al., 1995). As a result of a
negative feedback loop, AEBP1 over-expression in the AEBP1TG mice may be
considerably less than in transiently transfected cells where exogenous AEBP1 expression
is transcriptionally controlled by a CMV promoter. CMV promoters have a high affinity
for host cell transcriptional machinery that leads to strong over-expression of genes under
their control (Chen et al., 2011). The differences in AEBP1 levels may be the cause of
differential regulation of MMP-3 and MMP-9 transcription and activity between
macrophages from the transgenic mice and transiently transfected macrophages.
I also hypothesized that AEBP1 expression in macrophages can induce epithelial
AEBP1 expression.

Macrophages with elevated levels of AEBP1 secrete pro-

inflammatory mediators that induce AEBP1 expression in the epithelial cells. My data
suggest that AEBP1 expression can be induced by TNFa and IL6 in some cells. When
induced, AEBP1 may protect epithelial cells from apoptosis, and promote cell survival
and proliferation (Ladha et al., 2012; Ro et al., 2007; Holoway et al., submitted). Further
studies are required to confirm whether AEBP1 is a possible therapeutic target in
macrophages, and whether knock-down of AEBP1 expression ameliorates inflammatory
disorders in the mammary gland.
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