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Chapter 1  Introduction and Literature Review

The adult female mammary gland structure affords for the growth, development
and immune protection of the new borns through its production of milk. The dynamic
development of the mammary gland in response to physiological stimulation allows
its programmed branching morphogenesis at puberty, cyclical turnover during the
reproductive cycle, differentiation into a secretory organ during pregnancy/parturition,
involution after lactation, and ultimately, regression with age. Extracellular matrix
metalloproteinases (MMPs) are essential for these programs that remodel the tissue
microenvironment at the interface of the epithelium and the stroma, coupling form
with function. Moreover, MMPs have been shown to play a role in mammary gland

tumor development and progression.

1.1 The MMP family

MMPs are a family of zinc-dependent endopeptidases. MMPs mediate a number
of physiological and pathological processes, such as matrix degradation, tissue
remodeling, inflammation, tumor progression (Rouyer et al., 1994-1995; Shim et al.,
2007). Currently, 25 MMP family members have been identified (Lohi et al., 2001;
Egeblad and Werb, 2002). They are often grouped according to their modular domain

structure. There are eight distinct structural classes of MMPs (Figure 1.1).
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Figure 1.1 Domain structure of MMPs. The various domain organizations of human

MMPs are illustrated; Pre: signal peptide sequence; Pro: pro-peptide with a free zinc-ligating
thiol (SH) group; F: furin-susceptible site; Zn: zinc ion; II: collagen binding fibronectin type II
insert; H: hinge region; TM: transmembrane domain; C: cytoplasmic domain; GPI:
glycophosphatidyl inositol membrane anchoring domain; C/P: cysteine/proline array; IL-1R:
interleukin-1 receptor; Vn: vitronectin-like domain; Hemopexin: hemopexin domain. The flexible,
variable length of linker or hinge region is depicted as a wavy black ribbon. Modified from
Egeblad and Werb, 2002; Radisky and Radisky, 2010.

Most of the MMPs are able to cleave one or more major components of the
extra-cellular matrix (ECM) (Liu et al., 2001; Egeblad and Werb, 2002; Motrescu et
al., 2008; Kessenbrock et al., 2010). According to their substrates, the MMPs can be
divided into 5 general subgroups: stromelysins, collagenases, gelatinases,
membrane-type MMPs (MT-MMPs) and elastases (Liu et al., 2001), and the common
names of the MMPs reflect this classification (Table 1.1). However, as the list of

MMPs has grown, a sequential numbering system for the MMPs has been adopted.



Designation Structural class Common name(s)
MMP-1 Simple hemopexin domain Collagenase-1, interstitial collagenase,

fibroblast collagenase, tissue collagenase
MMP-2 Gelatin-binding Gelatinase A, 72-kDa gelatinase, 72-kDa

type IV collagenase, neutrophil gelatinase

MMP-3 Simple hemopexin domain Stromelysin-1, transin-1, proteoglycanase,

pro-collagenase-activating protein

MMP-7 Minimal domain Matrilysin, matrin, PUMP1, small uterine
metalloproteinase
MMP-8 Simple hemopexin domain Collagenase-2, neutrophil collagenase,

PMN collagenase, granulocyte collagenase

MMP-9 Gelatin-binding Gelatinase B, 92-kDa gelatinase, 92-kDa
type IV collagenase

MMP-10 Simple hemopexin domain Stromelysin-2, transin-2

MMP-11 Furin-activated and secreted | Stromelysin-3

MMP-12 Simple hemopexin domain Metalloelastase, macrophage elastase,

macrophage metalloelastase

MMP-13 Simple hemopexin domain Collagenase-3

MMP-14 Transmembrane MT1-MMP, MT-MMP1

MMP-15 Transmembrane MT2-MMP, MT-MMP2

MMP-16 Transmembrane MT3-MMP, MT-MMP3

MMP-17 GPI-linked MT4-MMP, MT-MMP4

MMP-18 Simple hemopexin domain Collagenase-4 (Xenopus, no human

homologue known)

MMP-19 Simple hemopexin domain RASI-1

MMP-20 Simple hemopexin domain Enamelysin

MMP-21 Vitronectin-like insert Homologue of Xenopus XMMP

MMP-22 Simple hemopexin domain CMMP (chicken; no human homologue
known)

MMP-23 Type Il transmembrane Cysteine array MMP (CA-MMP),
femalysin, MIFR

MMP-24 Transmembrane MT5-MMP, MT-MMP5

MMP-25 GPI-linked MT6-MMP, MT-MMP6, leukolysin

MMP-26 Minimal domain Endometase, matrilysin-2

MMP-27 Simple hemopexin domain MMP-27

MMP-28 Furin-activated and secreted | Epilysin

Table 1.1 The matrix metalloproteinase family. Adapted from Egeblad and Werb, 2002;
Kessenbrock et al., 2010.

Most of the extracellular signalling pathways that regulate cell behaviors occur at
or near the cell membrane and are regulated by pericellular proteolysis (Werb, 1997).

The cell-membrane-associated MMPs are either covalently linked to the cell



membrane or possess a trans-membrane domain, which is the most obvious way of
restricting MMP activity to the cell membrane. However, the secreted MMPs can also
localize to the cell surface by binding to integrins (Brooks et al., 1996) or to CD44
(Yu and Stamenkovic, 1999; Yu et al, 2002), or through interactions with
cell-surface-associated heparan sulphate proteoglycans, collagen type IV, and/or the
extracellular matrix metalloproteinase inducer (EMMPRIN) (Sternlicht and Werb,
2001).

1.1.1 Regulation of MMP activity

1.1.1.1 Regulation of MMP activity independent on TIMPs

MMP activity has been particularly studied in the context of carcinomas. The
complexity of the tumor microenvironment allows for a variety of regulatory cascades
that determine the functions of the various MMPs expressed. Proteolytic activity of
MMPs can be regulated at different levels: gene expression, compartmentalization,
transformation from inactive zymogen form to active enzyme, and at finally, by the
presence of specific inhibitors. Indeed, when judging the pathophysiological
relevance of increased expression of proteinases in tumors, the particular context is
important, that is whether endogenous inhibitors or activating enzymes are present in
the microenvironment (Kessenbrock et al., 2010).

The critical step of regulating MMP activity is to transform a zymogen status
into an active proteolytic enzyme. Several proteinases can mediate this MMP
activation, such as furin, plasmin, or active MMPs (Sternlicht and Werb, 2001). When
activated, MMP-2, MMP-3, MMP-7, MMP-9 and MMP-12 may emit some negative
feedback signals, for example, by degrading plasminogen and thus interfering with
plasminogen conversion to active plasmin. This complex regulation of MMP activity
is necessary, since unhampered proteinase activity may lead to tissue damage and the
perpetuation of the inflammatory response in chronic inflammatory diseases and
cancer (Parks et al., 2004). An example of how MMP activity is controlled is shown
by the observation that MMPs also degrade plasmin-suppressing serpin proteinase

inhibitors, and therefore promote the conversion of pro-MMPs. For example, MMP-3



is a potent inactivator of alpha2-antiplasmin (02-AP) (Lijnen et al., 2001), and several
MMPs inactivate other serpins such as alfal-proteinase inhibitor (al-PI) and
alfal-chymotrypsin (a1-CT) and thus prolong the catalytic activity of extracellular
proteinases that are normally inhibited by these molecules. A crucial interplay of
MMP-9, al-PI, and neutrophil elastase occurs in skin blister formation, in which
MMP-9 efficiently degrades al-PI, a physiological serpin inhibitor of neutrophil
elastase and other serine proteinases. This promotes elastase mediated matrix
degradation that manifests in dermal-epidermal separation and blister formation in
vivo (Liu et al., 2000). This study well illustrates the interaction between extracellular
proteinases and their endogenous inhibitors as may occur in normal physiological
situations and in the course of disease (Kessenbrock et al., 2010).

The MMP function can also be affected by reactive oxygen species (ROS). The
inflammatory response at the tumor site produces a large amounts of ROS that are
generated by activated neutrophils and macrophages. These oxidants initially activate
MMPs through oxidation of the pro-domain cysteine (Weiss et al., 1985). However,
eventually, in combination with the enzyme myeloperoxidase contributed by
inflammatory cells, they inactivate MMPs by modification of amino acids of the
catalytic domain by hypochlorous acid (Fu et al., 2003).

The localization of MMPs often indicates their biological function. Several
MMPs interact with surface receptors such as integrins and/or localize to specific
ECM, which up-regulates MMP activity by increasing their local concentration, and
also may interfere with adjacent endogenous inhibitors (Nagase et al., 2006). The
binding of MMP-2 to integrin avf3 through its hemopexin domain is crucial for
mesenchymal cell invasive activity (Rupp et al., 2008). Similarly, high local
concentrations of active MMP-14 on the cell membrane of metastatic cancer cells
play important roles in cell migration (Friedl and Wolf, 2008; Sabeh et al., 2004, 2009;
Wolf et al., 2007). However, there may also be additional mechanisms to concentrate
extracellular proteinases in some specific sites of the microenvironment. One example
relates to neutrophilic granulocytes that upon cellular activation, overflow their
nuclear chromatin to form so-called neutrophil extracellular traps (NETs), a structure
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with highly concentrated proteinases such as MMP-9 and leukocyte elastase with
chromatin together form an extracellular structure that amplifies the effectiveness of
its antimicrobial substances (Brinkmann et al., 2004). These NETs act primarily to
fight off bacterial infections, but they also contribute to the pathogenesis of
autoimmune diseases (Kessenbrock et al., 2009). It remains to be determined whether
NETs exist in the tumor microenvironment, and whether these structures play a role in
malignant diseases by localizing proteinase activity to certain sites in the tumor.

It has been found that MMP-2 formed a reduction-sensitive homodimer in a
controlled manner and that Ca*" ion is essential for homodimerization of MMP-2.
Homodimerization is not associated with protein kinase C-mediated phosphorylation
of MMP-2. MMP-2 formed a homodimer through an intermolecular disulfide bond
between Cys102 and neighboring Cys102. Homodimerization of MMP-2 enhanced
thrombin-mediated activation of pro-MMP-2. Moreover, MMP-2 homodimer could
cleave a small peptide substrate without removal of the propeptide (Koo et al., 2012).
The peroxynitrites are able to nitrate and activate MMP-2 and MMP-9 in the placenta
(Capobianco et al., 2012). It is also suggested that caveolin-1 (cav-1) plays important
roles in negative regulation of MMP-2 and MMP-9 activity (Gu et al., 2012), and that
it also negatively regulates MMP-1 gene expression via inhibition of Erk1/2/Etsl
signaling (Haines et al., 2011). It has been revealed that electrophilic fatty acid
derivatives can serve as effectors during inflammation, first by activating pro-MMP
proteolytic activity via alkylation of the cysteine switch domain, and then by
transcriptionally inhibiting MMP expression, thereby limiting the further progression

of inflammatory processes (Bonacci et al., 2011).

1.1.1.2 Regulation of MMP activity dependent on TIMPs

There are four tissue inhibitor of metalloproteinase (TIMP) family members,
TIMP-1, TIMP-2, TIMP-3 and TIMP-4. TIMPs are 21 to 30 kDa proteins that share
substantial sequence homology and structural identity (Croker et al., 2004). Their

basic properties are summarized in Table 1.2.



Characteristics TIMP-1 TIMP-2 TIMP-3 TIMP-4
Chromosomal location (gene) | Xp11.23-11.4 17923-25 22q12.1-13.2 3p25
mRNA (kb) 0.9 1.0-3.5 5.0 (2.6-2.4) 1.4
Molecular mass (kDa) 20.5/28.5 26 21/27 23/29
Unglycosylated/glycosylated
Protein localization Secreted Secreted Membranous Secreted
MMPs poorly inhibited MT-MMPs | None reported | None reported | None reported

Table 1.2 Molecular characteristics of TIMPs. Modified from Croker et al., 2004; Moore

etal., 2011.

The TIMPs possess 12 conserved cysteine residues forming six disulfide bonds

that fold the protein into two domains each containing three loops, an MMP-inhibiting

N-terminal domain (loops 1-3), and a C-terminal domain (loops 4-6) (Tuuttila et al.,

1998). Crystallographic structures are available for TIMP-1 and TIMP-2 whereby

accurate assignment of these disulfide bonds has been determined, while hypothetical

structures have been proposed for TIMP-3 and TIMP-4 (Moore et al., 2011).

Computational scheme of the loop structures and disulfide bond arrangement for

human TIMPs are shown in Figure 1.2.
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Figure 1.2 Computational structure of human TIMPs. Scheme of TIMP-1, TIMP-2,
TIMP-3 and TIMP-4 loop structures and disulfide bond arrangement. The boxed CHO indicates
glycosylation sites for TIMP-1 and TIMP-3. The arrows separate the three N-terminal loops from

the three C-terminal loops. Adapted from Moore et al., 2011.




TIMPs are produced in glycosylated and unglycosylated forms (Apte et al.,
1995). Glycosylation results in an increase in the molecular weight of TIMPs, but has
not been shown to alter their MMP-inhibitory function (Langton et al., 1998; Caterina
et al.,, 1998). TIMP-1 has two N-linked glycosylation sites that are important in the
correct folding and enhanced stability of TIMP-1, but do not impact its
MMP-inhibitory function (Caterina et al., 1998). TIMP-3 has also been shown to be
N-glycosylated (Apte et al., 1995); however, this glycosylation is not required for
MMP inhibition or ECM binding of this TIMP (Langton et al., 1998). Glycosylation
of TIMP-4 occurs by O-linked glycosylation (Dennis et al., 1999). Changes in
unglycosylated to glycosylated TIMP-4 have been suggested to represent changes in
the rates of TIMP-4 turnover, but no report has been made on the effect of
glycosylation on the inhibitory capacity of TIMP-4 (Stroud et al., 2005). There is no
TIMP-2 glycosylation has been reported.

TIMPs reversibly inhibit the proteolytic activity of activated MMPs by forming
non-covalent 1:1 stoichiometric complexes that are resistant to heat denaturation and
proteolytic degradation (Gomez et al., 1997). The N-terminal region of TIMPs binds
to the MMP catalytic domain and inhibits MMP activity, whereas, the C-terminal
region interacts with the pro-forms of MMP-2 and MMP-9 C-terminal hemopexin
domain to stabilize the pro-enzyme-inhibitor complex. TIMP-2 is the only TIMP
member that specifically interacts on the cell surface with both MMP-14 and
pro-MMP-2 in order to facilitate the activation of pro-MMP-2 (Strongin et al., 1995;
Hernandez-Barrantes et al., 2000). Thus TIMP-2 is unique in that it functions both as
an MMP inhibitor and activator.

TIMPs can inhibit all active MMPs, however, not with the same efficacy.
TIMP-1 preferentially inhibits MMP-7, MMP-9, MMP-1 and MMP-3, but is a poor
inhibitor of the MT-MMPs and MMP-19. TIMP-2 is also a more effective inhibitor of
MMP-2. TIMP-3 can inhibit MMP-2 and MMP-9. TIMP-4 inhibits MMP-14 and
MMP-2 (Croker et al., 2004; Bourboulia and Stetler-Stevenson, 2010; Moore et al.,
2011).

TIMPs are usually described solely as MMP inhibitors and, therefore,
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mechanistic studies explain TIMP effects, in both physiological and pathological
conditions, on the restrained MMP activities and mediated functions. Studies have
revealed that TIMPs are involved in several biological activities including cell
differentiation, growth, migration, invasion, angiogenesis and apoptosis (Brew and
Nagase, 2010; Bourboulia and Stetler-Stevenson, 2010; Moore et al., 2011; Moore
and Crocker, 2012). Moreover, the transcriptional repression of the TIMP genes by
EZH2 (polycomb group protein enhancer of zeste homolog 2) may be a major
mechanism to shift the MMPs/TIMPs balance in favor of MMP activity and thus to
promote ECM degradation and subsequent invasion of prostate cancer cells (Shin and

Kim, 2012).
1.1.2 MMP substrates

The MMPs were thought to principally degrade structural components of the
ECM (Egeblad and Werb, 2002; Kessenbrock et al., 2010) (Table 1.3), therefore,
facilitating cell migration. However, because cells have receptors for structural ECM
components (for example: integrins, cell-adhesion molecules), cleavage of ECM
proteins by MMPs also affects cellular signalling and functions (Streuli, 1999).
Cleavage of ECM components by MMPs can also generate fragments with new
functions, for example, cleavage of laminin and several collagen type results in
exposure of cryptic sites that promote migration (Giannelli et al., 1997; Xu et al.,

2001; Robichaud, et al., 2011).

MMPs Substrates Docking mechanisms
MMP-1 Collagens (types I, II, 111, VII, VIII, X, XI), EMMPRIN,
gelatins, aggrecan, brevican, entactin/nidogen, 021 integrin

fibronectin, IGFBP, laminin, link protein, myelin
basic protein, tenascin, vitronectin,
al-antichymotrypsin, a2-macroglobulin,
al-proteinase inhibitor, Clq, casein, CXCL12,
fibrin, fibrinogen, IL-1p, L-selectin, pro-MMP-2 ,
pro-MMP-9, pro-TNF-a.

MMP-2 Collagens (types L, 111, IV, V, VII, X, XI), gelatins, | MT-MMPs/TIMP-2,

aggrecan, brevican, decorin, elastin, avp3 integrin

entactin/nidogen , fibrillin, fibronectin, fibulins,

IGFBP, laminin, link protein, myelin basic protein,

osteonectin, tenascin, vitronectin,




al-antichymotrypsin,al-proteinase inhibitor,
ADAMTS-1, Cl1q2, CCL7, CXCL12, endothelin,
FGFR, fibrin, fibrinogen, galectin-3, IL-1,
pro-MMP-9 and MMP-13, plasminogen, substance
P, latent TGFp, pro-TNFa.

MMP-3

Collagens (type 111, IV, V, VII, IX, X, XI),
gelatins, aggrecan, brevican, decorin, elastin,
entactin/nidogen, fibrillin, fibronectin, IGFBP,
laminin, link protein, myelin basic protein,
osteonectin, osteopontin, perlecan, tenascin,
vitronectin, al-antichymotrypsin,
a2-macroglobulin, al-proteinase inhibitor, Clq,
casein, CXCL12, E-cadherin, fibrin, fibrinogen,
pro-HB-EGF, IL-1p, L-selectin, pro-MMP-1,
pro-MMP-7, pro-MMP-8§, pro-MMP-9,
pro-MMP-13, NC1 fragment of collagen XVIII,
PAI-1, plasminogen, substance P, T kininogen,
pro-TNF-a, uPA.

MMP-7

Collagens (types I, IV), gelatins, aggrecan,
brevican, decorin, elastin, entactin/nidogen,
fibronectin, fibulins, laminin, link protein,
myelinbasic protein, osteonectin, osteopontin,
tenascin, vitronectin,a 1-proteinase inhibitor,
casein, E-cadherin, FAS ligand, fibrinogen,
pro-HB-EGF, B4 integrin, pro-MMP-1, pro-MMP
-2, pro-MMP-9, plasminogen, pro-TNF-a.

Heparan-sulphate
proteoglycans,
CDh44

MMP-8

Collagens (types I, IL, III), aggrecan, brevican,
a2-macroglobulin, a.1-proteinase inhibitor,
ADAMTS-1, Clq, fibrinogen, substance P.

MMP-9

Collagens (types IV, V, X1, XIV), gelatins,
aggrecan, decorin, elastin, fibrillin, IGFBP3,
laminin, link protein, myelin basic protein,
osteonectin, vitronectin, o2-macroglobulin,
al-proteinase inhibitor, casein, C1q, CXCLI,
CXCL4, CXCL7-precursor, CXCL12, endothelin,
fibrin, fibrinogen, galectin-3, IL-1p, IL-8/CXCLS,
IL-2Ra, c-kit ligand, pro-MMP-2, NC1 fragment
of collagen XVIII, plasminogen, substance P,
latent TGF-p, pro-TNF-a.

CD44,
collagen IV

MMP-10

Collagens (types 111, IV, V), gelatins, aggrecan,
brevican, elastin, fibronectin, link protein, casein,
fibrinogen, pro-MMP-1, pro-MMP-7, pro-MMP-8,
pro-MMP-9.

MMP-11

Collagen type VI, IGFBP1, a2-macroglobulin,
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a2-antiplasmin, o1-proteinase inhibitor, laminin

receptor.

MMP-12

Collagens (types I, IV), gelatins, aggrecan, elastin,
entactin/nidogen, fibrillin, fibronectin, laminin,
myelin basic protein, vitronectin,
a2-macroglobulin, a1-proteinase inhibitor, factor
XII, fibrinogen, IgG, NC1 fragment of collagen
XVIII, plasminogen, pro-TNF-a.

MMP-13

Collagens (types L, IL, 111, IV, VI, IX, X, XIV),
gelatins, aggrecan, brevican, fibrillin, fibronectin,
osteonectin, tenascin, a2-macroglobulin, Clq,
casein, CXCL12, factor XII, fibrinogen,
pro-MMP-9, NCI1 fragment of collagen X VIII.

MMP-14

Collagens (types I, 111, III), gelatins, aggrecan,
entactin/nidogen, fibrillin, fibronectin, perlecan,
vitronectin, oa2-macroglobulin, a1-proteinase
inhibitor, CD44, CXCL12, factor XII, fibrin,
fibrinogen, av integrin, pro-MMP-2, pro-MMP-13,
tenascin, tissue transglutaminase, pro-TNF-a.

Transmembrane domain

MMP-15

Aggrecan, entactin/nidogen, fibronectin, laminin,
perlecan, tenascin, tissue transglutaminase,
ADAMTS-1, pro-MMP-2.

Transmembrane domain

MMP-16

Collagen IlI, gelatin, casein, fibronectin, tissue
transglutaminase, pro-MMP-2.

Transmembrane domain

MMP-17

Gelatin, fibrin, fibrinogen, pro-MMP-2,
pro-TNF-a.

GPI-anchor

MMP-18
(Xenopus)

Collagen, gelatins.

MMP-19

Collagen (types 1, IV), gelatins, aggrecan, cartilage
oligomeric matrix protein, entactin/nidogen,

fibronectin, laminin, tenascin, casein.

MMP-20

Aggrecan, amelogenin, cartilage oligomeric matrix
protein, NC1 fragment of collagen XVIII.

MMP-21

No substrates reported

MMP-22
(chicken)

Casein, gelatin.

MMP-23

No substrates reported

Type II (N-terminal)

transmembrane domain

MMP-24

Gelatin, fibronectin, pro-MMP-2.

Transmembrane

Domain

MMP-25

Collagen type IV, gelatin, fibronectin, fibrinogen,
fibrin, pro-MMP-2.

GPI-anchor

MMP-26

Collagen type IV, gelatin, fibrinogen, fibronectin,

vitronectin, a1 -proteinase inhibitor, casein,
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pro-MMP-9.
MMP-27 No substrates reported
MMP-28 Casein.

Table 1.3 MMPs and their substrates. Adapted from Liu et al., 2001; Egeblad and Werb,
2002; Motrescu et al., 2008; Kessenbrock et al., 2010.

In addition to cleaving ECM components, MMPs participate in the release of
cell-membrane-bound precursor forms of many growth factors, including
transforming growth factor-a (TGF-a) (Peschon et al., 1998). Bioavailability of
TGF-B is regulated differently: it is released by MMP-2 and MMP-9 from an inactive
extracellular complex (Yu and Stamenkovic, 2000). Moreover, cleavage of
insulin-like growth-factor-binding protein (IGFBP) and perlecan releases IGFs and
fibroblast growth factors (FGFs), respectively (Manes et al., 1997, 1999; Whitelock et
al., 1996; Miyamoto, et al., 2004). Apolipoprotein A-IV (apoA-IV) has been identified
as a novel substrate for MMP-14 and MMP-7, based on the fact that apoA-IV plays
important roles in lipid metabolism and possesses anti-oxidant activity, suggesting
that cleavage of lipid-free apoA-IV has pathological implications in the development
of hyperlipidemia and atherosclerosis (Park et al., 2011 and 2012).

Growth-factor receptors are also MMP substrates. FGF receptor-1 (FGFR-1) is
cleaved by MMP-2 (Levi et al., 1996), whereas two members of the epidermal growth
factor receptor (EGFR) family: HER2/ERBB2 and HER4/ERBB4, and the hepatocyte
growth factor receptor (HGFR) c-MET, are substrates for unidentified MMPs
(Codony-Servat et al., 1999; Vecchi et al., 1998; Nath et al., 2001). In all cases, the
extracellular domains of the receptors are released, and these might function as
ligands for receptors.

Cell-adhesion molecules are also MMP substrates. Cleavage of E-cadherin and
CD44 results in the release of fragments of the extracellular domains and increase
invasive behaviour (Noe et al., 2001; Kajita et al., 2001), and cleavage of the av
integrin subunit precursor by MMP-14 enhances cancer-cell migration (Deryugina et
al., 2001). Finally, the MMPs might cleave and activate their zymogen forms, and/or

their inhibitors (see 1.1.1).
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1.1.3 The roles of MMPs in cancer

1.1.3.1 MMPs regulate cell growth

Incontrollable proliferation is a common feature of cancer cells. There are two
principal ways in which the tumor achieves this characteristic condition: one is
acquire self-sufficiency in growth-promoting signals, the other is get insensitive to
antigrowth signals. The MMPs may be critically involved in disrupting the balance
between growth and antigrowth signals in tumor microenvironment, as they potently
influence the bioavailability and/or functionality of multiple important factors that
regulate growth.

One fundamental signaling pathway with essential roles in tissue homeostasis is
the TGF-B pathway. TGF-B normally exerts tumor suppressive effects by enforcing
cytostasis and differentiation. However, as the tumor advances in malignant
progression, the genome often accumulates mutations in the TGF-} receptor system
that afford the cancer cells irresponsive to TGF-B. Moreover, it also effects on
non-malignant stromal cells, for example, to escape immune surveillance, which can
be exploited by the tumor, and therefore turn TGF-f into a tumor promoting factor
that leads to increased invasion and metastasis (Massague, 2008). Active TGF- form
is derived from an inactive pro-form by proteolytic conversion by furin or other
proteinases, such as MMP-9, which is localized to the cell surface by docking to the
surface receptor CD44 (Yu and Stamenkovic, 2000). Similarly, MMP-14
proteolytically activates TGF-B1 (Mu et al., 2002). On the other hand, MMP-2,
MMP-9 and MMP-14 indirectly modulate TGF-B bioactivity by cleaving the ECM
latent component TGF-B-binding-protein-1 (LTBP-1), thereby solubilizing ECM-
bound TGF-B (Dallas et al., 2002; Tatti et al., 2008). Since tumor cells often acquire
non-responsiveness to TGF-p, this suggests that proteolytic activation of TGF-f3 by
MMPs has tumor promoting effects by selectively driving stroma mediated invasion
and metastasis of the tumor.

The ligands of the EGFR are potent drivers of cell proliferation and important

regulators of tissue homeostasis. Malfunction or genetic mutations of the molecules
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involved is frequently observed in breast cancer and other malignant diseases (Hynes
and Lane, 2005). It has been indicated that MMP-2 promotes colorectal cancer cell
growth and invasion via up-regulating VEGF (vascular endothelial growth factor) and
MMP-14 expression (Dong et al., 2011). The possible role of MMP-2/a5B1 integrin
interaction in the regulation of a5f1 integrin-mediated IL-6/Stat3 signaling activation
might enhance the proliferative, invasive and metastatic potential in cancer
(Kesanakurti et al., 2012).

Activation of EGFR results in the upregulation of MMP-9, which in turn
degrades E-cadherin (a potent control element of many cellular functions including
cell-cell adhesion and differentiation). These association between EGFR, MMP-9 and
E-cadherin may play an important role in ovarian cancer and metastasis, as activated
EGFR and MMP-9 in these specimens colocalize with a region of reduced E-cadherin
(Cowden Dahl et al., 2008). Moreover, the cleavage of E-cadherin by MMPs impacts
on cancer cell proliferation.

These studies provide mechanistic insight into proteolytic acceleration of cell
growth, and suggest that specific inhibition of MMPs may be utilized to interfere with

unregulated cell growth and proliferation in several tumors.

1.1.3.2 MMPs regulate apoptosis

Avoiding programmed cell death and/or apoptosis is another strategy that
increases the cell number and size of tumors. Apoptosis is normally initiated through
extracellular receptors, such as the Fas receptors, which activate a proteolytic cascade
of intracellular caspases once they encounter Fas ligand, ultimately leading to the
selective degradation of subcellular compartments and nuclear DNA. MMPs interfere
with the induction of apoptosis in malignant cells, which may involve the cleavage of
ligands or receptors that transduce pro-apoptotic signals. For example, MMP-7
cleaves Fas ligand from the surface of doxorubicin-treated cancer cells (Mitsiades et
al., 2001), lowering the impact of chemotherapy on the tumor by abolishing apoptosis.
Indeed, MMP-7 expression may also serve as a predictive marker for the resistance to

chemotherapy in patients with non-small cell lung cancer (Kessenbrock et al., 2010).
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The interaction between MMP-7 and Fas ligand also may play a role in pancreatic
ductal adenocarcinoma, as MMP-7 is expressed in human pancreatic cancer
specimens and mice deficient in MMP-7 or carrying a nonfunctional Fas ligand
mutation, show greatly reduced metaplasia during pancreatic duct ligation (Crawford
et al, 2002). The MMP-14 protects breast carcinoma cells against type I
collagen-induced apoptosis (Maquoi, et al., 2012). It remains unclear whether MMPs
can interact with natural killer (NK) cell mediated tumor killing. However, use of
MMP inhibitors in combination with interleukin-15 (IL-15) succeeded in overcoming
the resistance of small-cell lung cancer cells to NK cell killing (Le Maux Chansac et
al., 2008).

Thus, these examples suggest a tumor-promoting role of these MMPs by

blocking receptor-transmitted or lymphocyte-mediated apoptosis.

1.1.3.3 MMPs regulate angiogenesis

The tumor vasculature is derived from sprouting of local blood vessels (named as
angiogenesis) and circulating vasculogenic progenitor cells derived from the bone
marrow (named as vasculogenesis) (Kessenbrock et al., 2010). The new vessels are
often irregular and leaky due to lack of the pericyte cover, with the result that tumor
cells can penetrate more easily. As compared with blood capillaries, lymphatic
endothelial cells have even less developed junctions with frequently large
inter-endothelial gaps and impaired basement membranes. The invasive margin is a
critical area for stimulation of angiogenesis and lymphangiogenesis in tumors, which
contributes to tumor invasion and metastasis (Padera et al., 2002). The major MMPs
involved in tumor angiogenesis are MMP-2, MMP-9, and MMP-14, and to a lesser
extent MMP-1 and MMP-7. Given that several MMPs are expressed in all tumors, it
is now evident that several MMPs can contribute to distinct vascular events in most
tumors (Littlepage et al., 2010, Dao Thi et al., 2012).

MMP-9 has a distinct role in tumor angiogenesis, mainly by regulating the
bioavailability of VEGF (the most potent inducer of tumor angiogenesis and a major

therapeutic target). MMP-9 is expressed by inflammatory cells and enables an
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angiogenic switch by making sequestered VEGF bioavailable for its receptor
VEGFR?2 in pancreatic islet tumors (Bergers et al., 2000). Angiogenic switching by
MMP-9 involves a complex interplay of interconnected factors. In a mouse model of
glioblastoma, the hypoxia inducible factor-la (HIF-lo) induces recruitment of
CD45-positive bone marrow derived cells, as well as endothelial and pericyte
progenitor cells, to promote neovascularization. MMP-9 activity provided by these
CD45-positive myeloid cells is essential and sufficient for the angiogenic switch by
increasing VEGF bioavailability. This process induces angiogenesis and regulates
tumor cell invasiveness. Interestingly, VEGF prevents tumor cell migration along
blood vessels, but it promotes perivascular tumor cell infiltration into the brain
parenchyma (Du et al., 2008). This action of VEGF as a brake on perivascular tumor
cell migration is surprising. In addition, the direct cleavage of matrix-bound VEGF by
MMP-3, MMP-7, MMP-9, or MMP-16 results in modified VEGF molecules with
altered bioavailability, which changes the vascular patterning of tumors in vivo (Lee
et al., 2005).

In addition to its role in regulating angiogenesis, MMP-9 is also implicated in
vasculogenesis. Tumors transplanted into tissue irradiated to prevent angiogenesis are
unable to grow in MMP-9 knockout mice. However, tumor growth is restored by
transplanting CD11b-positive myeloid cells from the bone marrow of wild-type mice,
suggesting that MMP-9 is required for tumor vasculogenesis (Ahn and Brown, 2008).
Therefore, MMP-9 could be an important target for therapy to enhance the response
of tumors to radiotherapy.

A special role is attributed to MMP-9 delivered by neutrophilic granulocytes. In
contrast to other cell types, neutrophil derived pro-MMP-9 is not complexed with
TIMP-1 and therefore is more readily activated to drive tumor angiogenesis (Ardi et
al., 2007). The angiogenic function of neutrophil MMP-9 requires both its active site
and hemopexin domain, and activates the basic FGF-2/FGFR-2 pathway (Ardi et al.,
2009). This highlights the important effects of proteinase inhibitors on the function of
MMPs, and shows that MMPs produced by different cell types may function in
different ways. The release of TIMP-1-free MMP-9 may be an important aspect in the
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pro-angiogenic effects triggered by tumor infiltrating neutrophils. Indeed, elevated
numbers of neutrophils present in patients with myxofibrosarcoma correlate with
microvessel density in the tumor (Mentzel et al., 2001), and depleting neutrophils in a
mouse model of pancreatic cancer markedly reduces angiogenic switching in
dysplasias (Nozawa et al., 2006). These findings support an important role of
infiltrating neutrophils in the induction of tumor angiogenesis.

The degradation of ECM components and other extracellular molecules may also
generate fragments with new bioactivities that inhibit angiogenesis (Ribatti, 2009).
For example, biologically active endostatin is generated through cleavage of type
XVIII collagen by MMP-3, MMP-7, MMP-9, MMP-13, and MMP-20 (Heljasvaara et
al., 2005). Moreover, the degradation of collagen IV-a3 by MMP-9 results in the
generation of the monomeric NC1 domain (called tumstatin), a potent suppressor of
angiogenesis, which induces pathological vascularization and increases tumor growth
in MMP-9-knockout mice (Hamano et al., 2003). The degradation of plasminogen by
MMP-2, MMP-9 and MMP-12, produces angiostatin, a cleavage product with
antiangiogenic function (Cornelius et al., 1998; Patterson and Sang, 1997).
Angiostatin production by MMP-12 may explain the suppressive effects of this MMP
on outgrowth of lung metastases (Houghton et al., 2006a). Taken together, MMPs can
generate both angiogenesis-inhibiting as well as -promoting signals, depending on the
time frame of MMP expression and the availability of substrates.

MMPs also regulate vascular stability and permeability. For example, MMP-14
appears to mediate the vascular response to tissue injury and tumor progression
though activation of TGF-B (Sounni et al., 2010). Antagonists of MMP-14 and TGF-3
signaling could be therapeutically exploited to improve the delivery of therapeutics or
molecular contrast agents into tissues where chronic damage or neoplastic disease
limits their efficient delivery. It has been indicated that microRNA-9 suppresses
MMP-14 expression via the binding site in the 3’-untranslated regions (3'-UTR), thus
inhibiting the invasion, metastasis and angiogenesis of neuroblastoma (Zhang, et al.,

2012).
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1.1.3.4 MMPs regulate lymphangiogenesis

Lymphangiogenesis plays an important role in tumor biology, because it is
directly linked with the formation of lymphatic metastases. MMPs certainly have a
general impact on lymphangiogenesis as supported with broad-spectrum MMP
inhibitors (Nakamura et al., 2004). However, only a few reports directly link MMPs to
the formation of new lymphatic vessels. The modulation of VEGF bioavailability by
MMPs, especially by MMP-9, may also affect lymphangiogenesis and, in turn,
promotes lymph node metastases. The most direct proof for MMP involvement in
lymphangiogenesis has come from experiments modeling lymphangiogenesis in a
three-dimensional culture system using mouse thoracic duct fragments embedded in a
collagen gel in which lumen containing lymphatic capillaries form (Bruyere et al.,
2008). Increased expression of MMP-1, MMP-2 (Langenskiold et al., 2005; Detry, et
al., 2012) and MMP-3 (Islekel et al., 2007) is linked with lymphatic vessel formation
and lymph node metastases. Inhibition of MMP-2, MMP-9 and MMP-14 decreases
both angiogenesis and lymphangiogenesis and reduces lymph node metastasis
(Nakamura et al., 2004; Yoo, et al., 2011). The lymphatic vasculature, but not aortic
vasculature, is impaired by targeted deletion of MMP-2 (Bruyere et al., 2008).
MMP-2-driven collagenolytic pathway is involved in lymphatic vessel formation and

morphogenesis (Detry et al., 2012).

1.1.3.5 MMPs regulate cell adhesion, migration and epithelial to

mesenchymal transition

Cell movement is highly related with the proteolytic activity of MMPs regulating
the dynamic ECM-cell and cell-cell interactions during cell migration. Initially, the
generation and activation of latent peptides through degradation of ECM molecules,
such as collagen type IV and laminin-5, promotes the migration of cancer cells (Xu et
al., 2001; Koshikawa et al., 2000). Several integrins play an active role in regulation
of cell migration because they can serve as substrates for MMPs (Baciu et al., 2003).
It has been demonstrated that cell adhesion, force generation, and force sensing are
vital for the regulation of MMP-14 for efficient cleavage of collagen-I (Kirmse et al.,
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2012). Besides, cross-talk between MMP-14 and CD44 results in phosphorylation of
EGF receptor and downstream activation of the MAPK and PI3K signaling pathways
involved in cell migration (Zarrabi et al., 2011).

Epithelial to mesenchymal transition (EMT) is a highly conserved and
fundamental process of morphological transition (Egeblad and Werb, 2002). In
particular, during this event, epithelial cells actively down-regulate cell-cell adhesion
systems, lose their polarity, and acquire a mesenchymal phenotype with reduced
intercellular interactions and increased migratory capacity (Figure 1.3) (Polyak and
Weinberg, 2009; Radisky and Radisky, 2010). Over-expression of several MMPs
(MMP-2, MMP-3, MMP-9, MMP-13, MMP-14) has been associated with EMT.
MMP-1 and MMP-7 appear to contribute to this morphological transition by cleaving
E-cadherin (Noe et al., 2001). Recent studies indicate the implication of MMP-28 in
the proteolytic activation of TGF-f, thus leading to EMT (Illman et al., 2006; Heldin
et al., 2009). It has been shown that TGF-a, cyclooxygenase-2 (Cox-2), MMP-7,
MMP-9 and CXCR-4 are involved in EMT, which are associated with poor overall
survival of gastric cancer patients (Fanelli et al., 2012), and MMP-9 can cooperate
with transcription factor Snail to induce EMT (Lin et al.,, 2011). Moreover,
over-expression of MMP-3 in mammary epithelium triggers a cascade of events
including the cleavage of E-cadherin resulting in EMT (Lochter et al., 1997; Radisky
et al., 2005).
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Figure 1.3 MMPs facilitate EMT-associated tumor progression. A: Exposure of
epithelial cells to MMPs can directly induce EMT. B: Increased expression of MMPs in cells
which have undergone EMT facilitates cancer cell invasion. C: EMT can produce nonmalignant
stromal cells which drive tumor initiation and progression through production of MMPs. Adapted
from Radisky and Radisky, 2010.
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1.1.3.6 MMPs regulate cancer cell invasion and metastasis

The lethal outcome of cancers is due to the dissemination of metastatic tumor
cells and the outgrowth of secondary tumors at distant sites. The initiation of
metastasis involves the invasion of tumor cells into the peripheral tissue, leading to
intravasation of cancer cells into blood or lymphatic vessels from where they can
disseminate into secondary organs through extravasation. Invasion and metastasis
require the crossing of several physical barriers, such as the endothelial basement
membrane.

An interesting mechanism of MMP-mediated signal transduction linked with
increased metastasis is observed in the presence of MMP-1. The proteinase-activated
receptors (PARs), a set of G protein-coupled receptors with distinct functions in
thrombosis and inflammation, could affect tumor invasion by inducing cancer cell
migration upon proteolytic cleavage of the receptor. PAR-1 expression is increased in
several cancers, including breast, colon and lung. A study using a xenograft model of
breast carcinoma cells, demonstrates a critical role for MMP-1 derived from
tumor-infiltrating fibroblasts in the cleavage of PAR-1, which appears to drive cancer
cell migration and invasive behavior of the tumor (Boire et al., 2005; Kessenbrock et
al., 2010). This indicates an important role of stroma-derived proteinases in tumor
progression, carried out by specific signal transduction on cancer cells.

Bone is one of the most common sites for metastasis. MMPs expressed at the
interface between tumor and stromal cells play an important role in osteolysis and
dissemination into bone tissue. Thus, MMP-7 expressed by osteoclasts triggers
osteolysis and subsequent bone metastasis in a rodent model of prostate cancer (Lynch
et al., 2005). The target of MMP-7 is the TNF family member RANKL (Receptor
Activator for Nuclear Factor kB Ligand). Normally, RANKL is expressed on
activated osteoblasts, so that the close contact between osteoclasts and osteoblasts
enables binding of RANKL to its receptor RANK on osteoclast progenitors leading to
osteoclast differentiation. Cleavage by MMP-7 releases an active form of RANKL

that promotes osteoclast activation without osteoblasts in the close proximity. A
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similar effect has recently been elucidated for MMP-1 by knocking-down this
protease in a highly bone metastatic clone of the human breast cancer cell line
MDA-MB-231 (Lu et al., 2009). The MMP-13 activates pre-MMP-9 and promotes
the cleavage of galectin-3 (a suppressor of osteoclastogenesis), thus contributing to
pre-osteoclast differentiation. Accordingly, MMP-13 abrogation in tumor cells
injected into the femurs of nude mice reduced the differentiation of TRAP
(Tartrate-Resistant Acid Phosphatase) positive cells in bone marrow and within the
tumor mass as well as bone erosion (Pivetta et al., 2011). Further analyses reveal that
MMP-1 proteolytically engage EGF-like ligands, resulting in activation of the
RANKL pathway, which in turn promotes osteolysis and metastasis to the bone. This
finding support the identification of MMP-1 gene as part of the multigenic program
that mediates bone metastasis of breast cancer cells (Kang et al., 2003). Taken
together, these MMPs could serve as therapeutic target to prevent metastasis to the
bone in breast or prostate cancer.

Although there is a wide range of biological functions of MMPs in cancer, a
central role is the degradation and remodeling of the ECM, and promotion of the
peripheral tissue for invasion and metastasis. Recent studies using high-resolution
multimodal microscopy have further corroborated the importance of ECM remodeling
by MMP-14 driven pericellular proteolysis, which potently patterns the tissue to
facilitate single-cell and finally collective-cell migration and invasion (Wolf et al.,
2007). A number of ECM degrading proteolytic enzymes, such as MMP-1, MMP-2,
MMP-13 and MMP-14 have been also implicated in this process; however MMP-14
may be critical and rate limiting in collagen turnover (Sabeh et al., 2004; Friedl and
Wolf, 2008). A striking observation is that metastatic cancer cells can switch from a
protease-dependent to a protease-independent invasion program by utilizing an
amoeboid migration mode (Wolf et al., 2007). It remains a subject of ongoing debate
whether the amoeboid migration mode is only relevant under in vitro conditions when
the surrounding collagen network is devoid of covalent crosslinks (Sabeh et al.,
2009).

Several evidences from in vivo analyses support the view that motility of
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metastatic cancer cells and their outflow into the circulation occur in close
cooperation with tumor associated macrophages (Wyckoff et al., 2004). Proteolytic
degradation of the endothelial basement membrane and other matrix components has
long been associated with immune cell extravasation during inflammatory conditions
and may be crucial for intravasation of tumor cells into the circulation. Indeed,
macrophage-derived MMP-2 and MMP-9 are important mediators of immune cell
migration into the brain in a mouse model for auto-immune encephalitis, which
involves degradation of the ECM component dystroglycan (Agrawal et al., 2006).
These studies suggest that MMPs delivered by tumor-associated macrophages might

contribute to intravasation of cancer cells into the blood stream.

1.1.3.7 MMPs regulate inflammatory reaction

There is increasing evidences implicating MMPs as major regulators of innate
and acquired immunity. The process of inflammation and production of cytokines by
immune cells are in many ways linked to cancer progression (Lin and Karin, 2007).
There is potent evidence from studies in knockout mice that MMPs play an important
role in acute as well as chronic inflammation (Parks et al., 2004). One of the most
important pro-inflammatory cytokines is TNF-a, which is expressed as a membrane
bound precursor (pro-TNF-a) on a variety of cells, including macrophages and T cells.
Conversion of pro-TNF-a into the soluble form requires proteolytic cleavage by
several MMPs including MMP-1, MMP-2, MMP-3, MMP-9, MMP-12, MMP-14,
MMP-15 and MMP-17 (Manicone and McGuire, 2008; Khan et al., 2012). MMPs
may be important TNF-a converting mediators in specific physiological or
pathological circumstances, such as MMP-7 in the regulation of inflammation during
resorption of herniated discs (Haro et al., 2000). Many tumor cells produce abundant
TNF-a, and it promotes cancer cell growth in an NF-kB dependent manner (Luo et al.,
2004), suggesting that the conversion of TNF-a by MMPs might be a crucial step in
this tumor promoting cascade. It has been reported that MMP-14 modulates
inflammatory responses in a protease-independent fashion in tandem with MMP-14

trafficking to the nuclear compartment, where it triggers the expression and activation
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of a phosphoinositide 3-kinase 6 (PI3K3)/Akt/GSK3p signaling cascade. In turn,
MMP-14-dependent PI3Kd activation regulates the immunoregulatory Mi-2/NuRD
nucleosome remodeling complex that is responsible for controlling macrophage
immune response (Shimizu-Hirota et al., 2012).

A number of studies have shown the proteolytic alteration of chemokines by
MMPs. Several members of the CCL/monocyte chemoattractant protein (MCP)
family of chemokines are cleaved by MMPs, which specifically renders them into
non-activating receptor antagonists with inflammation dampening effects
(McQuibban et al., 2002). For example, CCL-8/MCP-2 is processed by MMP-1 and
MMP-3. The proteolytic cleavage of CCL-8 can counteract the antitumor capacity of
this chemokine in a melanoma model (Struyf et al., 2009). This study shows that
proteolytic cleavage of a chemokine have great impact in a clinically relevant setting
of tumor development. MMP-8, MMP-9, and MMP-12 also modulate the bioactivity
of CXCL-11/I-TAC, a potent Th1 lymphocyte-attracting chemokine (Cox et al., 2008).
Although MMP-mediated N-terminal truncation of CXCL-11 leads to inactivation of
the chemokine and creates a potent receptor antagonist, further C-terminal cleavage
abolishes the antagonist function and removes heparin-binding capacity of CXCL-11,
thereby solubilizing the chemokine from the ECM. These findings implicate myeloid
cell-derived MMPs in the regulation of T cell responses, which may have important
consequences on the adaptive antitumor immune response. CXCR-7, the chemokine
receptor for CXCL-11, is also expressed on many tumor cells and can transmit
growth- and survival promoting signals (Burns et al., 2006). Modulation of CXCL-11
by MMPs might therefore reduce the antitumor immune response and thus have direct
consequences on tumor growth.

The classical function of MMPs, the degradation of ECM, may have secondary
effects on the immune system. Some of the proteolytic fragments of MMP-processed
ECM components exert chemotactic properties. Thus, macrophage elastase MMP-12
produces neutrophil attracting peptides by degrading elastin (Houghton et al., 2006b).
Moreover, ECM breakdown during airway inflammation generates the fragment
N-acetyl Pro-Gly-Pro (PGP), a tripeptide with chemotactic activity through activation
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of CXC chemokine receptors on neutrophilic granulocytes (Weathington et al., 2006).
MMP-8 is involved in the generation of chemotactic PGP and thus regulates
neutrophil recruitment to the sites of inflammation (Rocks et al., 2008), which may
cause a delay in the wound healing response and increase inflammation over time, as
observed previously in MMP-8-deficient mice (Gutierrez-Fernandez et al., 2007).
MMP-8 contributed by neutrophils also has a tumor suppressing role in a mouse
model of carcinogen induced skin cancer (Balbin et al., 2003). The defect in the
resolution of inflammation and the tendency to develop chronic inflammation in the
absence of MMP-8 in mice, explain how loss of MMP-8 function contributes
mechanistically to increase susceptibility of skin adenocarcinoma and melanoma
formation in humans (Palavalli et al., 2009). However, expression of MMP-8 in tumor
cells also tightens their adhesion to the ECM and thereby may directly suppress
metastatic behavior (Gutierrez-Fernandez et al., 2008). Thus, interference with the
tumor suppressing function of MMP-8 should be regarded as one of the unwanted
effects of broad-spectrum MMP inhibitors.

The infiltration of neutrophils in the tumor microenvironment often correlates
with poor prognosis (de Visser et al.,, 2006). Like other inflammatory cells,
neutrophils sense the concentration gradient of chemokines, such as CXCL-1/KC, a
mouse homolog of CXCL-8, which forms complexes with the heparan sulfate
proteoglycan syndecan-1 on interstitial cell surfaces. MMP-7 indirectly modulates the
bioactivity of CXCL-1 by cleaving syndecan-1 from cell surfaces and thereby
releasing chemotactic complexes of syndecan-1 and CXCL-1 (Li et al., 2002). This
efficiently leads to the generation of a concentration gradient of soluble chemotactic
CXCL-1-syndecan-1 complexes. In a comparable manner, N-terminal processing of
neutrophil-attracting CXCL-8/IL-8 by MMP-9 leads to nearly 10-fold increased
chemotactic activity on neutrophils compared to full-length CXCL-8 (Van den Steen
et al., 2000). The IL-17A could promote hepatocellular carcinoma metastasis by the
upregulation of MMP-2 and MMP-9 expression via activating NF-xB signaling
pathway (Li et al., 2011). Therefore, MMPs orchestrate the recruitment of leukocytes
as an essential component of tumor-associated inflammation.
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1.1.3.8 Non-proteolytic functions of MMPs

An emerging interesting field is the noncatalytic function of MMPs. The
hemopexin domain of MMPs plays an important role in the non-proteolytic function
of MMPs. The first in vivo hint for a crucial hemopexin mediated function of MMPs
was established with the observation that TIMP-1 and TIMP-2 bind to several MMPs
through their hemopexin domains. Indeed, activation of MMP-2 requires TIMP-2 that
is bound to one molecule of MMP-14 via its catalytic domain and to pro-MMP-2 via
its hemopexin domain. A second molecule of MMP-14 then catalytically activates
MMP-2 (Strongin et al., 1995).

Several members of the MMP family trigger cancer cell migration. However,
recent evidence suggests that they mediate chemotaxis without using their proteolytic
domain. For example, precursor forms of MMP-2 and MMP-9 enhance cell migration
in a transwell chamber assay. The hemopexin domain of MMP-9, but not its
proteolytic activity, is necessary for MMP-9 mediated epithelial cell migration in this
assay (Dufour et al., 2008). Activation of the MAP kinase and PI3 kinase pathways
appear to be involved in this nonproteolytic function of MMP-9. The distinct
molecular pathway as well as the in vivo role of this function yet remain elusive.
Moreover, the cytoplasmic tail of MMP-14 carries out a migration promoting function
on macrophages, as genetic depletion of the cytoplasmic tail, but not of the
extracellular hemopexin or catalytic domain impairs the migration of macrophages
during in vitro migration through Matrigel (Sakamoto and Seiki, 2009). Moreover, the
inhibition of MMP-9 and MMP-14 hemopexin domain using either deletion or
appropriate antibodies could repress tumor growth (Dufour et al., 2011; Remacle et al.,
2012).

Some evidences for the physiological relevance of hemopexin domains of MMPs
have come more recently using genetic modification of one of the two MMP genes of
drosophila melanogaster (Glasheen et al., 2009). These investigations reveal that the
hemopexin domain is specifically implicated in tissue invasion during metamorphosis.

Moreover, the hemopexin domain of MMP-12 plays an essential role in the
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recently described anti-microbial function of this enzyme. Deleting MMP-12
genetically in mice results in impaired bacterial clearance and increased mortality
when infected with gram-negative and gram-positive bacteria. The anti-microbial
properties of MMP-12 map to a unique four amino acid sequence within the
hemopexin-like C-terminal domain and do not require catalytic activity of the enzyme
(Houghton et al., 2009). It remains to be determined whether similar non-proteolytic
motifs are present in other MMPs and whether these non-proteolytic modes of action
are also implicated in cancer-related functions of these enzymes.

Several MMPs may interact with other extracellular molecules without inducing
proteolytic cleavage. MMP-14 interacts with the C1q component of the complement
system in a non-proteolytic receptor ligand manner, without inducing Clqr and Clgs
proteinase activity, suggesting that this binding may inhibit activation of the
complement proteinase cascade (Rozanov et al., 2004). MMPs also bind to members
of the integrin family of cell surface receptors. A study has linked the non-proteolytic
interaction of pro-MMP-1 with a2f1 integrin on neurons and induced neuronal cell
death in cell culture (Conant et al., 2004). Reduced de-phosphorylation of AKT after
MMP-1 incubation, which is inhibited by blocking o2 integrin antibody, but not by
administration of batimastat (an inhibitor of MMP activity), suggests that integrin
binding, rather than proteinase activity, is relevant for MMP-1 transmitted cytotoxicity.
In chronic lymphocytic leukemia, MMP-9 promotes B cell survival in a
non-proteolytic fashion through its hemopexin domain by docking to the surface
receptors a4fB1 and CD44v, which induce intracellular signaling involving Lyn
activation and STAT3 phosphorylation that prevents B cell apoptosis
(Redondo-Munoz et al., 2010).

Taken together, these data indicated that the complexity of the mode of action of
MMPs has expanded considerably from proteinases that simply degrade the ECM to
various biological functions, such as specific modulators of angiogenesis, fine-tuners

of cell signaling pathways or inflammatory response (Figure 1.4).
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Figure 1.4 Modulation of the tumor microenvironment by MMPs. Summary of the
various processes that are modulated by MMPs in the tumor microenvironment. Selected
examples of MMPs that promote (pro) or suppress (anti) these processes. This image illustrates
the complexity of the tumor microenvironment, which is largely influenced by MMPs. Modified
from Kessenbrock, et al., 2010.

1.2 MMPs and mammary gland development
1.2.1 Mammary gland dynamic development

1.2.1.1 Morphogenesis of the embryonic mammary gland

The development of the mammary gland begins with the formation of the
mammary lines at the ventral aspect of the Wolfian ridge on embryonic day 10 (E10)
(Sakakura, 1987). These are bilateral ectodermal ridges that stretch in a rostral—caudal
orientation between the fore and hind limb buds. In mice, this line has been noted by
expression of several molecular markers of the Wnt signaling pathway. Wnt signaling
promotes placode development and is required for initiation of mammary gland
morphogenesis (Chu et al., 2004; Veltmaat et al., 2004; Veltmaat et al., 2006). The
ectoderm of the mammary line is organized as a pseudostratified epithelium
connecting the developing mammary placodes at around E11.5, whereas all other
surface ectoderm is single-layered (Sakakura, 1987; Veltmaat et al., 2004).

Within 24-36 h of its formation, the mammary line resolves into five pairs of
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placodes (three thoracic and two inguinal) in characteristic locations along the
ventral-lateral border of the embryo (Figure 1.5). Each pair of placodes develops
symmetrically, but the different molecular requirement of each placode also suggests
that different molecular mechanisms may underlie the formation of such identical
structures (Veltmaat et al., 2003; Veltmaat et al., 2004). Individual placodes form in a
characteristic sequence: the first to become visible are placodes 3, followed by pairs 4,
1 and 5, and finally by pair 2. The placodes are lens-shaped thickenings of the surface
ectoderm, which consist of several layers of cells that are larger and more columnar in
appearance than are those in the surrounding epidermis. The orientation of the
placodal cells is not uniform, which may represent that mammary placodes may form
by the migration and accumulation of motile cells at defined locations along the

mammary lines (Propper, 1978; Hens and Wysolmerski, 2005; Robinson, 2007).

E11.5 Ei2.5 E15.5
Mammary placode PN Mammary bud - Mammary
& R mesenchyme
Ectoderm 4 : g 5 i e i

Dermal Dermal
mesenchyme mesenchyme
E165 «— Newbom
Mammary sprout Nipple sheath
5, N
Rudimentary
mammary _
tree T
E—

Fat pad
condensation

Figure 1.5 Overview of embryonic mammary development. Adapted from Cowin and
Wysolmerski, 2010.

The placodal epithelial cells invaginate and invade the mesenchyme to form bud,
a process that is essentially completed by E14 (Sakakura, 1987; Watson and Khaled,
2008). As the cells from the placode begin to invaginate, they pile up at the surface
and begin to array themselves in a concentric orientation so that the early bud is
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elevated above the plane of the surrounding epidermis. As a result, the developing
buds are visible as prominent knobs on the ventral surface of the embryo at E12,
which then submerge beneath the plane of the skin (Chu et al., 2004; Veltmaat et al.,
2004). The formation of the epithelial bud is also accompanied by dramatic changes
in the underlying mesenchyme (Sakakura, 1987; Dunbar et al., 1999; Foley et al.,
2001). Cells surrounding the epithelium elongate, condense, and orient their long axis
in a radial fashion around the developing epithelial cells. At the end of this process,
the mature bud consists of a sphere of concentrically arrayed epithelial cells
connected to the skin surface by a stalk of epidermal-like cells. Both ball and stalk are,
in turn, surrounded by three to five layers of condensed mesenchyme, referred to as
the primary mammary mesenchyme. In female mice, the mammary buds remain
relatively quiescent from EI14 to E16, then ductal morphogenesis commences.
However, in male mice, the mesenchyme around the stalk enlarges and condenses
further, eventually severing the connection to the skin (Heuberger et al., 1982; Dunbar
et al.,, 1999; Veltmaat et al., 2003), which is followed by apoptosis of the mammary
mesenchyme and many cells within the epithelial bud as well (Dunbar et al., 1999).
Therefore, male mice have either no mammary epithelial ducts or only very
rudimentary ones.

The next phase of development involves the onset of ductal branching
morphogenesis. A solid cord of epithelial cells emerges from the mammary bud and
primary mammary mesenchyme into a second stromal compartment, namely the
mammary fat pad (Sakakura, 1987; Hens and Wysolmerski, 2005). The embryonic fat
pad consists of a loose collection of pre-adipocytes that originate from a mesenchymal
condensation formed on E14 (Sakakura et al., 1982). Once the primary cord or
mammary sprout reaches the adipocytes of the fat pad, it begins to branch in a
characteristic dichotomous fashion to form the initial ductal tree. This initial round of
branching growth extends from E16 to the perinatal period to give one primary duct
with about 10-15 initial branches (Watson and Khaled, 2008). At the conclusion of
embryonic development, the mammary gland consists of a short primary duct ending
in a small, branched ductal tree that is embedded in larger mammary fat pad. This
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rudimentary duct system forms the scaffold on which further development during
puberty and pregnancy will eventually produce the mature milk-producing glands

found during lactation (Cowin and Wysolmerski, 2010).

1.2.1.2 Mammary gland dynamic stages during postnatal

development

The most remarkable and dynamic morphological changes of the mammary
gland occur from puberty to menopause. The discrete stages of the mammary gland

are shown in Figure 1.6.

Embryonic Prepubescent

Lactation

Aged

Figure 1.6 Distinct stages of mammary gland remodeling. A series of murine mammary
whole mounts illustrating distinct mammary morphology during the indicated stages of
development from embryonic through to adult: the prenatal rudimentary ductal tree (E18.5),
postnatal prepubescent mammary gland (2 weeks of age); rapidly elongating pubertal mammary
gland with bulbous TEBs (5 weeks of age); and the fully developed adult gland (10 weeks of age)
that has reached the limits of the fat pad. The major reproductive phases that involve extensive
remodeling are gestation (day 18.5 gestation), which shows extensive lobuloalveolar
differentiation; lactation, which highlights a functionally differentiated gland; postlactational
involution (day 8 postlactation), which shows the loss of secretory epithelium; and finally,
20-month-old mice, which have ceased the reproductive cycle show a dormant ductal tree.
Modified from Khokha and Werb, 2011.

At puberty, branching morphogenesis is triggered by mammotrophic signals
provided by the hypothalamic-pituitary-ovarian axis (Sternlicht et al., 2006).
Following the rules common to many organs that display branched tubular structures
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(Affolter et al., 2003), the mammary ductal trees elongate as epithelial cells grow and
invade the fat pad led by terminal end buds (TEBs), which are highly motile
structures located at the forefront of ducts (Hinck and Silberstein, 2005). Stimulation
by growth hormone (GH) induces stromal IGF-1, whereas ovarian estrogen stimulates
release of epithelial amphiregulin to mediate stromal-epithelial crosstalk during
pubertal mammary development (Sternlicht, 2006; Sternlicht et al., 2006). The
bulbous TEBs undergo repeated dichotomous branching to form adequately spaced
primary ducts with lumens, whereas concomitant secondary and tertiary side
branching occurs by ductal lateral bud sprouting (Wiseman and Werb, 2002; Lu et al.,
2006; Lu and Werb, 2008). The ductal tree structure ceases forward growth when it
approaches the distal limits of the fat pad, commanded in part by TGF-f signaling
(Sternlicht, 2006).

The branched structure of the mammary gland is well suited for maximizing its
cellular surface area, as it structurally and functionally adapts to the assigned
physiological demand. In the adult female, the mammary gland undergoes repeated
cyclical turnover during each reproductive cycle, systematically displaying
lobuloalveologenesis during the murine diestrus phase (Robinson et al., 1995; Fata et
al., 2001), which parallels the luteal phase in humans. Increased mammographic
density has been reported during this phase of the reproductive cycle in women (Ursin
et al., 2001). In mice, this changing morphology is accompanied by rounds of cell
proliferation as well as cell death that peak at diestrus.

Progesterone secretion rises in response to the post-coitum maintenance of the
corpus luteum, and this function is taken over by the placenta as pregnancy
establishes. Progesterone, together with pituitary-derived prolactin, provides key
signals for orchestrating mammary epithelial differentiation during pregnancy
(Brisken et al., 1999; Oakes et al., 2008). Extensive mammary epithelial proliferation
ensues, resulting in about 100-fold increase in the cell number, accompanied by
cellular differentiation, polarization and development of secretory epithelium during a
relatively short period of about 19-21 days of gestation in the mouse. The ratio of
adipocytes to epithelia decreases to facilitate parenchymal expansion during this
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phase. A complex milieu of hormones marked by a drop in progesterone activates
epithelial changes leading to lactation, which is typically maintained by the suckling
response of the newborn (Neville et al., 2002; Pang and Hartmann, 2007).
Post-lactation mammary involution involves rapid regression of the differentiated
gland and depends on programmed cell death pathways that eliminate up to 50-80%
of the secretory epithelium within 1 week of weaning (Walker et al., 1989). Two
phases of involution have been described, the first is a potentially reversible period
initiated by mechanical triggers associated with milk stasis, and the second is a
irreversible programmed deconstruction of the lobuloalveolar acini and the supporting
structural ECM (Lund et al., 1996; Alexander et al., 2001;Watson, 2006). The latter
phase is dominated by the involvement of extracellular proteins with concomitant
reconstitution of the adipocyte compartment. The secretory alveoli collapse, forming
epithelial cords, eventually returning the glandular structure to a pre-gestation
phenotype that resembles the virgin mammary gland. Along with the classical
apoptosis pathways (Watson, 2006), phagocytosis by cells of the monocyte lineage
(O’Brien and Schedin, 2009), as well as the more recently discovered epithelial cell
autophagy (Atabai et al., 2007; Monks et al., 2008; Zarzynska and Motyl, 2008),
contribute to involution. Distinct from post-lactation involution is the irreversible
process of lobular involution that is associated with age-related, gradual loss of breast
epithelial tissue (Radisky and Hartmann, 2009). In humans, this regression begins at
variable ages, early or during perimenopause, and leads to decreased size and
complexity of the mammary ductal tree.

The substantial plasticity of the ductal network is thus evident throughout the
female lifespan. Plasticity of the mammary gland is not merely biologically intriguing,
it is intimately tied to breast cancer as documented by epidemiology literature. Briefly,
a higher number of menstrual cycles, because of early menarche or late menopause
correlate with an increased risk of developing breast cancer (Kelsey et al., 1993;
Veronesi et al., 2005). Conversely, pregnancies and breast feeding are considered
preventative against breast cancer when compared with nulliparous women or those
who never breastfed (Akbari et al., 2010). Mammary gland regression after pregnancy
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has been suggested to be implicated in tumor promotion because poorer prognosis is
seen in a subset of patients diagnosed within 5 years postpartum (O’Brien and
Schedin, 2009; Lyons et al., 2011). More recent literatures suggest that premenopausal
women displaying partial or complete lobular involution have a reduced breast cancer
risk (Radisky and Hartmann, 2009). Distinct from the above examples is the well
established fact that women with higher mammographic density, which is attributable
to a greater cellularity and ECM content, have a significantly higher lifetime risk of
developing breast cancer (Boyd et al., 2009). Overall, the complexity of ductal
cellular structures where breast cancer originates, as well as continuing cycles of

turnover, impact women’s susceptibility to develop breast cancer.

1.2.2 MMP involvement in mammary gland dynamic development

Mammary stroma remodels concurrently with the epithelial ductal structure. A
large part of the stroma is the structural ECM, which is also believed to be an
important component of the mammary stem cell niche (Wiseman and Werb, 2002;
Chepko and Dickson, 2003; Brisken and Duss, 2007). The collective activity of
MMPs is sufficient to degrade almost all proteins of the ECM network (see chapter 1,
1.1.2). MMPs and TIMPs show specific spatiotemporal expression patterns in female
reproductive tissues at discrete mammary stages. Their mRNA and/or protease
activity are evident during branching morphogenesis and involution (Talhouk et al.,
1991; Witty et al., 1995; Fata et al., 1999, 2000a; Green and Lund, 2005). Some are
produced by periductal fibroblasts (MMP-2, MMP-3), others are expressed by both
epithelial and stromal cells (MMP-14, TIMP-1, TIMP-3, TIMP-4), whereas some
members are only present in epithelial cells (MMP-7, TIMP-2) or predominant in the
local immune cells (MMP-9). MMP-14 is concentrated in the TEBs and has been
found in myoepithelial cells, which also express TIMP-3 (Wiseman et al., 2003; Fata
et al., 2004; Mori et al., 2009).

TEB bifurcation mainly involves stromal matrix deposition, and side branching
requires extension through the layer of myoepithelial cells, degradation of the

basement membrane that surrounds mature epithelial ducts followed by invasion of
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the periductal layer of fibrous stromal tissue. Therefore, the two processes may
differentially need MMP activity (Wiseman and Werb, 2002). For all MMPs and
TIMPs, only a few have been investigated in various aspects of the remodeling
mammary gland. Their specific contributions to the processes of TEB growth and
bifurcation, ductal tree elongation, secondary or tertiary branching, and mammary
involution have been demonstrated using transgenic mice (Page-McCaw et al., 2007).
Notable is the finding that MMP-2-knockout mice have deficient TEB invasion but
excessive lateral branching during mid-puberty, whereas mice lacking MMP-3 show
defective secondary and tertiary lateral branching of ducts during mid-puberty and
early pregnancy. On the other hand, mice over-expressing MMP-3 or MMP-14 have
excessive side branching, precocious alveologenesis, and eventually develop
mammary tumors (Witty et al., 1995; Sternlicht et al., 1999; Ha et al., 2001; Wiseman
et al., 2003). It has been indicated that high levels of S100 calcium binding protein
S100A4 promotes invasion into the fat pad during branching via activating MMP-3
(Andersen et al., 2011). However, The mammary branching morphogenesis was
reduced by inhibition of MMP-9 (Lee et al., 2000). When slow-release pellets were
used to compare the local effects of individual TIMPs on pubertal mammary
morphogenesis, TIMP-1, TIMP-3, and TIMP-4 inhibited ductal elongation, whereas
TIMP-2 promoted this process (Fata et al., 1999; Hojilla et al., 2007). This may in
part be due to up-regulation of MMP-2 activity in TIMP-2 enriched glands, related to
the adaptor function of TIMP-2 in the MMP-14/TIMP-2/MMP-2 trimolecular
complex, which is essential for the cell surface activation of MMP-2 (Ellerbroek and
Stack, 1999; English et al., 2006). Up to now, the effects of ovarian hormones on the
expression of individual MMPs or their inhibitors are not very well defined, although
a few (MMP-9, MMP-13, TIMP-3 and TIMP-4) are altered at the diestrus phase of
the murine reproductive cycle. Indeed, the link between hormonal response,
proliferation, modulation of MMP activity and maintenance of basement membrane
integrity depend on a balance in the expression levels of progesterone receptor-A
(PR-A) and PR-B isoforms (Simian et al., 2009).

From above data, the relations of MMPs and TIMPs with mammary gland

34



development are summarized in Table 1.4.

Mouse genotype Mammary gland phenotype

MMP-2-/- | TEB invasion
1 Lateral branching
MMP-3-/- | Lateral branching

MMP-3 over-expression | 1 Lateral branching
1 Duct elongation

1 Precocious alveogenesis

MMP-9 suppression | Branching morphogenesis

MMP-14 over-expression | 1 Lateral branching

1 Precocious alveogenesis

TIMP-1 over-expression | | Duct elongation

TIMP-2 over-expression | 1 Duct elongation

TIMP-3 over-expression | | Duct elongation

TIMP-4 over-expression | | Duct elongation

Table 1.4 MMPs and TIMPs in mammary gland development. 1 means promote; |

means inhibit.

1.2.3 MMP involvement in mammary gland remodeling after

weaning

The extracellular proteinases are abundant during mammary involution as this
involves plentiful restructuring of the mammary gland, whereas their expression is
repressed during lactation (Sorrell et al., 2005). Microarray expression profiling has
shown that MMP-3 and MMP-14 are markedly increased during pregnancy and
involution and, MMP-7 and MMP-12 at involution, with MMP-3 showing the most
profound up-regulation. Implantation of TIMP-1 pellets during post-lactational
involution hinders this process (Talhouk et al., 1992), whereas TIMP-3 deficiency

accelerates mammary involution (Fata et al., 2001b).
1.24 MMPs regulate signaling pathways during mammary gland

postnatal development and regression

A recurrent theme during mammary remodeling is paracrine signaling, which
necessitates the delivery of growth factors, and/or cytokines from the stromal to

epithelial compartments, luminal epithelial cells to myoepithelial cells, or vice versa.
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Several MMPs (MMP-1, MMP-2, MMP-3, MMP-9 and MMP-11) can potentially
release IGFs from their binding proteins present in the circulation or the interstitium
before the interaction of IGFs with their tyrosine kinase receptor IGFIR (Hojilla et al.,
2003). Further, ECM bound ligands (such as TGF and HGF) exist in latent form and
require proteolytic processing for their maturation and subsequent signal transduction
(Mohammed and Khokha, 2005; Jenkins, 2008).

Although multiple mitogens or inhibitors direct mammary remodeling processes,
some apparently play more prominent functions. For example, TGFf plays a central
role in a number of developmental and pathological processes, TGFp exerts a
wide-ranging control over mammary epithelial cell proliferation and morphology. It
regulates ECM remodeling, as it allows ECM deposition while inhibiting ECM
degrading proteases in the immediate vicinity of the TEBs and branching ducts. In
turn this facilitates the generation of an ECM obstacle for tubular morphology.
Additionally, TGFp transcriptionally regulates several MMPs and TIMP genes during
tissue remodeling (Wilkins-Port and Higgins, 2007; Kassiri et al., 2009). However,
activation of TGF is the key biological checkpoint controlling TGFp bioavailability.
The MMPs play an important role in TGFp activation, such as MMP-2 can directly
cleave latent TGFP, whereas MMP-14 interact with integrin mediated TGFf
activation pathways (Jenkins, 2008). Thus, although MMPs can enhance TGFf
bioavailability, TGFB in turn controls the expression of these proteases. Such a
mechanism of positive feedback uniquely authorizes these enzymes as useful
regulators during remodeling programs. With regard to Wnt activity, TIMP-3
deficiency leads to increased B-catenin signaling in primary mammary epithelial cells
and expression of epithelial specific MMP-7, which is a key transcriptional target of
Lef/Tcfs downstream of canonical Wnt signaling (Hojilla et al., 2007). Although Wnt
signaling is important for multiple aspects of the mammary gland including the
mammary stem cells (Brisken and Duss, 2007), little is currently known of the
mechanisms by which secreted Wnt ligands are sequestered extracellularly and made
available to their receptors. Interestingly, syndecan-1 (a cell surface heparan sulfate
proteoglycan) knockout can inhibit mammary development (Dontu et al., 2003) and
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profoundly affected Wnt-induced mammary tumorigenesis in mice (Alexander et al.,
2000). Moreover, ectodomain shedding of syndecan-1 and syndecan-4 occurs by
TIMP-3-sensitive MMPs (Alexander et al., 2000; Fitzgerald et al., 2000).

Compared to the remodeling of the epithelial ductal network, restructuring of the
vascular network during mammary remodeling is not well understood. It has been
demonstrated that mammary epithelium-derived VEGF is a critical factor in
angiogenesis, however, its bioavailability depends on MMPs regulation (Rossiter et
al., 2007; Bergers et al., 2000).

Another mode by which MMPs facilitates the mammary gland remodeling is by
ectodomain cleavage of cell adhesion proteins, such as E-cadherin, which must be
intact to provide a strong survival signal for mammary epithelial cells. For example,
MMP-7 and MMP-3 can cleave E-cadherin at the cell surface and release soluble
E-cadherin fragments (sE-CAD) into the medium. The sE-CAD inhibits E-cadherin
functions in a paracrine way by induction of invasion into collagen type I and
inhibition of E-cadherin-dependent cell aggregation (Noe et al., 2001). Indeed,
excessive E-cadherin cleavage occurs during the accelerated loss of the epithelial
compartment and gain of adipocyte reconstitution at post-lactational mammary
involution in TIMP-3 knockout mice. Thus, TIMP-3 is a critical epithelial survival
factor during mammary gland involution (Fata et al., 2001b).

Overall, the typical localization of MMPs and their inhibitors at the
stromal-epithelial interface, where ligand-receptor interactions occur, engages
multiple and diverse signal transduction pathways (Figure. 1.7). It must be recognized,
however, that the same ligand or signal can produce vastly different biological
outcomes because of context-dependent effects (Egeblad and Werb, 2002;
Kessenbrock et al., 2010).
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Figure 1.7 Lateral integration of critical signal transduction pathways by MMP
activity. TIMPs together with MMPs operate at the stromal-epithelial interface to affect growth
factor bioavailability by regulating the release of ECM bound factors, shedding of cell surface
ligands and cytokines or their receptors, as well as alter the release of factors complexed with their
binding proteins. EGFR, epidermal growth factor receptor; GPCR, G-protein coupled receptor;
HGF, hepatocyte growth factor; IGF, insulin-like growth factor; IGFBPs, IGF binding proteins;
MMP, matrix metalloproteinase; RTK, receptor tyrosine kinase; TGFb, transforming growth
factor beta; TIMP, tissue inhibitor of metalloproteinase; TNF, tumor necrosis factor. Modified
from Khokha and Werb, 2011.

1.3 MMP-11

1.3.1 MMP-11 discovery and name

MMP-11 cDNA was first cloned by differential screening between malignant and
benign human breast tumor samples. MMP-11 was initially recognized as the third
member of the stromelysin subfamily within the MMP family on the basis of its
similarity with the stromelysin-1 (ST1) and stromelysin-2 (ST2), so the product of
this gene was named as stromelysin-3 (ST3) (Basset et al., 1990). Despite the original
designation as ST3, its sequence is quite divergent from the ST1 and ST2, and it has

distinct mechanism of activation and proteolytic activity (Murphy et al., 1993; Pei et
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al., 1994; Pei and Weiss, 1995). Thus, the name ST3 does not reflect any functional
similarities with other stromelysins. A more generic designation based on the
sequence of MMP discovery has assigned ST3 the serial number 11, ie. matrix
metalloproteinase-11. It is expressed specifically in stromal cells surrounding invasive
breast carcinomas (Basset et al., 1990). As the other MMPs, MMP-11 is involved
during ECM remodeling events, such as development, tissue involution, wound
healing, tumor invasion and metastasis (Anderson et al., 1995; Lefebvre at al., 1992;
Rodgers et al., 1992; Lefebvre et al., 1995). However, from literatures, MMP-11
appears to be an unique member of the MMP family exhibiting peculiar features and

function (Rio, 2002).

1.3.2 MMP-11 protein structure

1.3.2.1 Primary and secondary structures
The MMP-11 gene encodes a pre-pro-protein containing from its N-terminal end
to its C-terminal end, a signal peptide, a pro-domain, a furin recognition site, a

catalytic domain and an hemopexin-like domain (Figure 1.8).
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Figure 1.8 MMP-11 schematic organization. pre: signal peptide; pro: pro-peptide; F:
furin-susceptible site; SH: thiol group; Zn"": zinc ion. Modified from Basset et al., 1990.

Pro-MMP-11, unlike other MMPs, cannot be activated by organomercurials or
detected by standard zymographic techniques in vitro. This unusual behavior has been
attributed to structural characteristics peculiar to both its pro- and catalytic domains
(Basset et al., 1990; Pei and Weiss, 1995; Santavicca et al., 1996). Furthermore, while
numerous MMPs are normally synthesized and secreted as inactive zymogens,
MMP-11 is secreted as an active enzyme (Pei and Weiss, 1995; Santavicca et al.,
1996). Initially synthesized as a ~54-56 kDa precursor, MMP-11 is then modified in
the trans-Golgi network to a ~62-65 kDa form, presumably following the

glycosylation of serine/threonine residues in the pro-domain (Pei and Weiss, 1995;
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Santavicca et al., 1996). Subsequently, the ~45-47 kDa mature species is generated
intracellularly by furin, a trans-Golgi network-associated proprotein convertase,
which cleaves pro-MMP-11 at the C-terminal end of a unique RXRXKR motif
(Figure 1.9). In the absence of MMP inhibitors, the 45 kDa form is unstable and

undergoes autocatalytic processing (Pei and Weiss, 1995).
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Figure 1.9 Domain structure of MMP-11 and activation processes. MMP-11 is
synthesized as inactive zymogen form in endoplasmic reticulum, then transfered into Golgi
apparatus for modification by furin. The MMP-11 active form is secreted. Thus, MMP-11
activation is not dependent on extracellular processing. Pre: N-terminal signal sequence; Pro:
pro-domain; SH: thiol-group; Catalytic: catalytic domain; Zn: zinc ion. Modified from Pei and
Weiss, 1995; Santavicca et al., 1996.

1.3.2.2 MMP-11 crystal structure

The 3D-structure of the mouse MMP-11 catalytic domain has been solved with
the RXPO3 phosphinic inhibitor mimicking a (D, L) peptide (Vassiliou et al., 1999;
Gall et al., 2001) (Figure 1.10). As observed for the already known structures of
MMPs, the catalytic domain of MMP-11 is made up of 5-stranded B-sheets and 3
a-helices, and is a charged negative globular protein containing several pockets. The
topology of MMPs is remarkably well conserved, making the design of highly

specific inhibitors difficult. The crystal structure clearly demonstrates that its S1°
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pocket looks like a tunnel running through the enzyme. This open channel is filled by
the inhibitor P1° group which adopte a constrained conformation to fit this pocket,
together with two water molecules interacting with the MMP-11-specific residue
GIn215, which plays a pivotal role in determing the PI” selectivity as determined by
site-directed mutagenesis (Holtz et al., 1999). These observations provide clues for
the design of more specific inhibitors and show how MMP-11 can accommodate a
phosphinic inhibitor mimicking a (D, L) peptide. The presence of a water molecule
interacting with one oxygen atom of the inhibitor phosphinyl group and the proline
residue of the Met-turn, suggests how the intermediate form during proteolysis may
be stabilized. Furthermore, the hydrogen bond distance observed between the methyl
of the phosphinic group and the carbonyl group of Alal82 mimics the interaction
between this carbonyl group and the amide group of the cleaved peptidic bond. Thus,
this characteristic of the MMP-11 protein structure allows to design synthetic
inhibitors exhibiting a longer chain in their P1’ position leading to a higher specificity
against MMP-11 than other MMPs, MMP-11 therefore represents an appropriate
target for specific inhibitor(s) in future cytostatic therapeutic approaches directed

against the stromal compartment of human carcinoma (Rio, 2002).

Figure 1.10 Crystal structure of the MMP-11 catalytic domain. The molecular surface
of the MMP-11 catalytic domain is colored according to its potential (red: negatively charged
residues; blue, positively charged residues). The catalytic zinc atom (green) lies on the surface of
the active site. Adapted from Gall et al., 2001.
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1.3.3 MMP-11 substrates

MMP-11 has rather restricted substrate specificity compared to other MMPs.
MMP-11 can cleave the serine proteinase inhibitor (serpin), al-proteinase inhibitor
(a1PI). Proteolysis occurred at Ala350-Met351 site within the reactive-site loop of the
inhibitor, which results in a complete loss of anti-proteolytic activity (Pei et al., 1994).
It also cleaves «a2-antiplasmin, plasminogen activator inhibitor 2 and
a2-macroglobulin (02-M) (Pei et al., 1994). Moreover, a 28 kDa C-terminally
truncated form of MMP-11 exhibits weak matrix-degrading activity against laminin as
well as type IV collagen in mouse (Murphy et al., 1993), but not in human (Noel et al.,
1995). This functional difference is probably due to an unusual Ala ‘substitution’ of
the Pro235 in human MMP-11, a residue conserved in all MMPs (Noel et al., 1995).
MMP-11 cleaves the laminin receptor in mammals and Xenopus (Fiorentino et al.,
2009). Recently, we have found both in mouse and human that MMP-11 cleaves the
native a3 chain of collagen VI, but not the al and a2 chains (Motrescu et al., 2008).
Collagen VI is an adipocyte-related ECM component, but the precise site of cleavage
remains to be determined. IGFBP-1 is also cleaved by MMP-11 in human. The
cleavage site is between His140-Vall41 within in the mid-region of IGFBP-1 (Manes
et al.,, 1997). Since IGFBP-1 inhibits the function of IGF-I, cleavage of IGFBP-1
releases IGF-1 for cell survival and proliferation (Manes et al., 1997). Given the fact
that IGFs play a prominent role in the development of cancer, MMP-11 may
contribute to tumorigenesis by releasing IGF-1 from IGFBPs.

The proteolytic properties of MMP-11 have been analyzed using synthetic
substrates. Recombinant MMP-11 cleaves the fluorogenic substrate Dansyl-Pro-Leu-
Ala-Leu-Trp-Ala-Arg-NH, (Holtz et al., 1999). It has been indicated that MMP-11
prefers substrates with P1’ positions containing unusually long side chains (Mucha et

al., 1998).

1.3.4 Natural MMP-11 forms

Using western blot analysis, the pro- and the mature forms of human MMP-11

are usually observed at about 56 and 47 kDa, respectively (Santavicca et al., 1996).
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However, several other MMP-11 forms are observed. In an in vitro stroma/epithelial
cell co-culture model, a 35 kDa protein lacking enzymatic activity is produced by
normal pulmonary fibroblasts (Mari et al., 1998). Two forms of 35 and 28 kDa are
also observed in human atherosclerotic tissues (Schonbeck et al., 1999). Moreover, a
28 kDa form was also seen after furin cleavage of recombinant human MMP-11
(Santavicca et al., 1996). The diversity of the observed forms of MMP-11 raises the
question of the existence of possible various post-translational maturations of the

MMP-11 protein.

1.3.5 Recombinant MMP-11

Since the in vivo sources are not practical for large-scale purification of the
enzyme, recombinant MMP-11 has been produced in mammalian cell lines (Pei et al.,
1994; Murphy et al., 1993; Santavicca et al., 1996), prokaryotes (Kannan et al., 1999),
or insect cells (del Mar Barbacid et al., 1998). In the presence of the reversible
hydroxamate MMP inhibitor BB94, a ~47 kDa active species can be purified in large
scale by a combination of dye-affinity, heparin-affinity and gel-filtration
chromatographies (Pei et al., 1994). In the absence of BB94, a ~28 kDa C-terminally
truncated species has been obtained (Murphy et al., 1993). The mammalian
expression system produces a recombinant MMP-11 close to its native state, but not
as efficiently as the bacteria- or baculovirus-based system. The latter ones are utilized
successfully to produce large MMP-11 quantity in the laboratory (Kannan et al., 1999;
del Mar Barbacid et al., 1998).

1.3.6 MMP-11 genomic structure

MMP-11 is localized on human chromosome 22q11.2 (Levy et al., 1992) and to
the C band of mouse chromosome 10 (Cole et al., 1998) showing a syntenic
conservation during evolution. The human and mouse MMP-11 gene span 11.5 kb and
9.2 kb respectively, and contain eight exons and seven introns. The genomic
organization of MMP-11 gene exons is well conserved compared with other members
of the MMP family, except for the 3 last exons corresponding to the hemopexin-like

domain and to a long 3’UTR (Anglard et al., 1995). The first four exons match those
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of other classic MMPs while the remaining four exons are organized differently: (1)
the hinge region in MMP-11 is an extension of exon 5 which encodes a portion of the
catalytic domain; (2) the first Cys residue for the conserved disulfide bond in the
hemopexin domain is not part of the exon encoding the hinge region as in other
MMPs, but part of the first exon of the hemopexin-like domain; and (3) a conserved
intron located between the second and third exons of the hemopexin domains present
in other MMPs is absent in MMP-11. These differences place MMP-11 outside of the
main MMP cluster between the mammalian MMPs and the bacterial
metalloproteinases (Murphy et al., 1991). The Xenopus MMP-11 gene also has a
structure distinct from other MMP genes, with its hemopexin domain encoded by four

instead of six exons.

1.3.7 MMP-11 promoter region

Analysis of the 5° region upstream of the TATA box shows several functional
regulatory elements common to the human, mouse and/or Xenopus MMP-11 genes. A
proximal cis-acting retinoic-acid-responsive-element (RARE) of the DR1 type (direct
repeat of the core motif PuGGTCA separated by 1 bp), and two distal RAREs of the
DR2 type are present in the human and mouse MMP-11 genes. The Xenopus
MMP-11 promoter is devoid of RARE element. The proximal DRI1 is sufficient for
MMP-11 promoter activity in vitro. This RARE may be responsible, at least partially,
for the in vivo expression of MMP-11 since retinoic acid receptor beta and gamma
(RARPB and RARy)-deficient mice exhibit lower levels of MMP-11 (Guerin et al.,
1997; Dupe et al., 1999). Additional distal elements have been reported (Luo et al.,
1999; Ludwig et al., 2000). An AP1-like responsive element is responsible for the
basal human MMP-11 promoter activity. This element is not present in the mouse
promoter. One (human) and two (mouse) CCAAT/enhancer-binding-protein
(C/EBP)-binding sites that efficiently bind the C/EBPJ transcription factor, are
involved in the TPA-regulated induction of MMP-11 gene expression. The MMP-11
promoter also contains one (human and mouse) or two (Xenopus) GAGA factor

binding sites. Moreover, a thyroid hormone responsive element (TRE), shared by

44



human, mouse and Xenopus, is present in the distal region of the MMP-11 promoter.
This TRE has been shown to be functional in frog, and MMP-11 is a direct
immediate-early thyroid hormone (T3) responsive gene (Patterton et al., 1995; Shi et
al., 2007). In contrast to the other MMPs, no proximal AP1-binding site was identified
in the MMP-11 promoter in all the species studied (Luo et al., 1999; Ludwig et al.,
2000). Finally, in Xenopus, two transcription start sites (+1, -94) and a second TATA
box (-87, -82) were reported, suggesting a possible second MMP-11 messenger RNA
(Li et al., 1998). Similar organization leading to two types of messenger RNAs also
exists in the human MMP-11 gene (Luo et al., 2002). Recently, it has been indicated
that Spl is able to bind to the GC-boxes within the MMP-11 proximal promoter
region and regulate MMP-11 expression. This regulation requires the formation of
Sp1/Smad2 heterocomplexes, which are stimulated by an increase in the acetylation
status of Smad. Besides, ERK1/2-mitogen-activated protein kinase (MAPK) is also
involved in the regulation of MMP-11 (Barrasa et al., 2012).

These results suggest that the MMP-11 gene evolved prior to most other
metalloproteinase genes and uses distinct regulation pathways to achieve similar
expression profiles and serve similar functions in mammals and amphibians (Li et al.,
1998). Indeed, in mammals and Xenopus, MMP-11 is expressed during limb bud
development, a phenomenon dependent on retinoic acid in mammals (Dupe et al.,

1999), but on thyroid hormone in Xenopus (Li et al., 1998).

1.3.8 MMP-11 as a paracrine factor

In both normal and pathological events, cells expressing MMP-11 are usually of
mesenchymal origin. Moreover, MMP-11 expression is restricted to a cell
sub-population located at the vicinity of ‘stressed’ or malignant epithelial cells,
notably when the integrity of the basement membrane, which separates epithelial and
stromal compartments is altered and allows cell-cell crosstalk/interaction. This highly
precise MMP-11 location, strongly supports a drastic regulation of the MMP-11 gene
in vivo, and a spatially restricted MMP-11 function. Accordingly, diffusible factors

from neighboring cells can induce MMP-11 expression by mesenchymal cells.
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In vitro, epidermal growth factor (EGF), basic fibroblastic growth factor (bFGF)
and platelet-derived growth factor (PDGF) induce MMP-11 expression in normal
human fetal and adult pulmonary fibroblasts (Anderson et al., 1995; Ahmad et al.,
1997). In primary cultures of human endometrial fibroblasts, MMP-11 is selectively
induced by IGF, EGF, PDGF, TNFa and IL1a (Singer et al., 1999). Finally, the CD40
ligand, an inflammatory mediator, induces MMP-11 expression in endothelial cells,
smooth muscle cells and macrophages (Schonbeck et al., 1999). MMP-11 can also be
induced in osteoblasts by FGF2 (Delany and Canalis, 1998), which is consistent with
its detection in osteoarthritis tissue.

Using epithelial cancer cell/stroma cell co-culture models both soluble factors
and cell/cell contact allow for the expression of MMP-11. Thus, breast cancer cells
up-regulate reporter genes under the transcriptional control of a 3.4 kb human 5’
flanking sequence of MMP-11 (Ahmad et al., 1997). Non-small cell lung cancer
epithelial cells stimulate normal pulmonary fibroblasts to express and secrete
MMP-11 (Mari et al., 1998). Using in vitro co-culture model, murine and human
cancer cells induce adipocytes to express MMP-11 (Tan et al., 2011). These data are
consistent with what is observed in vivo in tumors where invasive cancer cells induce
MMP-11 expression by adjacent stromal cells (Andarawewa et al., 2005; Motrescu

and Rio, 2008; Tan et al., 2011).

1.3.9 Normal MMP-11 physiological function

1.3.9.1 MMP-11 and embryonic development

MMP-11 is expressed during developmental processes. In mouse, MMP-11 is
detected as early as 7.5-8.5 days in trophoblastic cells at the site of embryonic
implantation (Lefebvre et al., 1995; Alexander et al., 1996). It also participates in
several developing tissues such as the limb, tail and snout, and to the bone and spinal
cord morphogenesis (Lefebvre et al., 1995). MMP-11 positive fibroblasts constitute a
thin layer of cells located just beneath the basement membrane lining the extending
epithelium (Figure 1.11). The skeletal muscle of the tongue in mouse also expresses

MMP-11 (Chin and Werb, 1997). Functionally, MMP-11 is detected in mesenchymal
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cells, which line the basement membrane at the junction of primitive dermis and
epidermis, where epithelial cells proliferation and/or die (Lefebvre et al., 1995).
MMP-11 is implicated in Xenopus development (Berry et al., 1998; Ishizuya-Oka et
al., 1996; Shi, 1995; Puzianowska-Kuznicka et al., 1997) and metamorphosis
(Patterton et al., 1995). It is involved in apoptotic tissue remodeling or resorption
(Damjanovski et al., 1999; Ishizuya-Oka et al., 2000). During human placentation,
extravillous trophoblasts invading the maternal deciduas produce MMP-11, and later,
MMP-11 is restricted to the syncytiotrophoblasts that line the intervillous vascular

spaces (Maquoi et al., 1997).

Figure 1.11 Whole mount RNA in situ hybridization of limb buds of wild-type and
MMP-11-/- mouse embryos. MMP-11 mRNA was observed in the interdigital parts of the limb of
wild-type (A) but not in that of MMP-11-/- (B) embryos. No obvious morphological differences
were observed between limb buds from wild-type and MMP-11-/- mice. Adapted from Masson et
al., 1998.

1.3.9.2 MMP-11 and tissue remodeling

MMP-11 participates to various tissue remodeling processes (i.e. post-weaning
mammary gland involution, uterus post-partum involution, ovulation, endometrial
menstrual breakdown) (Lefebvre et al., 1992). MMP-11 is expressed in human
rheumatoid arthritis and in traumatic synovial membrane, suggesting that MMP-11
may participate in physiological synovial remodeling (Konttinen et al., 1999).
Epithelium homeostasis requires equilibrium between epithelial cells, stromal cells
(fibroblasts, adipocytes, endothelial cells, inflammatory and immune cells) and the

ECM. Tissue remodeling leads to basement membrane alteration and subsequently to
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transient epithelial/stromal communication or contacts. MMP-11 is specifically
expressed during these biological processes, whereas the gene is silent in resting
tissues (Rio et al., 1996). Although a correlation can be drawn between MMP-11
expression and intense apoptosis during normal tissue remodeling processes, in
contrast to other MMPs that rather exhibit pro-apoptotic effects, MMP-11 exhibits an
anti-apoptotic function and help epithelial cells to circumvent apoptotic mechanisms
(e.g. anoikis) and survive in an unusual and hostile environment (Boulay et al., 2001).

Thus, MMP-11 transiently preserve the viability of regenerating cells during
intense apoptotic processes, and participate in the regulation of homeostasis of
epithelial cell compartment. Thus, during malignant invasive processes, epithelial
cells may use this anti-apoptotic MMP-11 function to circumvent tissue homeostasis

and anarchically proliferate.

1.3.9.3 MMP-11 and adipogenesis

MMP-11 negatively regulates adipogenesis in an autocrine manner. MMP-11-/-
mice were developed in the laboratory (Masson et al., 1998). They have a
significantly higher mean body weight than wild-type littermates in normal fat diet

(Andarawewa et al., 2005) and in high fat diet condition (Lijnen et al., 2002) (Figure

1.12).
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Figure 1.12 Body weight comparison of MMP-11-/- and wild-type mice. A: under
normal fat diet; B: under high fat diet. Adapted from Andarawewa et al., 2005; Lijnen et al., 2002.

The MMP-11-/- mouse embryonic fibroblasts (MEFs) differentiate better into

adipocytes compared to wild-type MEFs. Moreover, treatment of adipocytes-

48



differentiated MMP-11-/- MEFs with recombinant MMP-11 leads to lipid depletion
and reversal of the adipocyte phenotype. Thus, MMP-11 controls fat mass
homeostasis by limiting pre-adipocyte differentiation and/or reversing mature
adipocyte differentiation (Andarawewa et al., 2005; Motrescu et al., 2008) (Figure

1.13).
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Figure 1.13 QOil Red O staining analysis of MEF adipocyte differentiation. Oil Red O
staining of confluent wild-type and MMP-11-/- MEFs (a and f, respectively). Increased number and
size of lipid droplets were observed in MMP-11-/- MEFs compared to wild-type MEFs at 2 (b and

g), 4 (c and h), 6 (d and i), 8 (e and j) days of adipocyte differentiation. Adapted from
Andarawewa et al., 2005.

1.3.10 MMP-11 and diseases

1.3.10.1 MMP-11 and tumor progression

Only rare sarcomas present MMP-11 positivity, whereas almost all carcinomas
express MMP-11. MMP-11 is not expressed by the cancer cells themselves, but by
stromal cells (Basset et al., 1997), most notably fibroblast-like and/or adipocytes
surrounding malignant epithelial tumor cells (Basset et al., 1990; Andarawewa et al.,
2005) (Figure 1.14). MMP-11 is observed in almost all types of carcinomas, including
breast, lung, ovary, prostate, small intestine, stomach, uterus, colon, larynx, esophagus,
pancreas, bladder, skin, and head and neck carcinomas. But it is rarely observed in

liver, kidney and lung small cell carcinomas. Moreover, MMP-11 is more frequent in

primary tumors (50-100%), than in secondary tumors (30-70%) (Rio et al., 1996).
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Figure 1.14 Histology and MMP-11 expression of normal human breast tissue and
breast carcinomas. 1, 2, 3 and 4: MMP-11 immunohistochemistry of normal (1), peritumoral (2)
adipose tissues, ductal carcinoma in situ (3) and invasive ducal carcinoma (4). 5 and 6: MMP-11
in situ hybridization of tumor invasive front using antisense (5) and sense (6) probes. MMP-11
protein (brown) was visualized in adipocytes (lipids in white) and fibroblasts adjacent to invading
cancer cells but not in normal tissue. 6, sense control probe gave a negative result. Cell nuclei are
stained in blue(1-4) or pink (5,6). Abbreviations: A, adipocyte; F, tumor invasive front. Adapted
from Andarawewa et al., 2005.

In human carcinomas, almost all studies provide evidence that MMP-11
expression by non-malignant peritumoral mesenchymal cells is a bad prognostic
factor (Basset et al., 1997). Thus, clinical trials showed that high levels of MMP-11
expression correlate with poor prognosis in patients with breast cancer (Engel et al.,
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1994; Chenard et al., 1996) (Figure 1.15). MMP-11 is one of the factors often found
in association with tumor invasion using high-throughput approaches (Peruzzi et al.,
2009; Ma et al., 2009). Consistently, MMP-11 is part of a gene expression signature
that distinguishes invasive ductal breast carcinomas (IDC) from ductal carcinoma in

situ (DCIS) (Hannemann et al., 2006).
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Figure 1.15 Relationship between MMP-11 expression levels in tumor tissue and
overall survival in patients with invasive human breast cancer. (A) RNA expression. Tumors
were stratified for low (< 2500 units) or high (> 2500 units) MMP-11 transcript levels evaluated
by quantitative in situ hybridization. (B) Protein expression. Tumors were stratified for low
(MMP-11-S < 30%) or high (MMP-11-S > 30%) MMP-11 protein levels evaluated by

semiquantitative immunohistochemistry using monoclonal antibody 5ST-4A9 directed against the
MMP-11 hemopexin domain. S means tumor stromal cell. Adapted from Engel et al., 1994;
Chenard et al., 1996.

However, the role of MMP-11 in tumor progression has been shown to be more
complicated than originally thought at least in experimental animals. Thus, MMP-11
increased tumorigenesis does not result from increasing cancer cell proliferation but
from decreasing cancer cell death through apoptosis and necrosis (Figure 1.16). These
data indicated that host MMP-11 is a key player during local invasion, favoring
cancer cell survival and implantation in connective tissues through an anti-apoptotic

function (Boulay et al., 2001; Wu et al., 2001).
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Figure 1.16 MMP-11 increases tumorigenesis via decreasing cancer cell apoptosis and
necrosis. A: Analysis of C26 colon cancer cell tumorigenicity in syngeneic wild-type and
MMP-11-/- mice. The delay required for palpable tumor development at 50% injection sites was
improved in the absence of MMP-11. B: Histological (H&E) and immunohistological features of
nonpalpable microcarcinomas found in wild-type and MMP-11-/- mice; BrdU and TUNEL stained
in brown proliferating and apoptotic cells, respectively. The lack of MMP-11 led to increased
cancer cell death through necrosis (1, 2) and apoptosis (5, 6), but did not modify cancer cell
proliferation (3, 4). s, stroma; ¢, carcinoma; n, necrosis. Adapted from Boulay et al., 2001.

Moreover, in addition to reduce number of primary tumors, MMP-11 deficiency
leads to unexpected higher number of metastases, suggesting that the cancer cells
developing in MMP-11-/- stroma have an increased potential for hematogenous
dissemination (Rio, 2005). Real-time imaging of developing lung metastases in living
mice using X-ray computed tomography system (micro CT) shows that metastases
occur earlier and grow faster in wild-type mice, but in lower numbers compared with
MMP-11-/- mice. Thus, there is significant spatio-temporal variability of host
MMP-11 function, favoring the local invasion and the onset and growth of metastases,
but limiting cancer cell dissemination and metastasis focus number (Brasse et al.,
2010).

MMP-11 is actually a paracrine key player during tissue remodeling processes

occurring under malignant conditions. The ECM adaptation via the desmoplastic
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response (Mueller and Fusenig, 2002) is associated with modification in the nature,
and relative ratio of the stromal cells, notably adipocytes disappear and fibroblast-like
cells accumulate. In this context, MMP-11, which negatively regulates adipogenesis
by limiting pre-adipocyte differentiation and/or reversing mature adipocyte
differentiation, participates in this process and to the accumulation/maintenance of
peritumoral fibroblast-like cells at the center of the growing tumors. Indeed, invasive
cancer cells induce the expression of MMP-11 in  neighboring
cancer-associated-adipocytes (CAAs) (Andarawewa et al., 2005) (Figure 1.17). CAAs
become smaller than those observed at a distance and the number of peritumoral
fibroblast-like cells increases (Rio, 2011). Thus, MMP-11 and CAAs participate in a
highly complex vicious tumor progression cycle orchestrated by the invasive cancer

cells to support tumor progression (Motrescu and Rio, 2008)

Figure 1.17 H&E examination of human normal breast tissue and invasive breast
tumor. Compared with normal adipose tissue (A), the number and the size of adipocytes are
greatly reduced at the invasive front of the tumor (B), and adipocytes have totally disappeared in
the tumor center, whereas numerous peritumoral fibroblasts are seen (C). These adipocytes were
named cancer-associated-adipocytes (CAAs). Abbreviations: A, adipose tissue; C, tumor center; F,
tumor invasive front; G, normal mammary gland. Adapted from Andarawewa et al., 2005.

1.3.10.2 MMP-11 and cardiovascular diseases

MMP-11 expression is detected in diseased plaques mostly in endothelial cells,
smooth muscle cells and macrophages. MMP-11 appears to be induced by the T-cell
CDA40 ligand which acts on the CD40 receptor in recipient cells (Schonbeck et al.,

1999). Interestingly, MMP-11 cleaves and inactivates al-PI, a serpin known to
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regulate cellular functions related to atherosclerosis (Schonbeck et al., 1999).
MMP-11-/- mice developed significantly more neointima than their wild-type
counterparts following vascular injury, suggesting that MMP-11 plays a positive role
in suppressing the formation of neointima (Lijnen et al., 1999), perhaps by promoting
the degradation of elastin through MMP-11-mediated inactivation of al-PI, a potent
elastase inhibitor (Pei et al., 1994). Finally, MMP-11 polymorphism is associated with

Kawasaki disease in the Korean population (Ban et al., 2010).

1.3.10.3 MMP-11 and skin diseases

MMP-11 is observed during repair processes such as skin wound-healing in man
(Wolf et al., 1992). In a rat model of skin repair, MMP-11 is highly expressed from
day 5 to 10 after cutaneous incision. MMP-11 RNAs are detected, similar to the
human system, in stromal cells of the scar tissue, below the thickened epithelial cell
layer (Okada et al., 1997). In general, very few cases of benign tumors have been
shown to express MMP-11. However, surprisingly, almost all dermatofibromas, which
correspond to benign fibrous nodules are MMP-11 positive, although MMP-11 is not
expressed in malignant dermatofibrosarcomas (Unden et al., 1996; Thewes et al.,
1999; Kim et al., 2007; Cribier et al., 2002). These data corroborate the anti-apoptotic
function of MMP-11 since dermatofibromas are frequently accompanied by epithelial

huperplasia and annexogenesis (Unden et al., 1996; Thewes et al., 1999).

1.3.11 Conclusion

Although numerous questions remain to be addressed, several conclusions can
actually be drawn in the field of MMP-11 (Table 1.5): (1) MMP-11 acts at
epithelial/stroma interfaces during tissue remodeling; (2) MMP-11 is involved in
epithelium homeostasis; (3) Malignant cancer cells induce MMP-11 expression by
adjacent fibroblasts and/or adipocytes; (4) MMP-11 is a negative regulator of
adipogenesis; (5) Malignant cancer cells subvert MMP-11 function in order to
circumvent homeostasis processes and survive in connective host tissues; (6)
MMP-11 exerts anti-apoptotic function; (7) During cancer progression, MMP-11 can

exert a dual effect, depending on the invasive steps; and (8) although the development

54



of MMP inhibitors for cancer treatment is more challenging than originally thought,

MMP-11 remains an interesting target for potential therapeutics.

Time of MMP-11 expression Cells/Tissues Biological processes

Development Invading trophoblasts Embryonic implantation
Syncytiotrophoblasts Placentation
Limb bud mesenchyme Interdigitation
Invading osteoblasts Osteogenesis
Neuroepithelial cells Spinal cord morphogenesis
Snout, tail mesenchyme Epithelium growth
Tongue Not known

Metamorphosis Tail Larval tissue resorption
Intestine Morphogenesis

Adult tissues Endometrium Menstrual breakdown
Uterus Post-partum involution
Ovary Ovulation
Mammary gland Post-partum involution

Adipose tissue

Adipogenesis

Non-malignant diseases

Atherosclerosis Inflammation, repair

Skin Wound healing

Arthritis Inflammation
Dermatofibroma Benign tumor proliferation

Malignant tumors (Carcinomas)

Fibroblast-like cells, adipocytes

Tumor progression

Table 1.5 MMP-11 in physiopathological tissue remodeling processes. Adapted from

Rio, 2012.

1.4 Adipocyte involvement in mammary gland morphogenesis

The mammary gland consists of various microenvironments that contribute and
crosstalk to maintain ductal epithelial cell homeostasis (McCave et al., 2010). The

relevance of stromal contributions towards the growth of ductal epithelium in the
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mammary gland is thought to be important for the development of the mammary
architecture both during embryogenesis and in the postnatal phase. Thus, the
embryonic mammary epithelium can form salivary gland-like structures if it is
combined with salivary gland mesenchyme, indicating that the stroma play an
important role in mammary gland development (Sakakura et al., 1976). Stromal-
derived factors have a profound impact on ductal morphogenesis and elongation,
regulation of TEBs growth and branching, as well as B-casein accumulation within the
epithelium (Howlett and Bissell, 1993; Wiseman and Werb, 2002; Hinck and
Silberstein, 2005; Ching, et al., 2011).

The stromal environment in the mammary gland is rather complex, which is
made up of various cells, mainly including adipocytes, pre-adipocytes, fibroblasts, as
well as endothelial cells and several cells of the immune system (Figure 1.18) (Neville
et al., 1998; Wiseman and Werb, 2002). Insights into the individual contributions of
these cells are rather limited. For instance, the localization of macrophages around the
TEBs of the mammary gland is critical for the formation of elongated ducts,
branching, orientation of the ducts and mammary gland involution (Gouon-Evans et

al., 2000; Van Nguyen and Pollard, 2002; O'Brien et al., 2012).
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Figure 1.18 The duct, TEB and stromal architectures of pubertal mouse mammary
gland. The mature mammary gland duct features an outer layer of myoepithelial cells surrounding
an inner layer of luminal epithelial cells. The developing mouse mammary gland invades through
the empty fat pad led by the terminal end buds, the outer layer of cap cells leads invasion and
eventually give rise to myoepithelial cells. Many of the inner body cells undergo apoptosis, with
some of the progeny of inner body cells forming the luminal epithelial cells that line the ducts of
the gland. The stromal environment is made up of various components, including adipocytes,
fibroblasts, endothelial cells and several cells of the immune system. The adipocytes are the main
stromal cells of mammary gland surrounding the ducts and TEBs. Modified from Wiseman and
Werb, 2002.

Adipocytes are the main stromal cells of the mammary gland. These
mammary-associated-adipocytes undergo massive remodeling during lactation and
involution, including lipid depletion and appearance as long projections during the
former and regaining of the lipid stores and their morphogenic state in the latter. It is
also postulated that during involution, part of adipocytes might dedifferentiate into
pre-adipocytes, fibroblast-like cells or actually undergo apoptosis (Neville et al.,
1998). Interestingly, MMP-11 have been shown to be highly expressed during
post-weaning involution (Lefebvre et al., 1992). In addition to their function as a lipid
source, adipocytes are a rich source of endocrine factors (Halberg et al., 2008).
Adipocyte-derived factors (generally called as ‘“adipokines”), include Ieptin,

adiponectin, HGF, collagen VI, IL-6 and TNFa (Trujillo and Scherer, 2006). Altered
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circulating levels of some of these factors are seen not only with obesity and related
metabolic disorders, but are also associated with increased breast cancer risk (Trujillo
and Scherer, 2006; Vona-Davis and Rose, 2007; Tan et al., 2011; Carter et al., 2012).
Soluble secretory products from adipocytes impact on breast cancer cell proliferative,
anti-apoptotic, migratory, invasive and pro-angiogenic behaviors both in vitro and in
vivo (Iyengar et al., 2003; Iyengar et al., 2005; Landskroner-Eiger et al., 2009; Tan et
al., 2011; Nieman et al., 2011; Carter and Church, 2012).

In vitro studies demonstrated that mammary adipocytes enhance morphological
and functional differentiation of mammary epithelial organoids via undefined secreted
soluble factors (Howlett and Bissell, 1993; Zangani et al., 1999; Couldrey et al., 2002;
Pavlovich et al.,, 2010). Co-transplantion experiments of embryonic mammary
epithelium with either embryonic fibroblastic mesenchyme or embryonic fat pads,
identified that it was the fatty stroma that was necessary for the mammary epithelium
to undergo its characteristic morphogenesis (Sakakura et al., 1982). In a separate set
of observations, the lack of functional leptin or leptin receptor leads to failure of
ductal epithelium development (Hu et al., 2002; Li et al., 2010). Interestingly,
A-ZIP/F-1 transgenic mice never develop white adipose tissue and are therefore
considered to be lipoatrophic mice (Moitra et al., 1998; Couldrey et al., 2002). They
are severely diabetic, have an enlarged fatty liver and die prematurely (Moitra et al.,
1998). Female mice have reduced fertility with rudimentary mammary anlagen and
severely distended mammary ducts, and almost no pups survive beyond weaning
(Couldrey et al., 2002).

In FAT-ATTAC mouse model (fat apoptosis through triggered activation of
caspase-8), apoptosis of adipocytes can be induced at any developmental stage by
administration of a FK1012 synthetic analog (AP20187). It binds with ~1,000-fold
greater affinity to FKBPv (Phe36-Val mutant FKBP) than to endogenous FKBP, thus
leading to the forced dimerization of a membrane-bound FKBP-caspase-8 fusion
protein uniquely expressed in adipose tissue. Adipocyte ablation occurred
systemically and allowed for the elimination of almost all fat pads, even in an ob/ob
(obese) background, a strain suffering from a very high degree of adiposity due to a
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mutation in the leptin gene (Pajvani et al, 2005). Loss of adipose tissue
AP20187-initiated 2 weeks after birth triggers fewer duct branching and TEBs, and
also triggers changes in proliferation and apoptosis in the epithelium associated with
the TEBs. The reduced developmental progress that adipocyte-ablated glands undergo
is reversible, as the emergence of new local adipocytes, upon cessation of treatment,
enables the ductal epithelium to resume growth. Conversely, loss of local adipocytes
initiated at 7 weeks of age resulted in excessive lobulation, indicating that adipocytes
are critically involved in maintaining proper architecture and functionality of the
mammary epithelium, suggesting that adipocytes are required for proper development
during puberty and for the maintenance of the ductal architecture in the adult
mammary gland (Landskroner-Eiger et al., 2010).

It has been demonstrated that local mammary-associated adipocytes play an
important role, thus supporting the view that adipocytes are potent mediators in the
proper development and maintenance of ductal morphogenesis (Couldrey et al., 2002;

Pavlovich et al., 2010; Landskroner-Eiger et al., 2010; Ching et al., 2011).

1.5 Aim of study

Recently, it has been shown in the laboratory that the invasive cancer cells
induce MMP-11 expression by proximal adipocytes and pre-adipocytes. Moreover,
MMP-11 is a negative regulator of adipogenesis, able to reduce and even to revert
mature adipocyte differentiation in vitro. In turn, MMP-11 leads to the accumulation
of non-malignant peritumoral fibroblast-like cells, which favor cancer cells survival

and tumor progression (Figure 1.19).
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Figure 1.19 Schematic representation of the vicious tumor progression cycle involving
invasive cancer cells, adipocytes and MMP-11. Adipocytes/pre-adipocytes and MMP-11
participate in a highly complex vicious cycle to support tumor progression, and this process is
orchestrated by cancer cells. The scenario in five acts might be the following. At the beginning, both
the invasive cancer cells and the resting adipocytes/pre-adipocytes do not express MMP-11. When a
cancer cell meets an adipocyte/pre-adipocyte, their cross-talk/interaction induces the expression/
secretion of MMP-11 by the adipocyte/pre-adipocyte. MMP-11 negatively regulates adipogenesis,
leading to a decrease in adipocyte differentiation and an accumulation/maintenance of MMP-11-
expressing fibroblast-like cells. These latter cells then act on the adjacent invasive cancer cells to
favor their survival and potentiate this vicious cycle. Adapted from Motrescu and Rio, 2008.

Many questions remain to be addressed to understand the adipocyte-related
MMP-11 function in pathophysiology. Adipocyte is one of the more frequent stromal
cell in the breast, and it has been demonstrated that local mammary-associated
adipocytes play an important role, thus supporting the view that adipocytes are potent
mediators in the proper development and maintenance of ductal morphogenesis. Since
MMP-11 was shown to play a role in adipocyte homeostasis, it might be hypothetized

that MMP-11 expressed by adipocytes plays an important function in normally
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occuring postnatal development of the mammary gland, and that this function could
be aberrantly restored during carcinogenesis. So, in order to further study biological
and cellular function(s) of adipocyte-related MMP-11, I have created numerous tolls
and initiated several experiments to investigate:

1) The impact of MMP-11 on adipogenesis;

2) The impact of MMP-11 on postnatal mammary gland development;

3) The impact of MMP-11 over-expression restricted to adipocytes on mammary

gland development and tumorigenesis.
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Chapter 2  Results

Part I The impact of MMP-11 on adipogenesis

MMP-11-knockout (MMP-11-/-) mice with 129/Svj D3 genetic background have
been previously generated (Masson et al. 1998), and it has been shown that the
potential of MMP-11-/- MEFs (mouse embryonic fibroblasts) to differentiate into
adipocytes 1s markedly increased compared with that of wild-type MEFs
(Andarawewa et al., 2005). To test if MMP-11 recombinant protein can induce
adipocyte dedifferentiation and which genes are involved with this phenotype change,
I established MMP-11-/- MEFs from E14.5 embryos. I investigated their adipocyte
differentiation and dedifferentiation after appropriate treatment, and studied gene

expression pattern using microarray experiments.

2.1.1 MMP-11 genotype

I first identified MMP-11 mouse genotype with PCR analysis. I designed three
primers, one sense primer (primer A): TTC TAA CAT CCC TCT GGG CTC (locates
in exon 6 of mus MMP11, NM 008606); another sense primer (primer B): GCC
GCT TTT CTG GAT TCA TCG (locates in neomycin gene); the antisense primer
(primer_C): GTG GAA ACG CCA ATA GTC TCC (locates in exon 7 of mus
MMP-11, NM_008606) (Figure 2.1 A).

The wild-type (primer A+C) amplicon size is 332 bp, whereas, the MMP-11-/-
(primer_B+C) amplicon size is 230 bp. Thus, the heterozygote (+/-) mouse DNA
gives two bands (Figure 2.1 B). MMP-11 genotyping of embryos (E14.5 day) used to

establish MEFs was done using these three primers.
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Figure 2.1 Identification of MMP-11 genotype with PCR. A: location of PCR primers.
B: Six embryos coming from MMP-11-/- male and female crossing were tested. As expected, all
were MMP-11-/- (lanes 1-6).

2.1.2 MMP-11 induces MEF adipocyte dedifferentiation in vitro

Primary cultures of MMP-11-/- MEFs were differentiated into adipocytes in
response to the differentiation-inducing mix as described before (Andarawewa et al.,
2005). Cell differentiation was phenotypically evaluated by Oil Red O staining of
lipid droplets. There is only rare lipid droplet appearance at MMP-11-/- MEF
confluence. Interestingly, at 13 days after differentiation-inducing mix treatment,
nearly 50% of MMP-11-/- MEFs were differentiated into adipocytes, which confirms
that the MMP-11-/- MEFs have potential ability to differentiate into adipocytes
(Figure 2.2) (Andarawewa et al., 2005).
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Figure 2.2 Oil Red O staining analysis for differentiation of MEFs into adipocytes.
Rare lipid droplets are present when the MMP-11-/- MEFs are confluent; However, numerous
lipid droplets were visualized in MMP-11-/- MEFs after 13 days of differentiation. Magnification:
as indicated.

The MMP-11-/- MEFs which were differentiated into adipocytes were then
treated with buffer containing active form of mouse recombinant MMP-11 (rtMMP-11)
protein (10 pg/ml) produced in the laboratory (Kannan et al., 1999). Medium was
changed every 24 hours because MMP-11 is susceptible to autolysis. After 96 hours
of active MMP-11 recombinant protein treatment, the number of adipocytes was
decreased, the size of adipocytes became smaller, and cell profile no longer seemed as
round as control adipocytes, but instead adopted a more fibroblast-like spindle-cell
shape. This was accompanied by delipidation since we observed a decreased number
and size of lipid droplets, as shown by Oil Red O staining. To test if this MMP-11
function was dependent on its enzymatic activity, similar experiments were done
using an inactive recombinant MMP-11 in which the glutamic residue of the catalytic
site was changed to an alanine (Glu220Ala) (Noel et al., 2000). This inactive MMP-11
was unable to induce MEF adipocyte dedifferentiation (Figure 2.3). These results

indicated that MMP-11 enzymatic activity is required in adipocyte dedifferentiation.
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Figure 2.3 Qil Red O staining analysis of MMP-11-/- MEFs differentiated into
adipocytes and treated with buffer alone or containing mouse MMP-11 recombinant proteins
(rMMP-11). In active MMP-11-treated adipocytes, the number and size of lipid droplets were
dramatically decreased, and cells adopted a more fibroblast-like spindle-cell shape (arrows).
Compared with control buffer alone, the number and size of lipid droplets and adipocytes have no
clear changes after inactive MMP-11 treatment. Magnification: as indicated.

2.1.3 Total RNA extraction and quantification

Extraction of total RNA from MEFs was performed as described in the RNeasy

(mini handbook, Qiagen). Measurement of the total RNA concentration was

performed with NanoDrop ND-1000 spectrophotometer (Figure 2.4).
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Figure 2.4 RNA concentration and OD260/280 ratio. Total RNA obtained from 12
MMP-11-/- MEF samples were correct.
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The requirements to perform microarray are as following:
Quantity:  The concentration (Nanodrop) > 0.2 ug/ul;
The minimum volume > 5 pl.
Quality: Purity (Nanodrop) OD,0/OD5go> 1.8;
Integrity: capillary electrophoresis (Bioanalyser) 28S/18S > 1.6;
RIN (RNA integrity number) > 6.
I have checked these quality indexes. All samples were suitable with these

requirements for microarray.

2.1.4 The microarray results

The corresponding RNAs have been studied by microarray analysis (Affymetrix
IGBMC platform).

We used pangenomic arrays allowing to study about 30000 genes. Only 5 genes
showed significant changes of their expression. Two were up-regulated and 3

down-regulated (Table 2.1).

Up-regulated Down-regulated
Coronin, actin binding protein 1A* | Jun oncogene*

Dedicator of cytokinesis 8* Regulator of G-protein signaling 1*

Zinc finger CCCH type containing 12C*

Table 2.1 Gene expression changes identified by microarray. Active rMMP-11 versus
inactive IMMP-11; *means p < 0.05.

2.1.5 Conclusion

This result is unsatisfactory. Indeed, it seems impossible to have so few genes
modified whereas cell phenotype is changing from adipocyte to fibroblast. These
unsuccessful experiments could probably be due to cumulative problems of ratio:
adipocyte-differentiated MEFs versus fibroblastic MEFs, and dedifferentiated MEFs
versus differentiated in adipocytes. Indeed, we never obtained more than 50%
phenotypic change at each step. This is insufficient and led to dilution of informations
into a high background and did not allow to identify genes whose expression is

modified.

66



Part 11

The impact of MMP-11 on postnatal mammary gland development

Since adipocyte is one of the more frequent stromal cell into the breast, known to
be involved in adult mammary gland structure/remodeling, and since MMP-11 was
shown to reduce adipogenesis and induce adipocyte dedifferentiation, it might be
hypothetized that MMP-11 might play an important function in normally occuring
postnatal development of the mammary gland. So, in order to further study the
potential impact of MMP-11 on this event, I have studied the mammary gland
postnatal development of MMP-11-/- mice at different stages with several methods,
and investigated the relative impact of lack of MMP-11 on stromal and epithelial

compartment function.

2.2.1 MMP-11 is expressed in WT mammary gland

To determine if MMP-11 might be involved in mammary gland development, I
first examined the expression of MMP-11 in the mouse mammary gland. MMP-11
genotyping was performed as reported in paragraph 2.1.1 (Figure 3.1 A). Besides, I
studied the MMP-11 expression in mammary gland with RT-PCR (Figure 3.1 B) and
in situ hybridization (Figure 3.1 C), I observed MMP-11 mRNA expression in the
mammary gland of WT mice. Moreover, MMP-11 was mainly localized in fibroblasts
and adipocytes. As expected, no MMP-11 was detected in mammary gland from

MMP-11-/- mice (Figure 3.1 B and C).
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Figure 3.1 Identification of MMP-11 genotype and expression. A: identification of
MMP-11 genotype with PCR (genomic DNA). B: Investigation of MMP-11 expression in
mammary gland extract with RT-PCR (cDNA). C: MMP-11 localization in the mammary gland

with in situ hybridization analysis; the arrows indicate that MMP-11 expression and localization in
fibroblasts and adipocytes of mammary gland. +/-: heterozygote. Original magnification: X400.

2.2.2 Mammary ductal morphogenesis is impaired in MMP-11-/-

mice

To investigate if loss of MMP-11 affects mammary gland postnatal development,
I first examined the inguinal #4 mammary gland phenotype from five pairs of 3-, 4-,
6- and 12-week-old littermate mice by whole-mount carmine staining. The initial
rudimental ductal trees appeared normal in 3-week-old pre-pubertal MMP-11-/- mice

(Figure 3.2).

sogesks old

Figure 3.2 Evaluation of wild-type and MMP-11-/- mammary gland development by
whole-mount carmine staining analysis at 3 weeks old. The rudimental ductal trees appeared
similar in both wild-type and MMP-11-/- mice. LN: lymph node; Original magnification: X5; The

insertion original magnification: X20.
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Interestingly, at 4 weeks old, the wild-type mammary gland contained an
extensive ductal network and many distal branches were tipped with TEBs,
suggesting that active ductal morphogenesis was in progress. The number of TEBs
(mean £+ SD) was 32.6 £ 8.35 per gland in wild-type mice. However, there were less
ductal branches, and the number of TEBs was lower in MMP-11-/- glands (22.0 £ 5.1)
(per gland; p = 0.040) (Figure 3.3 A and B). Meanwhile, I have measured the
mammary gland weight and volume. There were no obvious difference between

wild-type and MMP-11-/- (Figure 3.3 C and D).
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Figure 3.3 Evaluation of wild-type and MMP-11-/- mammary gland development at 4
weeks old. A: whole-mount carmine stained mammary gland; B: number of terminal end buds
(TEBs); C and D: mammary gland weight and volume, respectively. The arrow shows TEB; LN:
lymph node; Original magnification: X5; The insertion original magnification: X20.

This phenotype was more distinct in 6-week-old MMP-11-/- mice, compared
with wild-type gland (TEBs: 13.6 £ 6.4 versus 39.6 = 14.3; p = 0.006) (Figure 3.4 A
and B). Additionally, mammary gland complexity, which represents the extent of
ductal branching, was quantified by determining the number of intersecting branches
with a line drawn at ahead of lymph node, perpendicularly to the long axis of the
mammary gland. The wild-type mammary gland complexity was 13.6 £ 1.1. It was

69



decreased dramatically in MMP-11-/- gland (4.8 + 2.0; p < 0.001) (Figure 3.4 A and
C). As previously at 4 weeks old, there is no difference in mammary gland weight and

volume between wild-type and MMP-11-/- at 6 weeks old (Figure 3.4 D and E).
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Figure 3.4 Evaluation of wild-type and MMP-11-/- mammary gland development at 6
weeks old. A: whole-mount carmine stained mammary gland; B: the number of terminal end buds
(TEBs); C: mammary gland complexity as a measure of the extent of ductal branching ahead of
lymph node, represented by a dotted line perpendicular to long axis of the mammary gland; D and
E: mammary gland weight and volume, respectively. The arrow shows the TEB; LN: lymph node;

Original magnification: X5; The insertion original magnification: X20.

Similarly, at 12 weeks old, the mammary gland complexity in wild-type mice
(15.0 £ 3.3) was obviously higher than in MMP-11-/- gland (9.8 = 1.1; p = 0.006)
(Figure 3.5 A and B). The ductal tree in wild-type has almost reached the border of fat
pad, whereas a large part of fat pad remained unoccupied in MMP-11-/- gland. Very

few TEBs were present in wild-type (14.2 £ 5.3), however some were always

70



observed in MMP-11-/- gland (29.0 + 12.1; p = 0.037) (Figure 3.5 A and C). Once
again, there were no obvious difference between wild-type and MMP-11-/- mammary

gland weight and volume (Figure 3.5 D and E).
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Figure 3.5 Evaluation of wild-type and MMP-11-/- mammary gland development at
12 weeks old. A: whole-mount carmine stained mammary gland; B: the mammary gland
complexity given by the number of branches crossing the dotted line; C: the number of terminal
end buds (TEBs); D and E: mammary gland weight and volume, respectively. The arrow shows
TEBs; LN: lymph node; Original magnification: X5; The insertion original magnification: X20.

Altogether, these observations indicate that the ductal morphogenesis of
MMP-11-/- mammary gland is impaired in comparison to wild-type mice. Thus, the
ductal structure development is delayed and incomplete, suggesting that MMP-11
provides a non-redundant function in ductal tree development.

To determine whether MMP-11-/- also affects mammary gland functional
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differentiation, I next examined their phenotype at early pregnancy (10" day after
conception), late pregnancy (18" day after conception), during lactation (3" day
postpartum) and involution (7th day post-weaning) (Figure 3.6). The alveolar
structures of wild-type mammary glands developed gradually during pregnancy and
reach their mature forms by parturition. Similar alveolar structures also developed in
MMP-11-/- glands, but their density was strongly reduced (Figure 3.6 A, B and C).
Surprisingly, during mammary gland involution after weaning, there was less distinct

difference between wild-type and MMP-11-/- gland (Figure 3.6 D).
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Figure 3.6 Evaluation of mammary gland functional differentiation by whole mount

carmine staining analysis. A: early pregnancy (10" day after conception); B: late pregnancy (1 g

day after conception); C: lactation (3rd day postpartum); D: involution (7th day post-weaning).
Original magnification: X5; The insertion original magnification: X80.

To assess the milk production by littermate wild-type and MMP-11-/- female
mice at first pregnancy, I kept same number of pups (6 pups) per female, and
measured the pup body weight from 0 to 28 days after parturition. For both wild-type
and MMP-11-/- mothers, all pups were alive at the end of test. From 4™ o 17" day,
the body weight of pups fed by MMP-11-/- mothers was significantly lower compared
with pups fed by wild-type mothers. However, after the 18" day, the pup body weight
difference decreased slightly and finally arrived at similar levels (Figure 3.7). It seems

reasonable to hypothesize that decreased quantity of milk production results in pup
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body weight difference, as expected from the reduced density of alveoli in MMP-11-/-
gland. This is further supported by the fact that at the 18" day, when pup nutrition is

no more milk-dependent, the pup body weight became MMP-11 independent.

L — .
~+Pupsfed by wald-type mother

L6 —*Pupsied by MMP-11-'- mother

11 - o
12 - S
ko - i
';é W *”"1\"."{
- EEES —
._.-:\. 3 a FoAex _-l—'-:.
= dooh ok T
| ki BT

& e **_.--T"--.-f' - B

ek L P L
; o iy o
P o 1

i | ___:.-.-'- ?

= i _'.._!-

I.:' i i i i i i i i i i

il | 3 3 1 b i 7 R o bk bk EE R Fg 21 28
Poatnalad il

Figure 3.7 Analysis of body weight of pups fed by wild-type or MMP-11-/- females.
From 4™ to 17" day after parturition, pups fed by MMP-11-/- mothers have retarded growth
compared with pups fed by wild-type mothers. Three litters per genotype were used for this
analysis. Data are expressed as mean + s.d.; n=18 for each group; * means p<0.05; ** mean
2<0.01; *** mean p<0.001.

2.2.3 Mammary gland epithelium is normal in MMP-11-/-

mice

The TEBs comprise a dynamic mass of luminal epithelial body cells, surrounded
by a motile cap cell layer. The TEBs bifurcate repeatedly to form the ductal tree and,
ultimately, develop into a mature gland. Disruption of TEBs is often associated with
delayed ductal outgrowth and impaired branching morphogenesis, thus suggesting an
essential function of TEBs in the overall development of mammary gland (Sternlicht
et al., 2006; Kurley et al., 2012).

To determine whether there is cellular defect in MMP-11-/- epithelial ducts and

TEBs, I analyzed the mammary gland histology by hematoxylin-eosin (H&E) staining.
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As previously, I observed more TEB structure in wild-type glands than in MMP-11-/-
glands. However, the architecture of ducts and TEBs in both gland genotypes looked
normal with the inner layer of luminal epithelial cells and the outer layer of
myoepithelial cells. Compared with wild-type, the ductal structure was reduced in
MMP-11-/- glands (Figure 3.8). Interestingly, the size of adipocytes appeared larger in
MMP-11-/- gland, in accord with previous data (Lijnen et al., 2002; Andarawewa et
al., 2005; Tan et al., 2011). This could explain why, although the ductal tree and TEBs
are less developed in the MMP-11-/- mammary glands, their weight and volume are
similar in both wild-type and MMP-11-/- mice (Figures 3.3, 3.4 and 3.5). Both TEBs
and ducts are well delineated by epithelial cell layer. Moreover, dense extracellular

matrix rings were observed around both epithelial structures.
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Figure 3.8 H&E staining of wild-type and MMP-11-/- mammary ducts. A: 4 weeks old;
B: 6 weeks old; C: 12 weeks old. Original magnifications are as indicated.

Immunofluorescence staining for E-cadherin confirmed the identity of luminal
epithelial cells in ducts (Figure 3.9 A and C) and body cells of TEBs (Figure 3.9 B
and D) of 6-week-old pubertal gland.
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Figure 3.9 E-cadherin immunofluorescence staining of epithelial cells (red). A: Ductal
luminal epithelial cells of wild-type mammary gland; B: TEB body cells of wild-type mammary
gland; C: Ductal luminal epithelial cells of MMP-11-/- mammary gland; D: TEB body cells of
MMP-11-/- mammary gland. DAPI: nucleus staining in blue. Original magnification: X400.

Staining for a-smooth muscle actin (a-SMA) confirmed the identity of
myoepithelial cells in ducts (Figure 3.10 A and C) and cap cells of TEBs (Figure 3.10
B and D).
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Figure 3.10 o-smooth muscle actin (a-SMA) immunofluorescence staining of
myoepithelial cells (green). A: Ductal basal myoepithelial cells of wild-type mammary gland; B:
TEB cap cells of wild-type mammary gland; C: Ductal basal myoepithelial cells of MMP-11-/-
mammary gland; D: TEB cap cells of MMP-11-/- mammary gland. DAPI: nucleus staining in blue.
Original magnification: X400.

These results indicated that there is no obvious architectural defect of mammary
gland ducts and TEBs in MMP-11-/- mice, indicating that affected mammary gland
postnatal development observed in MMP-11-/- mice is not due to direct alteration of

the epithelial compartment of the mammary gland.

2.2.4 The mammary gland stroma is altered in MMP-11-/-

mice

Then, we postulated that the MMP-11-/- phenotype could be due to alteration of
the stromal compartment of the mammary gland. The periductal stroma that surrounds
the epithelial ducts is mainly composed of adipocytes and collagen-rich ECM, and is
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essential for the regulation of mammary gland development (Couldrey et al., 2002;
Landskroner-Eiger et al., 2010; Ching et al., 2011). Thus, I studied wild-type and
MMP-11-/- stroma of the mammary gland.

I checked the ECM composition using sirius red staining that allows to visualize
collagens. In both wild-type and MMP-11-/- glands, there are low levels of collagen
around TEBs structure (Figure 3.11 A2, A4, B2, B4, C2 and C4). The ducts are
generally surrounded with a collagen-rich periductal stroma that is more developed in
wild-type (Figure 3.11 Al, Bl and C1) than in MMP-11-/- glands (Figure 3.11 A3,
B3 and C3).

WT ¥ Y P LIS i R

Figure 3.11 Analysis of wild-type and MMP-11-/- mammary gland collagen using
Sirius red staining. Mammary gland sections from 4-week-old (A); 6-week-old (B) and
12-week-old (C) mice. Collagen was stained in red. A1, A3, B1, B3, C1 and C3 show periductal
collagen; A2, A4, B2, B4, C2 and C4 show collagen located around TEBs. The arrows indicate
collagen. Original magnification: X400.

To further confirm whether the MMP-11-/- glands lack of collagen in periductal
stroma, I selected Masson’s trichrome staining (Figure 3.12) to analyze collagen of

the mammary gland. I obtained similar results.
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Figure 3.12 The MMP-11-/- mammary glands lack of periductal collagen. Masson’s
trichrome staining of mammary gland sections from 12-week-old wild-type and MMP-11-/-
littermates. Collagen and mucus were stained in blue. The arrows indicate collagen, the asterisk

indicates mucus. Original magnifications are as indicated.

Because MMP-11 could reduce adipogenesis (Andarawewa et al., 2005; Tan et
al., 2011), and fibroblasts are important producer of collagens, this might be the
reason why collagen levels were decreased in MMP-11-/- gland, since we might
expect to have a lower number of fibroblasts. Thus, the lack of MMP-11 greatly

affects the periductal collagen structures.

2.2.5 The lipid contents of mammary gland adipocytes is

altered in MMP-11-/- mice

Previously (see chapter 2, part I), I took advantage of the MMP-11-/- MEFs to
study the impact of MMP-11 on adipocytes. I showed that MEFs differentiated into
adipocytes and treated with active MMP-11 recombinant protein became smaller and
adopted fibroblast-like spindle-cell shape. This was accompanied by cell delipidation
as shown by Oil Red O staining.

To directly test the role of MMP-11 on postnatal development of the mammary
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gland, I investigated the adipocyte lipid contents in vivo. I selected the inguinal #4
mammary gland from 4-, 6- and 12-week-old littermate wild-type and MMP-11-/-
mice. Interestingly, the size of lipid droplets in MMP-11-/- mammary gland were
dramatically larger than in wild-type gland, as shown by Oil Red O staining (Figure

3.13). These results further confirm that MMP-11 reduces adipocyte differentiation.

Figure 3.13 Qil Red O staining of wild-type and MMP-11-/- mammary gland. At 4, 6
and 12 weeks old, compared with wild-type, the size of lipid droplets are dramatically increased in
MMP-11-/- mammary gland. Original magnification: X10.

Finally, to further study the difference between wild-type and MMP-11-/-
adipocytes, | isolated adipocytes from mammary gland of 12-week-old littermate
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mice, cultured them in vitro for 3 days, and then stained them with Oil Red O.
Compared with wild-type, the size of lipid droplets were increased dramatically when

adipocytes were isolated from MMP-11-/- gland (Figure 3.14).
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Figure 3.14 Oil Red O staining of adipocytes isolated from wild-type and MMP-11-/-
mammary glands. Compared with wild-type, the number and size of lipid droplets are increased
dramatically in MMP-11-/- adipocytes. Original magnification: X10.

These results indicated that the lack of MMP-11 leads to accumulation of lipids
into the mammary gland, which might impair postnatal development of the epithelial

structure of the mammary gland.

2.2.6 MMP-11-/- mammary gland stroma is unfavorable for

ductal morphogenesis

To further study whether the MMP-11-/- epithelia have a priori defect in forming
stable ductal structure, or whether MMP-11-/- stroma is unfavorable for ductal
branching morphogenesis, I have performed reciprocal mammary early epithelial
transplantation experiments as previously reported (Ucar et al., 2010; Khialeeva et al.,
2011).

I transplanted mammary epithelial ducts from 3-week-old pre-pubertal
MMP-11-/- mice into cleared fat pads of littermate wild-type mice, and vice versa
(Figure 3.15). Then I analyzed the transplants for ductal outgrowth 3, 6 and 9 weeks

after transplantation, and ductal structure functional differentiation at the first day of
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lactation in mice mated at 9 weeks after transplantation.

Figure 3.15 Mammary epithelial transplantation. A: The strategy of the mammary
epithelial transplantation. The #4 inguinal glands of 3-week-old mice are shown together with
rudimentary epithelial tree (red) in the proximal region close to the nipple area. The location of the
cuts for clearing the fat pads is shown as dashed line (purple) near the lymph node (blue point).
The arrows show the origin of transplants and the location to which they were transplanted. B:
The transplanted mammary epithelium. The arrow and red dotted line show the location of
transplant in the host cleared fat pad.

Three weeks after the transplantation, the pre-pubertal MMP-11-/- mammary
epithelia transplanted into the cleared wild-type fat pad formed more TEBs and ducts
than pre-pubertal wild-type mammary epithelia transplanted into MMP-11-/- cleared
fat pads. Moreover, the length of ducts were also longer than wild-type mammary
epithelia transplanted into cleared MMP-11-/- fat pads (Figure 3.16 A and B).
Meanwhile, in the control glands (the other side non-operated #4 glands), the number
of TEBs and ducts in wild-type glands were higher than in the MMP-11-/- glands
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(Figure 3.16 C and D), which are in accord with previous results (Figure 3.4).
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Figure 3.16 Mammary gland development three weeks after mammary epithelial
transplantation using whole-mount staining. A: MMP-11-/- epithelia (—/— E) formed TEBs and
underwent proper ductal outgrowth within the wild-type fat pad stroma (WT S). B: By contrast,
wild-type epithelia (WT E) generated a lower number of TEBs and ducts in MMP-11-/- fat pad
stroma (—/— S). The potential of duct invasion in the MMP-11-/- fat pad stroma was weaker also.
C and D: In the control glands (the other side non-operated #4 glands), the number of TEBs and
ducts of the wild-type glands were obviously higher than in the MMP-11-/- glands. p.o:
post-transplantation. Original magnification: X5.

Six weeks after transplantation, similarly, the pre-pubertal MMP-11-/- mammary
epithelia transplanted into the cleared wild-type fat pad, developed more than
pre-pubertal wild-type mammary epithelia transplanted into cleared MMP-11-/- fat
pads. Then, the length and the number of ducts, as well as the number of TEBs were
higher (Figure 3.17 A and B). As expected, the wild-type control glands were more
developed than the MMP-11-/- control glands (Figure 3.17 C and D).
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Figure 3.17 Mammary gland development six weeks after mammary epithelial
transplantation using whole-mount staining. A: MMP-11-/- epithelia (—/— E) underwent proper
ductal outgrowth within the wild-type fat pad stroma (WT S). B: By contrast, wild-type epithelia
(WT E) generated a lower number of ducts in MMP-11-/- fat pad stroma (—/— S). The potential of
duct invasion in the MMP-11-/- fat pad stroma was weaker also. C and D: In the control glands
(other side non-operated of #4 glands), the wild-type glands were more developed than
MMP-11-/- glands. p.o: post-transplantation. Original magnification: X5.

Nine weeks after transplantation, the pre-pubertal MMP-11-/- mammary
epithelia transplanted into the cleared wild-type fat pad has formed numerous ducts,
that invade the whole fat pad (Figure 3.18 A). By contrast, pre-pubertal wild-type
mammary epithelia transplanted into cleared MMP-11-/- fat pads has formed sparse
ducts, and did not invade the whole fat pad (Figure 3.18 B). The number of ducts in
wild-type control gland are higher than in MMP-11-/- gland, and the ductal tree in
wild-type almost reached the end of fat pad, whereas, the MMP11-/- ductal structure

did not reach the border of fat pad.
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Figure 3.18 Mammary gland development nine weeks after mammary epithelial
transplantation using whole-mount staining. A: MMP-11-/- epithelia (—/— E) underwent proper
ductal outgrowth within the wild-type fat pad stroma (WT S), the ductal tree almost reached the
fat pad border. B: By contrast, wild-type epithelia (WT E) generated a lower number of ducts
when implanted in MMP-11-/- fat pad stroma (—/— S). C and D: In the control glands (other side
non-operated #4 glands), the mammary glands development were higher for the wild-type glands
than the MMP-11-/- glands. p.o: post-transplantation. Original magnification: X5.

Finally, we have investigated whether the fat pad of MMP-11-/- mammary gland
affects ductal structure functional differentiation. Alveolar differentiation was studied
using transplanted mice mated at nine weeks after operation. Euthanasia was
performed within the first day lactation, and transplants and control glands were
analyzed. Both the MMP-11-/- mammary epithelia transplanted into the wild-type fat
pad, and wild-type mammary epithelia transplanted into MMP-11-/- fat pad developed
alveolar structures (Figure 3.19 A and B). However, MMP-11-/- mammary epithelia
occupied the whole wild-type fat pad, whereas wild-type mammary epithelia were
restricted to a limited regions located around the transplantation site into the
MMP-11-/- fat pad (Figure 3.19 A and B). Compared with wild-type control gland,
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alveolar density was reduced in MMP-11-/- control gland (Figure 3.19 C and D), in

accord with previous results (Figure 3.6 B).
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Figure 3.19 Analysis of the alveolar differentiation after mammary epithelial
transplantation using whole-mount staining. A: pre-pubertal MMP-11-/- mammary epithelia
(=/— E) transplanted into the cleared wild-type fat pad (WT S), exhibited a fully differentiated
alveolar phenotype. B: pre-pubertal wild-type mammary epithelia (WT E) transplanted into
cleared MMP-11-/- fat pad (—/— S), showed reduced alveolar differentiation. C and D: Compared
with wild-type control glands, the density of alveoli was reduced in MMP-11-/- control glands.
Original magnification: X5; The insertion original magnification: X80.

These results indicated that the MMP-11-/- epithelia have no obvious structural
defects or inherent functional deficiencies, since they can form normal TEBs, achieve
normal ductal branching morphogenesis and differentiate into functional alveoli when
transplanted into wild-type fat pad. However, the wild-type epithelia transplanted into
cleared MMP-11-/- fat pads showed impaired ductal outgrowth and differentiation,
indicating that the lack of MMP-11 in MMP-11-/- mice, either in the mammary
stroma or systemically since MMP-11 is a secreted protein, is the primary cause of

these ductal defects.
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Thus, to find out whether the MMP-11-dependent systemic processes are
involved in ductal morphogenesis, I performed whole mammary gland transplantation
experiments as previously reported (Moraes et al., 2009; Ucar et al., 2010).

From 3-week-old donor mice (wild-type or MMP-11-/-) into 3-week-old
wild-type and MMP-11-/- recipient mice (Figure 3.20), and analyzed them at 3, 6, 9
weeks after transplantation for ductal outgrowth, and ductal structure functional

differentiation after pregnancy 9 weeks after transplantation.

Donor
A WT or MMP-11-/-

Figure 3.20 Whole mammary gland transplantation. A: The two #4 inguinal glands of
donor (wild-type or MMP-11-/-) were transplanted into wild-type or MMP-11-/- recipient mice.
The arrows show the origin and location of transplants. B: The transplants were placed in the
upper abdomen in a perpendicular orientation to the endogenous inguinal glands. The blue arrow
and dotted line show the location of transplant; the red dotted lines indicate control #4 inguinal

glands.

After being transplanted into either MMP-11-/- or wild-type host mice, the
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wild-type transplant contained proper TEBs and ductal outgrowth, which eventually
covered the whole gland with epithelial ducts (Figure 3.21 Al, A2, B1, B2, C1 and
C2), they also developed proper alveolar structures during pregnancy (Figure 3.21 D1
and D2). Thus, the development of the wild-type transplants have no distinct
difference depending on their transplantation into MMP-11-/- or wild-type recipient
mice. However, in the control glands, the number of TEBs and ducts in wild-type
glands were higher than MMP-11-/- glands, and the density of ducts in wild-type
glands are higher than in MMP-11-/- glands at 3 and 6 weeks post-operation (Figure
3.21 A3, A4, B3 and B4). At 9 weeks post-operation, the duct number/density of
wild-type control glands are higher than in the MMP-11-/- control glands, the ductal
tree in wild-type almost reached the end of fat pad, and most TEBs have disappeared
(Figure 3.21 C3). However, the ductal structures in MMP-11-/- control glands were
not arrived at the border of fat pad (Figure 3.21 C4). Interestingly, some TEBs were
observed at the ends of some branches (Figure 3.21 C4). Finally, the density of alveoli
was reduced in MMP-11-/- control glands (Figure 3.21 D3, D4), in accord with

previous results (Figure 3.6 C).
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Figure 3.21 Development of whole wild-type mammary gland transplants using
whole-mount staining. A-C: transplant/donor (WT D) transplanted into wild-type recipient (WT
R) or MMP-11-/- recipient (-/- R) mice were analyzed at 3, 6 and 9 weeks after the operation
(p.0.), respectively; D: the first day post-partum (1% day lactation). Similar TEBs and ductal
outgrowth were observed after transplantion into wild-type (A1, B1 and C1) or MMP-11-/- (A2,
B2 and C2) recipient mice. During pregnancy, they also developed similar alveoli structures both
in WT recipient and -/- recipient mice (D1 and D2). However, in the control glands, the
development of TEBs and ducts in WT recipient (A3, B3 and C3) are higher than in -/- recipient
(A4, B4 and C4); Compared with wild-type, the density of alveoli was lower in -/~ recipient at 1%
day lactation (D3 and D4). Original magnification: X5; The insertion original magnification: X80.

These results indicate that the wild-type stroma is sufficient for correct
mammary gland development, even in MMP-11-/- mice.

I therefore performed the reverse experiments using MMP-11-/- glands as
transplants. I observed that ductal tree outgrowths weakly and slowly (Figure 3.22 A1,
A2, B1, B2, Cl and C2), and the density of alveoli was reduced, although the
epithelium could develop into alveolar structures during pregnancy (Figure 3.22 D1
and D2). The transplants have no obvious difference depending on their implantation
in MMP-11-/- or in wild-type recipient mice. By contrast, as previously observed
(Figure 3.3, 3.4 and 3.5), the wild-type control glands were more developed than
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MMP-11-/-control glands, whatever the age of observation (Figure 3.22 A3, A4, B3,
B4, C3 and C4). During pregnancy, in both wild-type and MMP-11-/- control glands,
the alveolar structures developed, but alveolar density was reduced in MMP-11-/-

control glands (Figure 3.22 D3 and D4).
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Figure 3.22 Development of whole MMP-11-/- mammary gland transplants using
whole-mount staining. A-C: transplant/donor (-/- D) transplanted into wild-type recipient (WT R)
or MMP-11-/- recipient (-/- R) mice, and analyzed at 3, 6 and 9 weeks after the operation (p.o.),
respectively; D: the first day post-partum (1% day lactation). Transplants have some relative sparse
TEBs and ductal outgrowth after being transplanted into wild-type (A1, B1 and C1) or MMP-11-/-
(A2, B2 and C2) recipient mice. During pregnancy, they also developed alveolar structures both in
WT recipient and -/- recipient mice (D1, D2). As expected, in the control glands, the number of
TEB and duct morphogenesis are higher in wild-type than in MMP-11-/- mice (A3, A4, B3, B4,
C3 and C4), as the alveoli density (D3 and D4). Original magnification: X5; The insertion original
magnification: X80.

Thus, altered MMP-11-/- mammary gland development is not rescued by
transplantation in wild-type mice.
Together, these results indicated that the cause of the impaired ductal branching

morphogenesis phenotype observed in the MMP-11-/- mammary glands was not due
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to the absence of MMP-11 at the systemic level, but at the local mammary stroma

level.

2.2.7 MMP-11 promotes ductal branching morphogenesis via

stromal adipocyte-related function

It has been shown in the laboratory that MMP-11 reduces adipogenesis, and
induces adipocyte dedifferentiation (Andarawewa et al. 2005; Motrescu et al., 2008;
Tan et al. 2011), suggesting that MMP-11 might impact ductal branching
morphogenesis via adipocyte-related function. To verify this hypothesis, I performed
collection of mammary gland adipocytes and cultured them in vitro (Figure 3.14).
Moreover, I performed primary culture of mammary organoids isolated from
mammary gland of 14-week-old virgin mice in three-dimensional gels (3D). These
mammary organoids were then treated with wild-type or MMP-11-/-
adipocyte-conditioned culture media without serum for 5 days, and organoids
branching morphogenesis was then analyzed (Figure 3.23). In the negative controls,
both wild-type and MMP-11-/- organoids were treated with basal media [DMEF/F12
with 1% ITS (insulin-transferrin-selenium) and 1% penicillin/streptomycin].
Branching was low, with only 21.7£9.2% and 19.4+4.8% of organoids developing
very short branches, respectively (Figure 3.23 A and D). However, compared with
negative controls, both wild-type and MMP-11-/- adipocyte culture media promoted
organoid development. Wild-type adipocyte culture media induced 64.7+13.6% and
61.149.7% branching in wild-type and MMP-11-/- organoids, respectively.
MMP-11-/- adipocyte culture media induced respectively 39.5+5.1% and 40.9+7.2%
branching in wild-type and MMP-11-/- organoids (Figure 3.23 B, C and D; p < 0.001,
p <0.01; p <0.05, respectively). Interestingly, although MMP-11-/- adipocyte culture
medium promotes organoid branching, compared with wild-type adipocyte culture
medium, its ability was weaker, not only at the quantitative level (2 fold compared to
3 fold), but also developed branches were more rare and shorter (Figure 3.23 B, C and

D; p < 0.05).
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Figure 3.23 Analysis of branching morphogenesis in mammary gland organoids
cultured in vitro for 5 days. A: Appearance of wild-type (WT) and MMP-11-/- primary
mammary organoids (negative control). B: WT and MMP-11-/- primary mammary organoids
treated with wild-type adipocyte-conditioned culture media (WT adi CM). C: WT and MMP-11-/-
primary mammary organoids treated with MMP-11-/- adipocyte-conditioned culture media
(MMP-11-/- adi CM). D: Quantification of the percentage of branched organoids for each
treatment. The mean + s.d. of 3 independent experiments are shown (* means p<0.05; ** mean
p<0.01; *** mean p<0.001). Original magnification: X10.

These results showed that MMP-11-dependent adipocyte-related soluble factors
promote mammary gland branching morphogenesis

Altogether, these data reveal an essential, non-redundant role for MMP-11 in
mammary gland duct morphogenesis and function. It might be hypothesize that
negative regulatory function of MMP-11 on adipogenesis is playing a role during

postnatal mammary gland development.
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Part III
The impact of MMP-11 over-expression restricted to adipocytes on

mammary gland development and tumorigenesis

It has been shown that MMP-11 is a negative regulator of adipogenesis, able to
reduce and even to revert mature adipocyte differentiation, which indicated that
MMP-11 deficiency favors adipogenesis; The mammary gland development is
impaired in MMP-11-/- mice, which indicated an essential, non-redundant role for
MMP-11 in mammary ductal morphogenesis. However, one question remains open:
what is the MMP-11 function strictly adipocyte-specific? So, the aim is to explore the
adipogenesis and mammary gland development in transgenic mice with MMP-11
over-expression targeted in adipocytes.

I have therefore constructed JOJO-MMP-11 transgenic mouse model, allowing

expression of MMP-11 specifically in adipocytes via aP2-Cre-recombinase.

2.3.1 Cleavage of JOJO vector by restriction enzyme Xhol

For conditional activation of MMP-11, I generated the constructs JOJO-MMP-11
and JOJO-MMP-11-flag (flag in C-terminus) that contain a floxed
green-fluorescent-protein (GFP) stop cassette under control of the CMV/B-actin
fusion promoter (Berger et al., 2007), driving ubiquitous expression of the GFP
reporter gene (Figure 4.1 A).

There is only one Xhol site in the JOJO vector, and it locates between the second
LoxP and IRES sequence (Figure 4.1 A). This site was used to insert the sense strand

of mouse MMP-11 or MMP-11-flag.
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Figure 4.1 The JOJO vector architecture and cleaveage by Xhol. A: there is one Xhol
site that locates between the second LoxP and IRES sequence; B: As expected, JOJO DNA is
linearized by Xhol cutting.

2.3.2 The PCR products of MMP-11

The pSG5-MMP-11 plasmid (available in the laboratory) served as template
DNA. It includes the full coding region of mus MMP-11 (Figure 4.2 A). Several
primers containing Sall restriction site were designed: one sense primer (primer H)
was 5’-GAG GTC GAC GCC GCC ATG GCA CGG GCC GCC TGT CTC-3’; one
antisense primer without flag (primer I) was 5’-GAG GTC GAC TCA GCG GAA
AGT ATT GGC AGG-3’; the another antisense primer with flag (primer J) was
5’-CAATTG GTC GAC TCA CTT GTC ATC GTC GTC CTT GTA ATC GCG GAA
AGT ATT GGC AGG CTC-3’. As expected, the MMP-11 PCR product is 1507 bp,
and the MMP-11-flag PCR product is 1528 bp (Figure 4.2 B).
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Figure 4.2 The architecture and PCR products of mouse MMP-11. A: the mus MMP-11
structure and the location of primers; B: the PCR products of MMP-11 and MMP-11-flag.

2.3.3 Semi-quantification of MMP-11 DNA and JOJO vector

The JOJO vector was cleaved by restriction enzyme Xhol, and the MMP-11 and
MMP-11-flag were cleaved by Sall. Then the cleaved products were purified with
«PCR clean up kit ». The standard linear GFP plasmid was used as control to
semi-quantify the cleaved JOJO vector, MMP-11 and MMP-11-flag by
electrophoresis (Figure 4.3). There was similar quantity among these DNA sequences

(around 100 ng).
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Figure 4.3 Semi-quantification of the cleaved JOJO vector, MMP-11 and
MMP-11-flag by electrophoresis. The standard linear GFP plasmid served as control. Cleaved
JOJO vector, MMP-11 and MMP-11-flag PCR products were in similar quantity.

234 Construction of JOJO-MMP-11 and JOJO-MMP-11-flag

plasmids

Purified MMP-11 or MMP-11-flag cleavage were linked with the cleaved JOJO
vector using T4 ligase (Figure 4.4 A). There were three possibilities during
MMP-11/MMP-11-flag insertion into the JOJO vector: either MMP-11/
MMP-11-flag did not link with JOJO vector (Figure 4.4 Bl); or MMP-11/
MMP-11-flag links with JOJO vector via antisense strand (Figure 4.4 B2),
MMP-11/MMP-11-flag can not translate protein under this condition; or
MMP-11/MMP-11-flag links with JOJO vector by sense strand (Figure 4.4 B3), under
this condition, MMP-11/MMP-11-flag can translate protein. This last form
corresponds to the correct plasmid.

After insertion of MMP-11/MMP-11-flag into the JOJO vector, the
JOJO-MMP-11/MMP-11-flag plasmids were cleaved by BamHI restriction enzyme
(Figure 4.4 B), and different clones were analyzed by electrophoresis (Figure 4.4 C
and D). Gel analysis showed that the clones loaded in lanes 8 and 9 correspond to

correct plasmids since they exhibited a size of 1745 and 1769 bp (Figure 4.4 C and D).
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These clones were then confirmed by sequence analysis (data not shown). I selected

these clones for following experiments.
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Figure 4.4 Analysis of different clones from MMP-11 and MMP-11-flag subcloning. A:
cleavage of MMP-11 and MMP-11-flag was by Sall ; cleavage of JOJO vector was by Xholl;
linkage was with T4 ligase. B: various possibilities: B1: MMP-11/MMP-11-flag are not linked
with JOJO vector; B2: MMP-11/MMP-11-flag are linked with JOJO vector, but in antisense; B3:
MMP-11/MMP-11-flag are linked with JOJO vector in sense. C and D: electrophoresis analysis of
different clones from JOJO-MMP-11 (C) and JOJO-MMP-11-flag (D) after BamHI digestion. 1:
marker; 2: empty JOJO vector; 3: empty JOJO vector cleaved with BamHI; 4,5: clones containing
no MMP-11/MMP-11-flag insert; 6,7: clones containing antisense MMP-11/MMP-11-flag; 8,9:
clones containing sense MMP-11/MMP-11-flag.

2.3.5 Validation of the JOJO-MMP-11 and JOJO-MMP-11-flag

plasmids

Upon Cre recombinase function, the GFP-stop cassette is excised, leading to
simultaneous expression of MMP-11 or MMP-11-flag and of a second reporter,
B-galactosidase/LacZ, via an IRES sequence (Figure 4.5 A).

In order to test the recombination of the integrated constructs, the plasmids were
co-transfected into Hela cell with pSGS5-Cre-recombinase plasmid. I checked GFP,

MMP-11, MMP-11-flag, B-galactosidase and the internal control Lasp-1 expression
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with western blots using appropriate antibodies (see materials and methods) (Figure
4.5 B). We can see that there are some levels of GFP expression after Hela
transfection with JOJO empty vector, JOJO-MMP-11 or JOJO-MMP-11-flag alone,
but no B-galactosidase, MMP-11 and MMP-11-flag expression. When JOJO empty
vector was co-transfected with pSG5-Cre plasmid, the B-galactosidase was expressed
accompanied with GFP decrease or disappearance, which indicates that the JOJO
vector is correct. Interestingly, co-transfection of JOJO-MMP-11 with pSGS5-Cre
plasmid led to GFP decrease, and strong activation of MMP-11 and B-galactosidase
expression. Similarly, in co-transfection of JOJO-MMP-11-flag with pSG5-Cre
plasmid, MMP-11-flag visualized by MMP-11 and Flag specific antibodies, and
B-galactosidase were induced. These data indicate that the JOJO-MMP-11 and
JOJO-MMP-11-flag plasmids are available for conditional expression of MMP-11.
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Figure 4.5 Induction of MMP-11 and MMP-11-flag expression via Cre recombinase. A:
scheme of induction of MMP-11 expression, upon Cre recombination: the GFP-stop cassette is
excised leading to simultaneous expression of MMP-11 and a second reporter, B-galactosidase via
an IRES sequence. B: western blot analysis of GFP, f-galactosidase, MMP-11 and MMP-11-flag

expression. Lasp-1 severs as loading control.
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2.3.6 Linearization of JOJO-MMP-11 and JOJO-MMP-11-flag

plasmids

There are two cleavage sites for restriction enzyme Sall in JOJO vector (Figure
4.6 A), which can keep all components from CMV/B-actin promoter to
B-galactosidase (LacZ), without cutting MMP-11 or MMP-11-flag. So, I selected Sall
to cleave and linearize JOJO-MMP-11 and JOJO-MMP-11-flag plasmids.
Electrophoresis analysis (Figure 4.6 B and C) showed that the enzyme cleavage was
complete since only two bands were visualized. 1 selected the 8970 bp
(JOJO-MMP-11) and 8991 bp (JOJO-MMP-11-flag) bands for purification. Control
electrophoresis is presented in Figure 4.6 D: lanes 1, 2 and 3 are linear purified
JOJO-MMP-11; lanes 4, 5 and 6 lanes are linear purified JOJO-MMP-11-flag; lanes 7,
8 and 9 are linear non-purified JOJO-MMP-11; lanes 10, 11 and 12 are linear
non-purified JOJO-MMP-11-flag. These results indicate that the linearization and
purification of JOJO-MMP-11 and JOJO-MMP-11-flag were good.

The purified JOJO-MMP-11 DNA was sent to the animal facility for generation

of transgenic mice with MMP-11 over-expression.
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Figure 4.6 Linearization and purification of JOJO-MMP-11 and JOJO-MMP-11-flag.
A: localization of the two cleavage sites for Sall restriction enzyme in JOJO vector; B and C:
linearization of JOJO-MMP-11 and JOJO-MMP-11-flag by Sall, respectively. D: purification of
8970 bp (JOJO-MMP-11) and 8991 bp (JOJO-MMP-11-flag) bands. lanes 1, 2 and 3 are linear
JOJO-MMP-11 purification; lanes 4, 5 and 6 are linear JOJO-MMP-11-flag purification; lanes 7, 8
and 9 are linear JOJO-MMP-11 non-purified control; lanes 10, 11 and 12 are linear
JOJO-MMP-11-flag non-purified control.

2.3.7 Identification of GFP expression and genotyping of

JOJO-MMP-11 transgenic mice

The JOJO-MMP-11 transgenic mouse tails were cut and checked for GFP
expression under fluorescence microscope (Figure 4.7 A). There was no green
fluorescence in the tail tissue of wild-type mouse (Figure 4.7 Al). As expected, the
tail of JOJO-MMP-11 transgenic mice strongly expressed GFP (Figure 4.7 A2). To
further identify the genotype of JOJO-MMP-11 transgenic mice, the genomic DNA
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was extracted from tail tissue. I designed two primers that locate in different exons of
mouse MMP-11 gene, the sense primer (primer K: 5’-CCG AAG GGG CAT CCA
GCA CC-3’) located in exon 5, and the antisense primer (primer L: 5°-GCA TCC
ACA GGG CTG GGC AG-3’) located in exon 6; there is an intron (120 bp) between
these two exons. Because the JOJO-MMP-11 transgenic DNA sequence only contains
the coding region (exons) of MMP-11, the PCR product is 288 bp. In wild-type,
however, the intron (120 bp) is present and the PCR product is therefore 408 bp
(Figure 4.7 B). These data indicated that the JOJO-MMP-11 transgenic mice are

correct.
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Figure 4.7 Identification of JOJO-MMP-11 transgenic mice. A: Identification of green
fluorescence (GFP expression) in tail tissue under fluorescence microscope; Al: wild-type; A2:
JOJO-MMP-11 transgenic mouse (MMP-11 Tg/+). B: Identification of genotype with PCR.

2.3.8  Obtention of JOJO-MMP-11-aP2-Cre-ER"? co-transgenic

mice
The strategy of conditional MMP-11 transgenic mice is based on the Cre/LoxP

system. The transgenic mice expressing the conditional Cre-ER™ recombinase
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(Cre-ER"*/fusion protein between the Cre recombinase and a mutated ligand-binding
domain of the human estrogen receptor) selectively in adipocytes were obtained by
using the aP2 promoter (Imai et al., 2001), whose activity is induced by anti-estrogens
such as Tamoxifen (Tam). The aP2-Cre-ER™? transcripts were found specifically in
adipose tissues upon Tam treatment (Imai et al., 2001).

The aP2-Cre-ER™ transgenic mice were obtained from IGBMC (Daniel
Metzger’s team), they are of same genetic background (C57Bl/6NTac) as
JOJO-MMP-11 transgenic mice. I got JOJO-MMP-11-aP2-Cre-ER™ co-transgenic
mice via aP2-Cre-ER" crossing with JOJO-MMP-11 transgenic mice. These mice
were genotyped using MMP-11 primers (see Figure 4.7) and Cre primers (see

materials and methods) with PCR (Figure 4.8).
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Figure 4.8 Identification of genotype for JOJO-MMP-11 crossed with aP2-Cre-ER™
transgenic mice with PCR. Lane 1: maker; lane 2: wild-type; lane 3: JOJO-MMP-11 transgenic
mouse (MMP-11 Tg/+); lane 4: aP2-Cre transgenic mouse (aP2-Cre-ER"%); lane 5: JOJO-MMP-11
and aP2-Cre-ER" co-transgenic mouse (MMP-11 Tg/+-aP2-Cre-ER?); lane 6: control H,O.
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In the next work, the Cre recombinase will specifically be expressed in
adipocytes of JOJO-MMP-11-aP2-Cre-ER™ co-transgenic mice by Tam treatment,
which will permit to specifically express MMP-11 in the same cell type. Then, these
new mouse model should allow to study specifically the role of MMP-11 expressed

by the adipocytes in both physiological and pathological conditions.
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Chapter 3  Conclusion, Discussion and Perspective

My PhD data bring new insights on MMP-11 function, especially in the

mammary gland development.

3.1 MMP-11 induces MEF-adipocyte dedifferentiation in vitro

Recently, more and more researches indicated that adipocytes participate in
cancer progression (Andarawewa et al., 2005; Motrescu and Rio, 2008; Nieman et al.,
2011; Dirat et al., 2011; Carter and Church, 2012) and mammary gland development
(Couldrey et al., 2002; Landskroner-Eiger et al., 2010; Pavlorich et al., 2010; Ching et
al., 2011). MMP-11 is involved in both processes. MMP-11 has been shown to be
expressed by non-malignant peritumoral fibroblast-like cells and adipocytes in breast
cancers (Basset et al.,, 1997; Andarawewa et al., 2005). Clinical trials showed that
high levels of MMP-11 expression correlate with poor prognosis in patients with
breast cancer (Chenard et al., 1996; Basset et al., 1997). MMP-11 is one of the factors
often found in association with tumor invasion using high-throughput approaches
(Peruzzi et al., 2009; Ma et al., 2009).

In this work, I first study MMP-11 function in vitro using MMP-11-/- MEFs. 1
found that treated with active MMP-11 recombinant protein, the number of
adipocyte-differentiated MEFs was decreased, their size became smaller, and cell
profile no longer seemed as round as control adipocytes, but instead adopted a more
fibroblast-like spindle-cell shape. This was accompanied by delipidation since I
observed decreased number and size of lipid droplets, as shown by Oil Red O staining.
To test if this MMP-11 function was dependent on its enzymatic activity, similar
experiments were done using an inactive recombinant MMP-11 form. This inactive
MMP-11 form was unable to induce MEF adipocyte dedifferentiation. These results
indicated that MMP-11 enzymatic activity is required in adipocyte dedifferentiation,
in accord with previous data from the laboratory (Andarawewa et al., 2005; Motrescu
et al., 2008). It has been reported that MMP-11 induces adipocyte dedifferentiation

via down-regulation of peroxisome proliferator activated receptor gamma (PPARY)
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and adipocyte protein 2 (aP2) expression (Andarawewa et al., 2005). PPARYy is a
crucial factor to regulate development of the adipose lineage in response to
endogenous lipid activators, and serve to link the process of adipocyte differentiation
to systemic lipid metabolism (Rosen et al., 1999; Zhang et al., 2012); aP2 is a carrier
protein for fatty acids that is primarily expressed in adipocytes and macrophages
(Maeda et al., 2005).

Several other MMP members are involved in adipogenesis. For example, it has
been indicated that MMP-14 contributes to the coordination of adipocyte
differentiation. Indeed, normal adipocyte maturation requires a burst in
MMP-14-mediated proteolysis that modulates pericellular collagen rigidity in a
fashion that controls adipogenesis, as the absence of MMP-14 aborts adipose tissue
development resulting in lipodystrophic null mice (Chun et al., 2006). Moreover,
MMP14-dependent collagenolysis plays a major role in regulating adipogenic histone
marks by releasing the epigenetic constraints imposed by fibrillar type I collagen
(Sato-Kusubata et al., 2011). MMP-3 is highly expressed during mammary gland
post-weaning involution. During involution, programmed cell death of the secretory
epithelium takes place concomitantly with the repopulation of the mammary fat pad
with adipocytes. It has been found that during post-lactational involution, mammary
glands from transgenic mice that over-express TIMP-1, or mice carrying a targeted
mutation of MMP-3 showed accelerated differentiation and hypertrophy of adipocytes
(Alexander et al., 2001). In the adipogenic 3T3-L1 fibroblastic cells line, transcription
of a number of MMPs and TIMPs (MMP-2, MMP-3, MMP-11, MMP-14, MMP-13,
TIMP-1, TIMP-2 and TIMP-3) was induced in committed preadipocytes, but only
differentiated adipocytes expressed an activated MMP-2 (Alexander et al., 2001). The
addition of MMP inhibitors (GM6001 and TIMP-1) dramatically accelerated the
accumulation of lipid during differentiation indicating that MMPs determine the rate
of adipocyte differentiation during mammary gland post-lactational remodeling
(Alexander et al., 2001; Kessenbrock et al., 2010).

In this context, my results in vitro further confirm that MMP-11 plays an
important function during adipogenesis as a negative autocrine regulator.
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3.2 MMP-11 negatively regulates adipogenesis of mouse mammary

gland-associated adipocytes in vivo

MMP-11-/- mice have a significantly higher body weight than wild-type
littermates in either normal diet (Andarawewa et al., 2005) or high fat diet (Lijnen et
al., 2002). Here, I analyzed whether there is any difference in the mammary
gland-associated adipocytes. Compared with wild-type mammary glands, I found that
the size of these adipocytes as well as the size of lipid droplets, appear larger in
MMP-11-/- mice, furthermore confirming that MMP-11 limits adipogenesis
(Andarawewa et al., 2005; Motrescu et al., 2008; Tan et al., 2011).

These data indicate that MMP-11 participates to adipogenesis homeostasis of the

mammary fat pad in vivo.

3.3 The pubertal mammary duct morphogenesis is impaired in

MMP-11-/- mice

Adipocytes, which are the main stromal cells of the mammary gland, are
involved in mammary gland development (Couldrey et al., 2002; Landskroner-Eiger
et al., 2010; Pavlovich et al., 2010; Ching et al., 2011). Since MMP-11 plays a role in
mammary gland-associated adipocytes, in this study, I have studied the postnatal
mammary gland development in the presence (wild-type) or the absence of MMP-11
(MMP-11-/-). I found that ductal morphogenesis is impaired in MMP-11-/- mice,
which results in reduction of alveolus density during pregnancy, and ultimately to
decreased milk production. Surprisingly, there was less clear difference between
wild-type and MMP-11-/- involuting glands after weaning, suggesting that MMP-11-
independent processes are involved at this step. These data shows that MMP-11
provides a non-redundant function in ductal morphogenesis. In vitro organoid culture
confirms that MMP-11 favors branching process.

Several other MMPs are involved in mammary gland morphogenesis. Thus, duct
branching requires transient MMP activity for invasion and branch point selection.

MMP-2 facilitates TEB invasion by inhibiting epithelial cell apoptosis at the start of
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puberty. MMP-2-knockout mice have deficient TEB invasion but excessive lateral
branching during mid-puberty. In contrast, MMP-3 induces lateral branching of ducts
since mice lacking MMP-3 show defective secondary and tertiary lateral branching of
ducts during mid-puberty and early pregnancy (Wiseman et al., 2003). On the other
hand, mice over-expressing MMP-3 or MMP-14 have excessive side branching,
precocious alveologenesis, and eventually develop mammary tumors (Ha et al., 2001
Khokha and Werb, 2011). Introduction of exogenous TIMP-1 into pubertal mammary
gland, via a pellet, resulted in repressed ductal invasion (Fata et al., 1999). However,
use of slow-release TIMP-containing pellets revealed distinct effects of individual
TIMPs on ductal morphogenesis: TIMP-1, TIMP-3 and TIMP-4 inhibit ductal
elongation whereas TIMP-2 promotes this process (Hojilla et al., 2007).

Thus, specific MMPs refine the mammary branching pattern by distinct
mechanisms during mammary ductal morphogenesis. In this context, MMP-11 favors

duct branching and elongation.

3.4 Mammary duct impairment in MMP-11-/- mice is not due to

epithelial compartment alteration

The architectures of TEBs and ducts are playing an essential function in the
overall development of the mammary gland. Since alteration of TEBs is often
associated with delayed ductal outgrowth and impaired branching morphogenesis
(Sternlicht et al., 2006; Kurley et al., 2012), I analyzed the cellular architecture of the
pubertal mammary glands. The structure of MMP-11-/- ducts and TEBs are similar to
the wild-type with the inner layer of luminal epithelium and the outer layer of
myoepithelium. These results reveal that there is no defect of ducts and TEBs in the
MMP-11-/- mammary gland, indicating that the observed phenotype is not due to a
defect of TEBs and ducts. This was further confirm by epithelial transplantation
experiment showing that MMP-11-/- transplants develop correctly in wild-type host
fat pad.

These results indicate that MMP-11 has no effect on the mammary epithelium in

an autocrine manner.
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3.5 Mammary duct impairment in MMP-11-/- mice is due to

alteration of the stromal compartment

It has been shown that the epithelial-stromal interactions are essential for the
morphogenesis and functional differentiation of most organs, including the mammary
gland (Nelson and Bissell, 2006; Ucar et al., 2010). The periductal stroma is mainly
composed of adipocytes and collagen-rich ECM (Couldrey et al., 2002;
Landskroner-Eiger et al., 2010; Ching et al., 2011). Moreover, using in vitro model,
the presence of mammary fibroblasts stimulates mammary epithelial cell growth and
alveolar morphogenesis via paracrine interaction between mammary epithelial cells
and fibroblasts isolated from normal rats mammary gland during puberty (Darcy et al.,
2000). Fibroblast-conditioned medium induces tubulogenesis and branching
morphogenesis of TAC-2 normal murine mammary epithelial cells through secretion
of HGF (hepatocyte growth factor) (Soriano et al., 1995 and 1998), and co-culture
with fibroblasts induces branching of primary mammary organoids (Simian et al.,
2001). Both soluble factors secreted by fibroblasts and fibroblast-derived
modifications of the matrix compliance contribute to the regulation of epithelial cell
morphogenesis (Luehr et al., 2012).

Collagen forwards ductal epithelium proliferation, and collagen breakdown and
deposition at the tip is required to create an impediment that serves as a guide for
TEBs bifurcation. Additionally, collagen imposed constriction, which maintains TEB
bulbous nature and promotes duct morphogenesis (Hinck and Silberstein, 2005;
Khokha and Werb, 2011). It has been indicated that lack of collagen deposition around
duct lead to hyper-activation of the TGF-B signaling pathway (Ucar et al., 2010).
However, over-expression of TGF-B in pubertal mammary gland causes impairment
of ducts outgrowth and results in simplified arborization patterns of ducts (Daniel et
al., 1996; Roarty and Serra, 2007). Thereby, lack of collagen impairing ductal
outgrowth via activation of TGF-f signaling pathway. The mammary epithelium does
not synthesize its own basement membrane. Thus, collagen I and collagen IV are

expressed by stromal cells immediately surrounding the developing ductal epithelium.
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Both collagens play an important role in mammary morphogenesis. The distribution
of collagen I was consistent with a role in duct formation, since collagen I was
strikingly abundant around mammary ducts, but was sparse around growing TEBs
(Keely et al., 1995).

Both stromal adipocytes and collagen are modified in MMP-11-/- mammary
gland. MMP-11 is expressed by mammary adipocytes, and compared with wild-type,
MMP-11-/- mammary gland associated-adipocytes are hypertrophied. In addition, I
found that periductal collagen depots of MMP-11-/- glands are dramatically reduced.
It has previously been demonstrated that MMP-11 cleaves the native a3 chain of
collagen VI, which is an adipocyte-related ECM component. MMP-11 is required for
correct collagen VI folding and therefore for fat tissue cohesion and adipocyte
function (Motrescu et al., 2008). Whether this MMP-11 function participates to
pubertal mammary gland development remains to be studied. Thus, the lack of
MMP-11 leads to stromal alteration especially of adipocytes and collagen. These
defects have functional consequences, since wild-type ducts transplanted into
MMP-11-/- fat pad fail to develop correctly.

Thus, MMP-11 not only impacts adipogenesis, but also plays a role on collagen
homeostasis, favoring constitution of important periductal collagen depots. Thus,
MMP-11 might positively regulate ECM stiffness and thereby favor mammary TEB

and duct postnatal development as previously showed (see chapter 1: 1.2.2).

3.6 MMP-11 promotes ductal branching morphogenesis via

adipocyte-related function

Previous investigations of co-culture of mammary epithelial cells and adipocytes,
have found that adipocytes profoundly influence the morphology and function of
mammary epithelial cells, by affecting proliferation and enhancing alveolar
morphogenesis and functional differentiation (Zangani et al., 1999; Wang et al., 2009).
It has been found that mammary epithelial tubules are induced to branch when
embedded in adipose stroma or treated with adipocyte-conditioned medium,

suggesting that the induction of branching is mediated by paracrine signaling
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(Pavlovich et al., 2010).

To further identify whether MMP-11 induces ductal morphogenesis via
adipocyte-related MMP-11 function, I performed collection of adipocytes from
mammary glands and cultured them in vitro. Isolated MMP-11-/- adipocytes contain
more lipids as shown by Oil Red O staining. I also isolated and cultured primary
mammary organoids in matrigel 3D gel culture. Organoids were treated with
wild-type or MMP-11-/- adipocyte-conditioned culture media in order to recapitulate
in vitro the adipocyte-epithelium cross-talk occurring in vivo. Both wild-type and
MMP-11-/- adipocyte culture media promote organoid branching. However,
compared with wild-type adipocyte culture medium, the inducing ability of
MMP-11-/- adipocyte medium was reduced as well on wild-type than on MMP-11-/-
organoids.

Thus, MMP-11 promotes mammary branching. Moreover, MMP-11 impacts
mammary ductal morphogenesis via its function on adipogenesis. Interestingly, it has
been shown in breast cancer that MMP-11 favors cancer cell progression via a
paracrine adipocyte-related function. Collectively, these data suggest that the normal
MMP-11 function during pubertal mammary gland development might be subverted

in malignant condition.

3.7 Perspectives

MMP-11 promotes pubertal ductal branching morphogenesis via maintaining
adipose tissue and collagen homeostasis. MMP-11 might affect expression/secretion
of several soluble factors, which promote TEB and duct outgrowth via paracrine
signals. The type(s) of collagen(s) involved has also to be identified.

Adipocytes release various soluble factors, including adipokines, growth factors
and cytokines, free fatty acids, etc. which provide growth and survival support for
surrounding epithelial and cancer cells (Andarawewa et al., 2005; Tan et al., 2011,
Dirat et al., 2011; Nieman et al., 2011; Carter et al., 2012). For example, it has been
shown that leptin appears to be able to control the proliferation of both normal and

malignant breast epithelial cells (Hu et al., 2002). The adiponectin regulates
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mammary tumor development and angiogenesis, and demonstrate that vascular
T-cadherin-adiponectin association may contribute to the molecular cross-talk
between tumor cells and the stromal compartment in breast cancer (Hebbard et al.,
2008; Landskroner-Eiger et al., 2009). It has also been indicated that absence of
cytokine IL-10 reduces mouse pubertal mammary gland development (Masso-Welch
et al., 2012). The nature of adipocyte-related soluble factors regulated by MMP-11
will be investigated.

It is well known that IGF-I promotes mammary gland development via
IGF-I/IGF-IR signalling pathway (Richards et al., 2004; de Ostrovich et al., 2008;
Cannata et al., 2010). However, the IGF-I signalling axis is further complicated by the
presence of secreted, high-affinity IGF-binding protein-1 (IGFBP-1), the
IGF-I/IGFBP-1 complex lead to IGF-I inactivation. Interestingly, it has been shown
that MMP-11 can cleave IGFBP-1 and release bioavailable IGF-I (Manes et al., 1997).
The mechanisms by which MMP-11 exerts its function seem to involve activation of
IGF-I signalling and potentially MAPK and AKT pathways. Clearly, further studies
are needed to confirm and investigate the impact of MMP-11 on these pathways in the
mammary gland development.

Finally, to date, we know that MMP-11 favors mammary gland development.
However, the MMP-11 function strictly related to adipocytes remains to be evaluated
in both mammary gland development and cancer progression. So, to address these
questions, I have developed transgenic mice targeting MMP-11 expression
specifically into adipocytes. These mice are under characterization. They will serve in
the future to study the impact of MMP-11 expression into adipocytes on: 1) pubertal
mammary gland development; ii) tumor development and progression by using tumor
models, especially by using DMBA gavage that give rise to mammary gland and

ovary tumors (Masson et al., 1998; Brasse et al., 2010).
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Chapter 4 Materials and Methods

Section I Techniques related to part I results

4.1.1 MMP-11-/- mouse embryonic fibroblasts (MEFs)

MMP-11-/- mice with 129/Svj D3 genetic background have been previously
generated in the laboratory (Masson et al., 1998). After crossing with MMP-11-/-
males, pregnant females were sacrificed at 14.5 days after mating. The embryos were
removed into 1X PBS (phosphate buffered saline). Heads serve for genomic DNA
extraction to identify the genotype using PCR. After removing the whole organs and
blood, the rest of bodies were minced completely with 2 ml syringe. The resulting
slurry was plated in 10-cm dishes and MEFs allowed to grow to confluence in DMEM
(dulbecco's modified eagle medium) with 10% FCS (fetal calf serum).

4.1.2 Extraction of genomic DNA and PCR genotyping
4.1.2.1 Extraction of genomic DNA

(1) Add 250 pl of TNES [10 mM Tris pH 7.5, 400 mM NaCl, 100 mM EDTA
(ethylene diamine tetraacetic acid), 0.6% SDS (sodium dodecyl sulfonate)] and ~200
ug/ml of proteinase K to head/tail tissue, and shake overnight (O/N) at 55°C;

(2) Cool at 4°C for 10~20 min (minute);

(3) Add 200 pl of 5 M NacCl, vortex 15 s (second);

(4) Spin 10,000 rpm (microfuge) for 10 min;

(5) Take the supernatant, add 600 pl of cold 100% ethanol, mix up and down 10
times;

(6) Spin 12,000 rpm for 10 min;

(7) Remove the supernatant, wash with 70% ethanol 2 times;

(8) Spin 12,000 rpm for 1 min;

(9) Remove the ethanol, air dry the pellet for > 2 hr;

(10) Add 500 pl of 10:1 TE (10 mM Tris pH 7.5, 1 mM EDTA), heat at 60°C for
10 min, vortex to dissolve the DNA, then store at 4°C.

4.1.2.2 PCR genotyping and electrophoresis
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DNA primer sequences were designed as follows: for mouse MMP-11 gene
(NM_008606), there are two sense strand primers, one is primer A: 5’-TTC TAA
CAT CCC TCT GGG CTC-3’ (locates in exon 6), the other is primer B: 5’-GCC GCT
TTT CTG GAT TCA TCG-3’ (locates in the inserted neomycin gene), the antisense
strand primer is primer_C: 5’-GTG GAA ACG CCA ATA GTC TC-3’ (locates in exon
7). The wild-type (A+C) amplicon size is 332 bp; The MMP-11-/- (B+C) amplicon
size is 230 bp. Thus, the heterozygote (+/-) mouse DNA give two bands.

Each PCR tube included the following mix:

(1) 19 pl Hy0;

(2) 2.5 pl buffer (100 mM Tris HCL, 500 mM KCl, 0.1% gelatin, 15 mM
MgCly);

(3) 1.25 ul DMSO (dimethylsulfoxide);

(4) 0.25 pl primer_ A (1 pg/ul);

(5) 0.25 pl primer B (1 pg/ul);

(6) 0.5 pl primer_C (1 pg/ul) ;

(7) 0.5 pl Taq polymerase;

(8) 1 ul genomic DNA.

Each PCR program involved an initial step of denaturation at 94°C for 5 min,
followed by 30 cycles at 94°C for 15 s, 62°C for 15 s and 72°C for 1 min, at last 72°C
for 10 min.

The PCR amplified products were separated by 1.5% agarose gel electrophoresis,
and the bands were visualized by staining with 0.5% Goldview and photographed.
4.1.3 Adipocyte differentiation of MEFs

To initiate adipocyte differentiation, at confluence, the differentiation-inducing
mix/DIM (10 pg/ml insulin, 0.5 mol/l dexamethasone, and 0.5 mmol/l
methylisobutylxanthine) was added into culture medium. After 2 days, the medium
was replaced with fresh culture medium containing insulin (10 pg/ml) every 2 days.
Adipocyte differentiation was estimated with Red Oil O staining. After most cells
were differentiated into adipocytes, 10 pg/ml recombinant active or inactive MMP-11
protein in buffer (50 mM Tris pH 7.5, 100 mM NaCl, 5 mM CaCl,, 1 uM ZnCl,) was
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added into the culture medium each day. Then, after 5 days, the total RNA was
extracted and Oil Red O staining performed in parallel.
4.1.4 OQil Red O staining of adipocytes

Oil Red O staining was performed as described (Andarawewa et al., 2005;
Motrescu et al., 2008). Briefly:

(1) Remove the culture medium, washed the cells with 1X PBS;

(2) Remove PBS, fix cells in 4% formalin (dilution with 1X PBS) for 30 min;

(3) Rinse thrice with distilled H,O (dH,0) and one time with 1X PBS, and then
air-dry;

(4) Stain the fixed cells with 0.5% Oil Red O for 20 min;

(5) Remove the Oil Red O, washed with dH,O one time;

(6) Counterstain with hematoxylin for 15 s;

(7) Remove the hematoxylin, wash cells with dH,O for two times. Take photos
under unverted microscope.

4.1.5 Total RNA extraction and microarray assay
4.1.5.1 Extraction of total RNA

The protocol is described in the RNeasy (mini handbook, Qiagen). Briefly:

(1) Trypsinize and wash the cells with 1X PBS for two times, then count cells;

(2) Disrupt the cells by adding 600 pl Buffer RLT;

(3) To homogenize, pass the lysate at least 5 times through a blunt 20-gauge
needle (0.9 mm diameter) fitted to an RNase-free syringe;

(4) Add 1 volume of 70% ethanol, and mix well by pipetting;

(5) Transfer up to 700 pl of the sample, including any precipitate that may have
formed, to an RNeasy spin column placed in a 2 ml collection tube. Centrifuge at
10,000 rpm for 15 s. Discard the flow-through. If the sample volume exceeds 700 pl,
centrifuge successive aliquots in the same RNeasy spin column. Discard the
flow-through after each centrifugation;

(6) Add 700 pl of Buffer RW1 to the RNeasy spin column. Centrifuge at 10,000
rpm for 15 s to wash the spin column membrane. Discard the flow-through;

(7) Add 500 pl of Buffer RPE to the RNeasy spin column. Centrifuge at 10,000
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rpm for 15 s to wash the spin column membrane. Discard the flow-through;

(8) Add 500 pl of Buffer RPE to the RNeasy spin column. Centrifuge at 10,000
rpm for 2 min to wash the spin column membrane;

(9) Place the RNeasy spin column in a new 1.5 ml of collection tube. Add 30~50
ul of RNase-free H,O directly to the spin column membrane. Centrifuge at 10,000
rpm for 1 min to elute the RNA;

(10) If the expected RNA yield > 30 pg, repeat step 9 with another 30-50 pl
RNase-free H,O, or use elute from step 9. Reuse the collection tube from step 9. The
total RNA was stored at -80°C.
4.1.5.2 Measurement of RNA concentration

Use the NanoDrop ND-1000 spectrophotometer to measure the total RNA
concentration and OD260/0D280 ratio for microarray.
4.1.5.3 Microarray

RNA samples were then given to the person in charge of the Affymetrix

platform at IGBMC, who performed microarray experiments.
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Section I Techniques related to part II results

4.2.1 Total RNA extraction and RT-PCR (Reverse Transcription Polymerase
Chain Reaction)

Total RNA samples from mammary gland were isolated with TriReagent
(Sigma), following manufacturer’s instructions.
4.2.1.1 RNA extraction from tissues using TriReagent

(1) Collect mammary gland tissue without lymph node;

(2) Add 1 ml TriReagent (TriZol) in sample and mix with the polytron machine.
Rinse properly the borer with dH,O;

(3) Incubate the mix 5 min at RT (room temperature);

(4) Add 200 pl of CHCI; (RNase-free), vortex, incubate from 2 min to 15 min at
RT. Spin at 10,000 rpm for 15 min at 4°C;

(5) Collect the aqueous phase, add 500 pl isopropanol, incubate from 5 to 10 min
at RT. Spin at 10,000 rpm during 10 min at 4°C;

(6) Resuspend the pellet with 100 ul of H;O (RNase-free) + 10 ul sodium acetate
3 M pH 7.00 (RNase-free) + 250 pul absolute ethanol (RNase-free);

(7) Precipitate RNA at -20°C O/N;

(8) Spin at 10,000 rpm during 45 min at 4°C,;

(9) Wash the pellet with 1 ml 70% ethanol;

(10) Spin at 10,000 rpm during 30 min at 4°C;

(11) Dry the pellet and resuspend the pellet with 100 ul H,O (RNase-free);

(12) Determine the concentration at 260 nm.
4.2.1.2 DNase treatment

(1) 2 pg RNA;

(2) Add 0.4 U DNase (10 U/50 pg RNA);

(3) Add 3 pl 10X buffer (DNase buffer, Roche);

(4) Add dH,O0 to total volume of 30 pl;

(5) Incubate 20 min at 37°C.
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4.2.1.3 Phenol/Chloroforme extraction

(1) Adjust the volume to 100 ul (add 70 pl) with H,O;

(2) Add 0.5 vol (50 ul) water-saturated phenol and 0.5 vol (50 ul) CHCls, spin 5
min at 6,500 rpm;

(3) Collect the aqueous phase, add 1 vol CHCl3, vortex, spin 1 min at 6,500 rpm;

(4) Collect the aqueous phase, add 10 pul NaAc 3M pH 7.0 and 250 pl absolute
ethanol;

(5) Precipitate O/N at -20°C;

(6) Centrifuge 10,000 rpm 45 min at 4°C;

(7) Wash the pellet with 100 pl 70% ethanol;

(8) Centrifuge 10,000 rpm 30 min at 4°C;

(9) Dry the pellet and re-suspend the pellet with 10.5 pl dH,O.
4.2.1.4 Reverse transcription

(1) Warm the RNA (10.5 ul) 10 min at 50°C;

(2) Add 0.5 pl Oligo-dT (200 pg/ml);

(3)Add 1 pl 10 mM dNTP;

(4) Warm 5 min at 65°C, then cold 5 min on ice;

(5) Add 4 pl First Strand Buffer 5X, 0.5 ul DTT, 0.5 pl RTase, 1 ul RNasin and 2
ul dH,0, mix;

(6) Incubate 50 min at 42°C;

(7) Inactivate the reaction at 70°C for 15 min;

(8) Store -20°C or -80°C for PCR.

4.2.1.5 PCR

These steps are same as before (4.1.2.2).

DNA primer sequences were designed as follows: for mouse MMP-11 gene
(NM_008606), sense primer (primer_D): 5’-CCG AAG GGG CAT CCA GCA CC-3’;
and antisense strand (primer E): 5’-GCA TCC ACA GGG CTG GGC AG-3’; the
amplicon size is 318 bp. For mouse GAPDH gene (NM 008084): sense primer
(primer_F): 5°-ACT GGC ATG GCC TTC CGT GTT C-3’; antisense primer
(primer_G), 5°-TCT TGC TCA GTG TCC TTG CTG G-3’; the amplicon size is 366
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bp.

4.2.2 In situ hybridization (ISH)

ISH analysis was performed as previously described (Masson et al., 1998).
4.2.2.1 Preparation of the probe
4.2.2.1.1 Amplification of probe

(1) Cleave the pBS-SK+ plasmid with EcoRI (T7 RNA polymerase) or HindIII
(T3 RNA polymerase);

(2) Use 1 pl of 1 ig/il template DNA;

(3) Add 4 1l of 5X Buffer;

(4) Add 2 il of 10 mM ATP, GTP and CTP;

(5)Add 1.3 yil of 10 mM UTP;

(6) Add 0.7 11l of 10 mM UTP-digoxigenin-labelled;

(7) Add 2 il of 10 mM DTT;

(8) Add 1 1l of 20-50 units/1l RNasin;

(9) Adjust total volume to 20 il with RNase-free H,O;

(10) Add 1 il of RNA polymerase (T3-T7-SP6), incubate 2 hr (hour) at 37-C.

4.2.2.1.2 Estimation of transcript quantity by agarose/TBE gel running

(1) 2 g of agarose;

(2) Add 200 ml of 0.5X TAE (Tris-Acetate-EDTA);

(3) 10% cold TBE (Tris-Borate-EDTA).
4.2.2.1.3 Purification of transcript

(1) Add 2 il of 40 g/l DNase I into sample;

(2) Incubate 15 min at 37°C;

(3) Add 2 1)1 of 0.2 M, pH 8 EDTA;

(4) Add 2.5 il of 4 M lithium chloride;

(5) Add 75 il of 100% cold ethanol;

(6) Vortex;

(7) Incubate 30 min at -80=C, or 2 hr at -20-C, or O/N at 20-C;

(8) Spin 12,000 rpm 30 min at 4-C;
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(9) Discard the supernatant;

(10) Wash the pellet with 50 1l of 70% cold ethanol;

(11) Spin 12,000 rpm for 15 min at 4-C,;

(12) Discard the supernatant;

(13) Dry the pellet = lhr at RT;

(14) Add 50 1l of dH,O to resuspend the pellet.
*If the plasmid * 1 kb:

(1) Resuspend with 50 il of RNase free H,O;

(2) Add 30 11l of 0.2 M Na,COs3;

(3) Add 20 il of 0.2 M NaHCOs3;

(4) Incubate 30 min at 60-C,;

(5) Stop the hydrolysis reaction at -20-C;

(6) Add 3 11l of 3 M AcNa (sodium acetate) pH 6;

(7) Add 5 1l of 10% glacial acetic acid,;

(8) Add 10 il of yeast tRNA (10 11g);

(9) Add 250 il of cold 100% ethanol;

(10) Incubate 30 min at -20-C;

(11) Spin 10,000 rpm 30 min at 4-C;

(12) Discard the supernatant;

(13) Add 50 il of cold 70% ethanol;

(14) Spin 10,000 rpm 15 min at 4-C;

(15) Discard the supernatant;

(16) Air dry the pellet = 1hr at RT;

(17) Add 50 il of RNase free H,O;

(18) Incubate 5 min at 60-C, the probe is ready.
4.2.2.2 Solutions and reagents

10X salt (1000 ml): NaCl (114 g), Tris-HCI (14.04 g), Tris-Base (1.34 g),
NaH,P04.2H,0 (7.8 g), 0.5 M EDTA (100 ml), dilution with dH,O.
100X Denhardt’t (50 ml): BSA/bovine serum albumin (1 g), ficoll'™ (1 g),

PVP/poly vingl pyrolidone (1 g), dilution with dH,O, store at -20°C.
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50% Dextran sulphate (50 ml): dextran sulphate (25 g), dilution with dH,O
at 50°C for O/N.

10 mg/ml tRNA (10 ml): tRNA (100 mg), dilution with dH,O, store at -20°C.

Hybridization Buffer (10 ml): 10X Salt (1 ml), deionised formamide (5 ml),
50% dextran sulphate (2 ml), 10 mg/ml tRNA (1 ml), 100X denhardt’t (0.1 ml), dH,O
(0.9 ml).

1 M Maleic acid (1000 ml): maleic acid (116 g), dH,O (800 ml), 10 M NaOH
(160 ml) pH 7.5, dilution with dH,O.

MABT (2000 ml): 1 M maleic acid (200 ml), 5 M NaCl (60 ml), Tween-20 (2
ml), dilution with dH,O.

10% Blocking Reagent (BR) (20 ml): blocking reagent (2 g), MABT (20 ml),
dissolve by heating in micro-oven for 10 s, store at -20°C.

Washing Solution (1000 ml prepared freahly): 2X SSC/saline sodium citrate
(500 ml), formamide (500 ml), Tween-20 (1 ml), pre-warmed at 65°C one day
previously.

Blocking solution (1 ml): MABT (800 pl), 10% BR (200 pl), prepared freshly
on ice.

Ab-Staining Solution: dilution of goat anti-digoxigenin antibody (Roche) into
1/2500 or 1/8000 with blocking solution, 200 pl mix on one slide. Prepared freshly on
ice.

NTMT-alkaline phosphatase staining buffer (500 ml): 5 M NaCl (10 ml), 1
M MgCl; (25 ml), 1 M Tris pH 9.5 (50 ml), Tween-20 (0.5 ml), dilution with dH,O.

NBT-BCIP Solution- alkaline phosphatase staining buffer: NTMT (1 ml),
levamisole (1 drop), NBT (3.5 ul), BCIP (3.5 ul), prepared freshly in dark.
4.2.2.3 Procedure for paraffin-embedded formalin-fixed specimens:

(1) 5 wm-thick sections were deparaffinized, rehydrated in decreasing
concentrations of ethanol (100% ethanol 3 min X 2 times, 95% ecthanol 3 min X 1
time, 75% ethanol 3 min X 1 time, 50% ethanol 2 min X 1 time, dH,O 2 min X 1
time), and then air-dry.

(2) The slides were then washed in 1X PBS three times for 10 min each.
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(3) The tissue sections were permeabilized by proteolytic digestion with
proteinase K (6 pg/ml in 50 mM Tris-HCI, pH 7.6) at 50°C for 10 min.

(4) The reaction was stopped by rinsing the slides twice in 1X PBS for 5 min
each and heating at 92°C for 2 min in a heat block.

(5) The slides were placed in 1X PBS for 5 min, 0.2 M HCI for 20 min, 1X PBS
for 5 min, and subsequently dehydrated through washes in graded ethanol, for 5 min
each.

(6) The slides were placed in 2X SSC at 70°C for 5 min and then at 92°C for
another 5 min.

(7) Immediately after that, the tissue sections were covered with heat denatured
digoxigenin-labelled probes diluted 1/50 in hybridization buffer. The slides were
incubated at 65°C overnight in a humidity chamber.

(8) The next day, the slides were washed four times for 15 min each with
pre-warmed washing solution at 65°C, two times 30 min each with MABT buffer at
RT and covered with freshly prepared antibody blocking solution 1 hr at RT.

(9) The tissue sections were covered with goat anti-digoxigenin antibody
coupled to alkaline-phosphatase (1/2000 in antibody blocking solution) and incubated
4 hr at 37°C in a humidity chamber.

(10) The slides were washed two times 30 min each in MABT buffer, rinsed
two times for 10 min each at RT with NTMT buffer.

(11) The slides were covered with alkaline phosphatase substrate solution (NBT,
BCIP) containing levamisole and incubated for a few hours at RT or O/N at 4°C
humidity chamber.

(12) Reaction was stopped by washing with PBST (1X PBS, 0.1% Tween-20).

(13) Rinse slides in dH,0.

(14) Immerse slides in vector Nuclear Fast Red counterstain or apply
counterstain directly to slide, completely covering the tissue section.

(15) Incubate sections for 1 to 10 min to obtain desired stain intensity.

(16) Wash slides in H,O for 10 min.

(17) Dehytrate and clear (70% ethanol 5 min, 95% ethanol 5 min, 100% ethanol
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5 min two times, histosol 5 min two times), then mount the slides.
4.2.3 Analysis of tissue morphology with carmine-alum staining
4.2.3.1 Tissue preparation

The fourth inguinal (#4) mammary gland pair was dissected from each mouse to
measure weight and volume, one gland was analyzed by whole mount and another
was 10% paraformaldehyde-fixed for 24 hrs, dehydrated, and embedded in paraffin,

or quick frozen in Tissue-Tec OCT for cryostat sections.
4.2.3.2 Carmine-alum staining

Whole mount carmine-alum staining of mammary glands was performed as
described (Ucar et al., 2010). Briefly, the dissected #4 mammary glands were spread
onto glass slides and incubated with Carnoy’s fixative (60% ethanol, 30% chloroform,
10% glacial acetic acid) for O/N. The glands were then incubated with a graded series
of 70%, 50% and 25% ethanol (15 min each), followed by 5 min in H,O and stained
with carmine-alum O/N. The glands were washed in 70%, 90% and 100% ethanol (15
min each), two changes of histosol (30 min each), and then mounted with permount.
Take photo under microscope.

4.2.4 Hematoxylin and Eosin (H&E) staining

Paraffin-embedded or frozen in Tissue-Tec OCT mammary glands were cut into
sections (5 {im or 10 yim).
4.2.4.1 Rehydration

(1) Histosol 5 min x 2 times;

(2) 100% ethanol 1 min;

(3) 70% ethanol 1 min;

(4) 50% ethanol 1 min;

(5) dH,0O 2 min.
4.2.4.2 Staining

(1) Hematoxylin 1-5 min;

(2) Rinse dH,O0;

(3) Acid alcohol 2 s (1% HCI in 50% ethanol);

(4) Rinse tap H,O 15 min;
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(5) Eosin 1min;

(6) Rinse in a few quick changes of dH,O.
4.2.4.3 Dehydration

(1) 70% ethanol 1 min;

(2) 95% ethanol 1 min;

(3) 100% ethanol 1 min;

(4) Histosol 5 min X 2 times;

(5) Mounted with permount;

(6) cover with coverslip and take photo under microscope.

4.2.5 Immunofluorescence assay
4.2.5.1 Deparaffinization and rehydration

5 um-thick sections were deparaffinized, rehydrated in decreasing concentrations
of ethanol (histosol 15 min X 2 times, 100% ethanol 10 min X 2 times, 95% ethanol 3
min, 75% ethanol 5 min, 50% ethanol 2 min, dH,O 3 min).
4.2.5.2 Antigen retrieval (microwave heating method)

Soak the slides in the working citrate buffer and cover with a lid. Microwave
until the liquid boils about 1-5 min. Remove from microwave oven and let it stand at
RT for 20 min. Wash with H,O for 3 min, wash with 1X PBS for 3 min, wash with
PBST for 5 min.
4.2.5.3 Blocking

Apply 5% NGS (normal goat serum) in 1X PBS to cover the tissues. Incubate the
slides 1 hr at RT or O/N at 4°C in a humid chamber.
4.2.5.4 Primary antibody

Dilute the primary antibody to the recommended concentration in 1% NGS/PBS
diluent. Remove the NGS, and incubate with primary antibody solution
(anti-E-cadherin, Zymed; anti-aSMA, Sigma-Aldrich) for 1 hr at RT or O/N at 4°C in
a humid chamber. Wash slides with 1X PBS for 3 times, 5 min each.
4.2.5.5 Secondary antibody

Dilute the fluorescent secondary antibody to 1:200 in 1X PBS diluent. Incubate
with secondary antibody solution for 1 hr at RT in dark place. Wash slides with 1X
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PBS for 3 times, 5 min each.
4.2.5.6 Cover slides
Add DAPI-mounting medium (dilution of 100X DAPI into 1/100 in mounting
medium) to the middle of the tissue sections. Cover slides with coverslip and store at
4°C until ready take photo.
4.2.6 Sirius red staining for collagen
4.2.6.1 Solutions and reagents
(1) Picro-sirius red solution: sirius red (0.5 g), saturated aqueous solution of
picric acid (500 ml).
(2) Acidified H,O: add 5 ml acetic acid (glacial) to 1 liter of dH,O.
(3) Hematoxylin (Merck)
4.2.6.2 Procedure:
(1) De-wax and hydrate paraffin sections;
(2) Stain nuclei with hematoxylin for 8 min, and then wash the slides with tap
H,O for 10 min;
(3) Stain in picro-sirius red for 1 hr;
(4) Wash in two changes of acidified H,O;
(5) Physically remove most of the H,O from the slides by vigorous shaking;
(6) Dehydrate in three changes of 100% ethanol;
(7) Clear in histosol and mount in a resinous medium.
4.2.7 Masson’s Trichrome staining for collagen
4.2.7.1 Solutions and reagents
Bouin's solution: saturated picric acid (75 ml), 37-40% formaldehyde (25 ml),
glacial acetic acid (5 ml), mix well. This solution will improve Masson Trichrome
staining quality.
Weigert's Iron Hematoxylin Solution:
Stock Solution A: hematoxylin (1 g), 95% ethanol (100 ml)
Stock Solution B: 29% ferric chloride (4 ml), dH,O (95 ml), concentrated
hydrochloric acid (1 ml).

123



Weigert's Iron Hematoxylin Working Solution: mix equal parts of stock
solution A and B.

Biebrich Scarlet-Acid Fuchsin Solution: 1% biebrich scarlet (90 ml), 1%
acid fuchsin (10 ml), acetic acid glacial (1 ml).

Phosphomolybdic-Phosphotungstic Acid Solution: 5% phosphomolybdic
acid (25 ml), 5% phosphotungstic acid (25 ml).

Aniline Blue Solution: aniline blue (2.5 g), acetic acid glacial (2 ml), dH,O
(100 ml).

1% Acetic Acid Solution: acetic acid glacial (1 ml), dH,O (99 ml).
4.2.7.2 Procedure:

(1) De-paraffin and rehydrate through 100% ethanol, 95% ethanol, 70% ethanol;
50% ethanol;

(2) Wash with dH,O;

(3) For formalin fixed tissue, re-fix in Bouin's solution for 1 hr at 56°C to
improve staining quality although this step is not absolutely necessary;

(4) Rinse running tap H,O for 5-10 min to remove the yellow color;

(5) Stain in Weigert's iron hematoxylin working solution for 10 min;

(6) Rinse in running warm tap H,O for 10 min;

(7) Wash with dH,O;

(8) Stain in Biebrich scarlet-acid fuchsin solution for 10-15 min;

(9) Wash with dH,O;

(10) Differentiate in phosphomolybdic-phosphotungstic acid solution for 10-15
min or until collagen is not red;

(11) Transfer sections directly (without rinse) to aniline blue solution and stain
for 5-10 min. Rinse briefly in dH,O and differentiate in 1% acetic acid solution for
2-5 min;

(12) Wash in dH,0;

(13) Dehydrate very quickly through 95% ethanol, 100% ethanol (these step will
wipe off biebrich scarlet-acid fuchsin staining) and clear in histosol;

(14) Mount with resinous mounting medium.
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4.2.8 Oil Red O staining of the mammary gland

Oil Red O staining adipose tissue was performed as described (Plump et al.,
1996). Briefly, the #4 mammary glands were 10% paraformaldehyde-fixed for O/N.
After fixation, mammary glands were infiltrated with three changes of 30% sucrose in
1X PBS and quick frozen in Tissue-Tec OCT (Miles, Elkhart, IN). 10 um-thick
cryostat sections were placed on polyl-lysine (Sigma Chemical Co., St. Louis,
MO)-coated slides, stained with Oil Red O for 20 min, and counterstained with
hematoxylin for 15 s. Removed the hematoxylin, washed the cells two times with
dH,0. Sections were examined under microscope.

4.2.9 Mammary gland transplantation

Mammary gland transplantation experiments were approved by the Animal
Welfare and Research Committee/ AWRC at IGBMC institute.
4.2.9.1 Mammary epithelial transplantation

Mammary epithelial transplantation was performed as described (Ucar et al.,
2010; Khialeeva et al., 2011). Briefly:

(1) Reciprocal mammary epithelial transplantations were done with 3-week-old
female littermates (Figure 3.15);

(2) Mice were anaesthetized by intraperitoneal injection of anesthetic (the
dilution contains 25 pl xylazine, 77 pl ketamine and 98 pl solution saline) and
inguinal mammary glands were exposed through small incisions in the skin of the
lower abdomen and along the right hind leg;

(3) For fat pad clearing, the connection between inguinal #4 and #5 glands was
disrupted and the endogenous epithelia were removed by removing the region
between the nipple and the line above the lymph node;

(4) Small pieces of the removed glands (~2 mm® close to the nipple region) were
cut and transplanted into the cleared fat pads of recipient mice. The left inguinal #4
mammary glands were used as controls;

(5) For analysis of ductal outgrowth, transplanted mice were killed at 3, 6 or 9
weeks after the operation. At least three sets of transplantation were done for each
experimental condition and reproducible results were obtained from all of them.
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4.2.9.2 Whole mammary gland transplantation

Whole mammary gland transplantation was performed as described (Moraes et
al., 2009; Ucar et al., 2010). Briefly:

(1) Both right and left inguinal #4 mammary glands were dissected from killed
donor mice (3 weeks old) and kept for a short time in DMEM until transplantation;

(2) Meanwhile, recipient mice were anaesthetized by intraperitoneal injection of
drug and small incisions were made in the skin of the upper abdomen. The transplants
were placed on the peritoneal wall just under the sternum as shown in Figure 3.20;

(3) Transplants and endogenous inguinal glands were dissected 3, 6 or 9  weeks
after the operation and analyzed by whole mount carmine-alum staining. At least three
sets of transplantation were done for each experimental condition and reproducible
results were obtained from all of them.

4.2.10 Culture of mouse mammary epithelial organoids and adipocytes in vitro
Isolation of primary mammary organoids and adipocytes was performed as

described (Simian et al., 2001; Hsieh et al., 2009).

4.2.10.1 Isolation of primary mammary organoids and adipocytes

(1) The inguinal #4 mammary glands were removed from 14-week-old virgin
mice (MMP-11-/- & wild-type) and minced with two parallel razor blades. At this age
the expansion of the ductal tree within the fat pad is complete and no TEB exist in
wild-type;

(2) Minced tissue (4-8 glands) was gently shaken for 1-2 hr at 37°C in a 50 ml
collagenase/trypsin mixture (0.2% trypsin, 0.2% collagenase A, 5% fetal calf serum, 5
pg/ml insulin, 50 pg/ml gentamycin, diluted in 50 ml of DMEM/F12);

(3) The resulting cell suspension was centrifuged at 1,000 rpm for 10 min, the
supernatant containing adipocytes, washed extensively to remove trypsin and
collagenase, cultured in vitro. The pellet was re-suspended in 10 ml DMEM/F12, the
suspension was pelleted again at 1,000 rpm for 10 min, re-suspended in 4 ml of
DMEM/F12 + 40 pl of DNase (2 U/ul), and incubated for 5 min at RT with
occasional shaking;

(4) The DNase solution was removed after centrifugation at 1,000 rpm for 10
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min. The DNase solution was discarded and the epithelial pieces were separated from
the single cells through differential centrifugation. The pellet was re-suspended in 10
ml of DMEM/F12 and pulsed to 1,500 rpm. The supernatant was then removed and
the pellet was re-suspended in 10 ml DMEM/F12. Differential centrifugation was
performed at least 4 times. The final pellet was re-suspended in the desired amount of
medium or matrigel (growth factor reduced matrigel, BD Biosciences, San Jose, CA).
4.2.10.2 Morphogenesis assay

(1) Morphogenesis assays were performed in 96-well culture plates. The culture
had two layers, an underlay of 50 pul of matrigel and an overlying layer of organoids
suspended in matrigel. The underlay was allowed to set for 30 min at 37°C, and then a
50 pl suspension of organoids in matrigel (~100-200 organoids/100 pl of matrigel)
was added to the well followed by an incubation of 30 min at 37°C;

(2) All wells were then treated with 150 pl of basal media [DMEF/F12 with 1%
ITS (insulin/transferring/selenium) and 1% penicillin/streptomycin] for 24 hr;

(3) After 24 hr the basal media was replenished, treated with basal media
(negative control), wild-type or MMP-11-/- adipocyte conditional culture medium
(serum-free), respectively. Every other day all samples were replenished with basal
media;

(4) The branching phenotype of organoids embedded in collagen gels was
determined after cultivation for 0-5 days. A branching phenotype was defined as an
organoid having at least one process (branch) extending from its central body.
Quantification of branching was carried out by counting the percentage of branched

organoids in each well. Experiments were carried out in triplicates.
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Section III Techniques related to part III results

4.3.1 Construction of MMP-11 expression plasmid
4.3.1.1 Transformation of plasmid vector JOJOHighcopyXMN into E.Coli and
amplification

(1) Dilute the plasmid into 1/10 with dH,O;

(2) Take 1 pl of plasmid into a new tube, add 80 pul of dH,O and mix;

(3) Add 20 pl of SX KCM (0.5 M KCI, 0.15 M CaCl; and 0.25 M MgCl,) buffer,
keep it on ice 10 min;

(4) Add 100 pl of competent E.coli and mix, keep it on ice 20 min;

(5) Incubate at RT for 10 min;

(6) Add 1 ml of LB (lysogeny broth) medium with antibiotics-free, incubate at
37°C for 1 hr;

(7) Take 100 pl mixture into LB medium plate;, uniform distribute with rod;

(8) Incubate at 37°C O/N;

(9) Select a white colony of bacteria, put it in the LB medium with 1/1000
ampicillin tube, shake at 37°C O/N.
4.3.1.2 Extraction of plasmid DNA

(1) Add 1 ml of bacterium suspension into a new tube, spin 10,000 rpm for 1

min;

(2) Remove supernatant, vortex for re-suspension of bacteria precipitate;

(3) Add 300 pl of TENS (10 mM Tris pH 7.5, 1 mM EDTA, 0.1 M NaOH, 0.5%
SDS) buffer and mix;

(4) Add 150 pl of 3 M NaAC pH 5.0 and mix, spin 10,000 rpm for 2 min;

(5) Take the supernatant into a new tube, add 1 ml of 100% ethanol and mix, spin
10,000 rpm for 4 min;

(6) Discard the supernatant, wash with 70% ethanol, spin 10,000 rpm for 4 min;

(7) Discard the supennatant, wash with 70% ethanol again, spin 10,000 rpm for 4
min;

(8) Discard supernatant, air dry > 1 hr at RT;

128



(9) Add 50 pl of RB (10 mM Tris pH 7.5, 1 mM Na,EDTA, 40 ug/ml NaAse A,
0.02% Getatine) buffer and mix, heat at 65°C H,0O for 10 min.
4.3.1.3 Cleavage of the JOJO plasmid with restriction enzyme Xhol

(1) Take 5 pl of plasmid DNA into a new tube, and 13 pl of H,O and 2 pl of
restriction buffer, mix well, then add 0.5 pl of restriction enzyme Xhol (5000 U/ml),
mix well;

(2) Incubate at 37 °C for 1-2 hr;

(3) Analysis using electrophresis.
4.3.1.4 Large amplification of JOJO plasmid

Add 0.8 ml of ampicillin into 800 ml of LB liquid culture medium. Take 50 ml of
culture medium, and add 0.5 ml bacteria liquid (or 10 colonnies), shake at 37 °C O/N.
4.3.1.5 Extraction of JOJO plasmid DNA (plasmid DNA purification Kit,
Macherey-Nagel)

(1) Harvest bacterial cells: pellet the cells by centrifugation at 6,000 rpm at 4°C
for 10 min, and discard the supernatant completely;

(2) Resuspend the cell pellet completely in resuspension buffer RES-EF +RNase
A by pipetting the cells up and down or vortexing the cells;

(3) Add lysis buffer LYS-EF to the suspension. Mix gently by inverting the tube
5 times. Do not vortex as this will shear and release contaminating chromosomal
DNA from cellular debris into the suspension. Incubate the mixture at RT for 5 min;

(4) Equilibrate a NucleoBond Xtra Column together with the inserted column
filter with equilibration buffer EQU-EF. Apply the buffer onto the rim of the column
filter and make sure to wet the entire filter;

(5) Add neutralization buffer NEU-EF to the suspension and immediately mix
the lysate gently by inverting the tube 10-15 times. Do not vortex;

(6) Make sure to have a homogeneous suspension of the precipitate by inverting
the tube 3 times directly before applying the lysate to the equilibrated
Nucleo-Bond-Xtra column filter to avoid clogging of the filter;

(7) Wash the Nucleo-Bond-Xtra column filter and Nucleo-Bond-Xtra column
with 5 ml of equilibration buffer EQU;
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(8) Discard column filter;

(9) Wash the Nucleo-Bond-Xtra column with 8§ ml of Wash Buffer;

(10) Elute the plasmid DNA with elution buffer ELU, collect the eluate in a 15
ml centrifuge tube;

(11) Add 3.5 ml of isopropanol to precipitate the eluted plasmid DNA. Vortex
well and keep the mixture for 2 min. Centrifuge at 5,000 rpm for 15 min at RT.
Carefully discard the supernatant;

(12) Add 70% ethanol to the pellet and centrifuge at 5,000 rpm for 5 min at RT.
Carefully remove ethanol completely from the tube with a pipette tip. Allow the pellet
to air dry at RT > 1 hr;

(13) Dissolve the DNA pellet in an appropriate volume of TE buffer.
4.3.1.6 Cleavage of the JOJO plasmid DNA with restriction enzyme Xhol (see

4.3.1.3)
4.3.1.7 Clean-up of the cleaved JOJO plasmid (PCR clean up Kit,
Macherey-Nagel)

(1) Adjust DNA binding condition: mix 1 volume of sample with 2 volume of
buffer NT;

(2) Bind DNA: place a Nucleospin Extract II column into a collection tube (2 ml)
and load the sample, centrifuge at 11,000 rpm for 1 min, discard fow-through and
place the Nucleospin Extract II column back into the collection tube;

(3) Wash silica membrane: add 700 ul of buffer NT3, centrifuge at 11,000 rpm
for 1 min, discard flow-through and place the Nucleospin Extract II column back into
the collection tube;

(4) Dry silica membrane: centrifuge at 11,000 rpm for 2 min to remove buffer
NT3 quantitatively. Make sure the spin column does not come in contact with the
flow-through while removing it from the centrifuge and the collection tube;

(5) Elute DNA: place the Nucleospin Extract II column into a clean 1.5 ml
microcentrifuge tube, add 15-50 pl of elution buffer NE and incubate at RT for 1 min
to increase the yield of eluted DNA, centrifuge at 11,000 rpm for 1 min, store at
-20°C;
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(6) Identify by electrophoresis.
4.3.1.8 Preparation of mouse MMP-11 cDNA
4.3.1.8.1 Design of mouse MMP-11 primer

Mouse MMP-11 Primers (for construction expression vector):

Sense primer (primer_H): 5’-GAG GTC GAC GCC GCC ATG GCA CGG GCC
GCCTGT CTC-3".

Antisense primer without flag (primer I): 5’-GAG GTC GAC TCA GCG GAA
AGT ATT GGC AGG-3°.

Antisense primer contains flag (primer J): 5’-CAA TTG GTC GAC TCA CTT
GTC ATC GTC GTC CTT GTA ATC GCG GAA AGT ATT GGC AGG CTC-3".

Blue italics is Sall site.
4.3.1.8.2 Amplification of MMP-11 cDNA with PCR, and identification of PCR
products with electrophoresis

The pSG5-MMP-11 plasmid serves as mouse MMP-11 template DNA
(constructed in the lab). Each PCR tube include following mix:

(1) 10.4 ul H,O

(2) 4.0 pl PCR buffer (HF 5X)

(3) 1.0 pl primer H (1 pg/pl)

(4) 1.0 pl primer I /primer J (1 pg/ul)

(5) 0.2 pl Phusion High-Fidelity DNA Polymerase
(6) 2 ul pSG5-MMP-11 plasmid (1 ng/pl)

Each PCR program involved an initial step denaturation at 98°C for 15 s,
followed by 22 cycles at 98 °C for 10 s, 60°C for 10 s and 72 °C for 30 s. The
amplicon size is about 1,500 bp.

The PCR amplified products were separated by 1.5% agarose gel electrophoresis,
and the bands were visualized by staining with 0.5% Goldview and photography
4.3.1.8.3 Clean-up of the PCR products (see 4.3.1.7)
4.3.1.8.4 Cleavage of the PCR products by restriction enzyme Sall

(1) Add 42 pl of dH»O, 10 pl of restriction buffer, 1 ul of BSA (10 mg/ml) and 2
ul of restriction enzyme Sall (20,000 U/ml) into 45 pl of PCR products tube, mix
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well;

(2) Incubate at 37 °C O/N.
4.3.1.8.5 Clean-up of the cleaved PCR products by Sall (see 4.3.1.7)
4.3.1.8.6 Identification of Sall PCR products cleaved with electrophoresis
4.3.1.9 Ligation of the JOJO vector and MMP-11/MMP-11-flag

The ligation mix:
(1) Cleaved JOJO vector: 200 ng
(2) Cleaved MMP-11/MMP-11-flag cDNA: 100-400 ng
(3) T4 ligase buffer 10X: 1 ul
(4) H,0: add to a final volume of 10 pl
(5) T4 ligase: 0.2 ul
The ligation mixture was mix well and incubated at 4°C O/N.
4.3.1.10 Transformation of plasmid into E.coli and small amplification

(1) The ligation mixture was incubated at 70°C for 15 min;

(2) Put on ice;

(3) Cleavage by Xhol: add 8 ul of dH,0, 2 ul of restriction buffer and 1 pl of
restriction enzyme Xhol into 10 ul of ligation mixture, mix well, incubate at 37°C for
2-4 hr;

(4) Add 60 pl of dH,0;

(5) Add 20 pl of 5X KCM buffer (0.5 M KCl, 0.15 M CaCl, and 0.25 M MgCl,),
keep it on ice for 10 min;

(6) Add 100 pl of competent E.coli and mix, keep it on ice for 20 min;

(7) Incubate for 10 min at RT;

(8) Add 1 ml of LB medium with antibiotics-free, incubate at 37°C for 1 hr;

(9) Take 200 pl mixture into LB medium plate, uniform distribute with rod;

(10) Incubate at 37°C O/N;

(11) Select 20 white colonies of bacteria with toothpick, put it in the LB medium
with 1/1000 ampicillin, shake at 37°C O/N.
4.3.1.11 Extraction of plasmid DNA (see 4.3.1.2)
4.3.1.12 Analysis of the different clones from JOJO-MMP11/MMP-11-flag
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subcloned by BamHI digestion (see 4.3.1.3)

4.3.1.13 Large amplification of sense JOJO-MMP11/MMP11-flag plasmids (see
4.3.14)

4.3.1.14 Extraction of the plasmid DNA (see 4.3.1.5)

4.3.2 Identification of correct plasmids

Co-transfection of JOJO-MMP-11/MMP11-flag with pSG5-Cre plasmids into

Hela cells, extraction of protein and western blot analysis.
4.3.2.1 The first day, prepare cells

Add 1.5 x 10° Hela cells into each 10-cm plate and culture.
4.3.2.2 The second day, co-transfection of JOJO-MMP-11/MMP-11-flag with
PSGS5-Cre plasmids into Hela cell line

(1) Dilute 10 pg of plasmid DNA into 150 mM NaCl (final volume: 200 pl per
plate), vortex gently and spin down briefly;

(2) Dilute 20 pl of jetPEI™ into 150 mM NaCl (final volume: 200 pl per plate),
vortex gently and spin down briefly;

(3) Add the jetPEI™ solution into the DNA solution at once, mix the solution in
the reverse order may reduce transfection efficiency;

(4) Vortex the solution immediately and spin down briefly;

(5) Incubate at RT for 15 to 30 min;

(6) Add the jetPEI™/DNA mix to the cell plates with serum-containing medium
and homogenize by gently swirling the plate;

(7) Culture in incubator for 48 hr.
4.3.2.3 The third day, change the culture medium with serum-free
4.3.2.4 The fourth day, extraction of protein from cells

(1) Wash cells twice with 4°C 1X PBS;

(2) Scrape cells with 1 ml of 4°C 1X PBS, collect the cell suspension into 1.5
ml collection tube;

(3) Spin 2,000 rpm at 4°C for 5 min, remove PBS, keep the cell pellet;

(4) Gently suspend the cell pellet with 300 pl of RIPA lysis buffer (0.1% SDS,
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0.5% NP40, 0.5% Nadeoxycholate, dilution with 1X PBS);

(5) Incubate on ice for 15 min;

(6) Spin 10,000 rpm at 4°C for 10 min, take supernatant into a new tube;

(7) The protein concentration of each sample was measured with BIO-RAD
protein assay reagent by spectrophotometer;

(8) Store samples at -20°C.
4.3.2.5 Validation of the JOJO-MMP-11/MMP-11-flag plasmids by western blot
analysis.

(1) The protein samples (~20 pg) were mixed with loading buffer 6X (0.3 M
Tris-HCI, 0.6 M DTT, 10% SDS, 0.06% Bromophenol blue, 30% Glycerol). The
mixture was heated at 100°C for 2 min to denature the proteins;

(2) Samples were subjected to electrophoresis in 10% SDS polyacrylamide gel.
After electrophoresis, the samples were transferred to nitrocellulose membrane. PBST
buffer containing 5% non-fat dry milk was used to block non-specific binding for 1hr
at RT;

(3) 1/20,000 diluted anti-MMP-11 (mouse anti-MMP-11 monoclonal antibody,
#5ST4A9, produced in the lab), 1/5,000 diluted anti-GFP (rabbit anti-GFP polyclonal
antibody, Sigma), 1/2,000 anti-flag (rabbit anti-flag polyclonal antibody, Sigma),
1/10,000 anti-B-galactosidase (mouse anti-B-galactosidase polyclonal antibody,
Promega) and 1/10,000 diluted anti-lasp-1 (rabbit anti-lasp-1 polyclonal antibody,
#805, produced in the lab) antibodies were added, respectively. Shake at 4°C O/N;

(4) The samples were washed three times with PBST for 10 min. Then 1/10,000
diluted secondary antibody (mouse anti-rabbit or rabbit anti-mouse, Jackson Immuno
Research) was added, then incubated for 1 hr at RT. The samples were washed two
times with PBST for 10 min,;

(5) Immunoreactive bands were visualized wusing an enhanced
chemiluminescence detection system and Kodak BioMax MR Film. The internal
control was performed using lasp-1 antibody.

4.3.3 Linearization of JOJO-MMP-11 plasmid to generate transgenic mice

There are two cleavage sites for restriction enzyme Sall in JOJO vector (Figure
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4.6 A), which can keep all components from CMV/B-actin promoter to
B-galactosidase completely, and no Sall cutting site in MMP-11 and MMP-11-flag. So,
I selected Sall linearize the JOJO-MMP-11 and JOJO-MMP-11-flag, and checked
results of Sall digestion by electrophoresis (see 4.3.1.3). I selected the 8970 bp
(JOJO-MMP-11) and 8991 bp (JOJO-MMP-11-flag) bands for purification, and
further identified them through electrophoresis, respectively (see 4.3.1.7).

After identification, the linearized and purified JOJO-MMP-11 DNA was given
to animal facility for generation of transgenic mice over-expressing MMP-11.

4.3.4 Identification of MMP-11 transgenic mice

The JOJO-MMP-11 transgenic mouse tails were cut, and checked for GFP
expression under fluorescence microscope.

To further identify the genotype of JOJO-MMP-11 transgenic mice, the genomic
DNA was extracted from tail tissue. I designed two primers that locate in different
exons of mouse MMP-11 gene: the sense primer (primer K: 5’-CCG AAG GGG CAT
CCA GCA CC-3’) locates in exon 5, the antisense primer (primer L: 5’-GCA TCC
ACA GGG CTG GGC AG-3’) locates in exon 6; there is an intron (120 bp) locates
between the two exons. Because the JOJO-MMP-11 transgenic DNA sequence only
contains the coding region (exons) of MMP-11, no intron, the PCR product is 288 bp.
In wild-type, however, the intron (120 bp) is present, so, the PCR product is 408 bp
(for PCR steps see 4.1.2).

4.3.5 Obtention and identification of double transgenic mice

The aP2-Cre-ER'™ transgenic mice were obtained from IGBMC (Daniel
Metzger'’s team), they are of same genetic background (C57Bl/6NTac) as
JOJO-MMP-11 transgenic mice. For identification of aP2-Cre-ER'? transgenic mice,
the sense primer (primer M) is 5°’-GCA TTA CCG GTC GAT GCA ACG AGT GAT
GAG-3’, the antisense primer (primer N) is 5’-GAG TGA ACG AAC CTG GTC
GAA ATC AGT GCG-3’, and the PCR production is about 400 bp (for PCR steps see
4.1.2). To get JOJO-MMP-11-aP2-Cre-ER™? co-transgenic mice via aP2-Cre-ER'
crossing with JOJO-MMP-11 transgenic mice. These mice were genotyped using
MMP-11 primers (see 4.3.4) and Cre primers (see 4.3.5) with PCR.

135



Chapter 5  References

Websites:

NCBI Database: http://www.ncbi.nlm.nih.gov

Biblioinserm Database: http://biblioinserm.inist.fr/

Google: http://www.google.com/

Literatures:

1.

10.

Affolter M, Bellusci S, Itoh N, Shilo B, Thiery JP, Werb Z. Tube or not tube:
remodeling epithelial tissues by branching morphogenesis. Dev Cell. 2003; 4(1):
11-8.

Agrawal S, Anderson P, Durbeej M, van Rooijen N, Ivars F, Opdenakker
G, Sorokin LM. Dystroglycan is selectively cleaved at the parenchymal basement
membrane at sites of leukocyte extravasation in experimental autoimmune
encephalomyelitis. J Exp Med. 2006;203(4):1007-19.

. Ahmad A, Marshall JF, Basset P, Anglard P, Hart IR. Modulation of human

stromelysin 3 promoter activity and gene expression by human breast cancer cells.
Int J Cancer. 1997;73(2):290-6.

Ahn GO, Brown JM. Matrix metalloproteinase-9 is required for tumor
vasculogenesis but not for angiogenesis: role of bone marrow-derived
myelomonocytic cells. Cancer Cell. 2008;13(3):193-205.

Akbari A, Razzaghi Z, Homaee F, Khayamzadeh M, Movahedi M, Akbari ME.
Parity and breastfeeding are preventive measures against breast cancer in Iranian
women. Breast Cancer. 2011;18(1):51-5.

Alexander CM, Hansell EJ, Behrendtsen O, Flannery ML, Kishnani NS, Hawkes
SP, Werb Z. Expression and function of matrix metalloproteinases and their
inhibitors at the maternal-embryonic boundary during mouse embryo implantation.
Development. 1996;122(6):1723-36.

Alexander CM, Reichsman F, Hinkes MT, Lincecum J, Becker KA, Cumberledge
S, Bernfield M. Syndecan-1 is required for Wnt-1-induced mammary
tumorigenesis in mice. Nat Genet. 2000;25(3):329-32.

Alexander CM, Selvarajan S, Mudgett J, Werb Z. Stromelysin-1 regulates
adipogenesis during mammary gland involution. J Cell Biol. 2001; 152(4):
693-703.

Amano T, Fu L, Sahu S, Markey M, Shi YB. Substrate specificity of Xenopus
matrix metalloproteinase stromelysin-3. Int J Mol Med. 2004;14(2):233-9.
Andarawewa KL, Motrescu ER, Chenard MP, Gansmuller A, Stoll I, Tomasetto
C,Rio MC. Stromelysin-3 is a potent negative regulator of adipogenesis
participating to cancer cell-adipocyte interaction/crosstalk at the tumor invasive
front. Cancer Res. 2005;65(23):10862-71.

136



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Andarawewa KL, Rio MC. New insights into MMP function in adipogenesis. In
the cancer degradome (Ed DR Edwards), Spring Science. 2008; pp 353-364.
Andersen K, Mori H, Fata J, Bascom J, Oyjord T, M&landsmo GM, Bissell M.
The metastasis-promoting protein S100A4 regulates mammary branching
morphogenesis. Dev Biol. 2011; 352(2):181-90.

Anderson IC, Sugarbaker DJ, Ganju RK, Tsarwhas DG, Richards WG, Sunday
M, Kobzik L, Shipp MA. Stromelysin-3 is overexpressed by stromal elements in
primary non-small cell lung cancers and regulated by retinoic acid in pulmonary
fibroblasts. Cancer Res. 1995;55(18):4120-6.

Anglard P, Melot T, Guérin E, Thomas G, Basset P. Structure and promoter
characterization of the human stromelysin-3 gene. J Biol Chem. 1995; 270(35):
20337-44.

Apte SS, Olsen BR, Murphy G. The gene structure of tissue inhibitor of
metalloproteinases (TIMP)-3 and its inhibitory activities define the distinct TIMP
gene family. J Biol Chem. 1995;270(24):14313-8.

Ardi VC, Kupriyanova TA, Deryugina EI Quigley JP. Human neutrophils
uniquely release TIMP-free MMP-9 to provide a potent catalytic stimulator of
angiogenesis. Proc Natl Acad Sci U S A. 2007;104(51):20262-7.

Ardi VC, Van den Steen PE, Opdenakker G, Schweighofer B, Deryugina
EL Quigley JP. Neutrophil MMP-9 proenzyme, unencumbered by TIMP-1,
undergoes efficient activation in vivo and catalytically induces angiogenesis via a
basic fibroblast growth factor (FGF-2)/FGFR-2 pathway. J Biol Chem. 2009;
284(38): 25854-66.

Atabai K, Sheppard D, Werb Z. Roles of the innate immune system in mammary
gland remodeling during involution. J Mammary Gland Biol Neoplasia. 2007,
12(1): 37-45.

Baciu PC, Suleiman EA, Deryugina EI, Strongin AY. Membrane type-1 matrix
metalloproteinase (MT1-MMP) processing of pro-alphav integrin regulates
cross-talk between alphavbeta3 and alpha2betal integrins in breast carcinoma
cells. Exp Cell Res. 2003;291(1):167-75.

Balbin M, Fueyo A, Tester AM, Pendas AM, Pitiot AS, Astudillo A, Overall
CM, Shapiro SD, Lopez-Otin C. Loss of collagenase-2 confers increased skin
tumor susceptibility to male mice. Nat Genet. 2003;35(3):252-7.

Ban JY, Kim SK, Kang SW, Yoon KL, Chung JH. Association between
polymorphisms of matrix metalloproteinase 11 (MMP-11) and Kawasaki disease
in the Korean population. Life Sci. 2010;86(19-20):756-9.

Barone I, Catalano S, Gelsomino L, Marsico S, Giordano C, Panza S, Bonofiglio
D, Bossi G, Covington KR, Fuqua SA, Ando S. Leptin mediates tumor-stromal
interactions that promote the invasive growth of breast cancercells. Cancer Res.
2012;72(6):1416-27.

Barrasa JI, Olmo N, Santiago-Gémez A, Lecona E, Anglard P, Turnay J, Lizarbe
MA. Histone deacetylase inhibitors upregulate MMP11 gene expression through
Spl/Smad complexes in human colon adenocarcinoma cells. Biochim Biophys
Acta. 2012;1823(2):570-81.

137



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Basset P, Bellocq JP, Wolf C, Stoll [, Hutin P, Limacher JM, Podhajcer
OL, Chenard MP, Rio MC, Chambon P. A novel metalloproteinase gene
specifically expressed in stromal cells of breast carcinomas. Nature. 1990;
348(6303): 699-704.

Basset P, Bellocq JP, Lefebvre O, No€l A, Chenard MP, Wolf C, Anglard P, Rio
MC. Stromelysin-3: a paradigm for stroma-derived factors implicated in
carcinoma progression. Crit Rev Oncol Hematol. 1997;26(1):43-53.

Berger J, Berger S, Tuoc  TC, D'Amelio M, Cecconi  F, Gorski  JA, Jones
KR, Gruss P, Stoykova A. Conditional activation of Pax6 in the developing cortex
of transgenic mice causes progenitor apoptosis. Development. 2007; 134(7):
1311-22.

Bergers G, Brekken R, McMahon G, Vu TH, Itoh T, Tamaki K, Tanzawa
K, Thorpe P, Itohara S, Werb Z, Hanahan D. Matrix metalloproteinase-9 triggers
the angiogenic switch during carcinogenesis. Nat Cell Biol. 2000;2(10):737-44.
Berry DL, Rose CS, Remo BF, Brown DD. The expression pattern of thyroid
hormone response genes in remodeling tadpole tissues defines distinct growth and
resorption gene expression programs. Dev Biol. 1998;203(1):24-35.

Bochet L, Meulle A, Imbert S, Salles B, Valet P, Muller C.
Cancer-associated adipocytes promotes breast tumor radioresistance. Biochem
Biophys Res Commun. 2011; 411(1):102-6.

Boire A, Covic L, Agarwal A, Jacques S, Sherifi S, Kuliopulos A. PARI is a
matrix metalloprotease-1 receptor that promotes invasion and tumorigenesis of
breast cancer cells. Cell. 2005;120(3):303-13.

Bonacci G, Schopfer FJ, Batthyany CI, Rudolph TK, Rudolph YV, Khoo
NK, Kelley EE, Freeman BA. Electrophilic fatty acids regulate matrix
metalloproteinase activity and expression. J Biol Chem. 2011; 286(18):16074-81.
Boulanger CA, Mack DL, Booth BW, Smith GH. Interaction with the mammary
microenvironment redirects spermatogenic cell fate in vivo. Proc Natl Acad Sci U
S A.2007;104(10):3871-6.

Boulay A, Masson R, Chenard MP, El Fahime M, Cassard L, Bellocq
JP, Sautes-Fridman C, Basset P, Rio MC. High cancer cell death in syngeneic
tumors developed in host mice deficient for the stromelysin-3 matrix
metalloproteinase. Cancer Res. 2001;61(5):2189-93.

Bourboulia D, Stetler-Stevenson WG, Matrix metalloproteinases (MMPs) and
tissue inhibitors of metalloproteinases (TIMPs): Positive and negative regulators
in tumor cell adhesion. Semin Cancer Biol. 2010;20(3):161-8.

Boyd NF, Martin LJ, Yaffe M, Minkin S. Mammographic density. Breast Cancer
Res. 2009;11 Suppl 3:S4.

Brasse D, Mathelin C, Leroux K, Chenard MP, Blaise S, Stoll I, Tomasetto C, Rio
MC. Matrix metalloproteinase 11/stromelysin-3 exerts both activator and
repressor functions during the hematogenous metastatic process in mice. Int J
Cancer. 2010;127(6):1347-55.

Brew K, Nagase H. The tissue inhibitors of metalloproteinases (TIMPs): an
ancient family with structural and functional diversity. Biochim Biophys Acta.

138



38

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

2010;1803(1):55-71.

. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss

DS, Weinrauch Y, Zychlinsky A. Neutrophil extracellular traps kill bacteria.
Science. 2004;303(5663):1532-5.

Brisken C, Kaur S, Chavarria TE, Binart N, Sutherland RL, Weinberg RA, Kelly
PA, Ormandy CJ. Prolactin controls mammary gland development via direct and
indirect mechanisms. Dev Biol. 1999;210(1):96-106.

Brisken C, Duss S. Stem cells and the stem cell niche in the breast: an integrated
hormonal and developmental perspective. Stem Cell Rev. 2007;3(2):147-56.
Brooks PC, Stromblad S, Sanders LC, von Schalscha TL, Aimes
RT, Stetler-Stevenson WG, Quigley JP, Cheresh DA. Localization of matrix
metalloproteinase MMP-2 to the surface of invasive cells by interaction with
integrin alpha v beta 3. Cell. 1996;85(5):683-93.

Brown E, McKee T, diTomaso E, Pluen A, Seed B, Boucher Y, Jain RK. Dynamic
imaging of collagen and its modulation in tumors in vivo using second-harmonic
generation. Nat Med. 2003;9(6):796-800.

Bruyére F, Melen-Lamalle L, Blacher S, Roland G, Thiry M, Moons L, Frankenne
F, Carmeliet P, Alitalo K, Libert C,. et al. Modeling lymphangiogenesis in a
three-dimensional culture system. Nat Methods. 2008;5(5):431-7.

Burns JM, Summers BC, Wang Y, Melikian A, Berahovich R, Miao Z, Penfold
ME, Sunshine MJ, Littman DR, Kuo CJ., et al. A novel chemokine receptor for
SDF-1 and I-TAC involved in cell survival, cell adhesion, and tumor development.
J Exp Med. 2006;203(9):2201-13.

Butcher DT, Alliston T, Weaver VM. A tense situation: forcing tumour progression.
Nat Rev Cancer. 2009;9(2):108-22.

Cannata D, Lann D, Wu Y, Elis S, Sun H, Yakar S, Lazzarino DA, Wood
TL, Leroith D. Elevated circulating IGF-I promotes mammary gland development
and proliferation. Endocrinology. 2010;151(12):5751-61.

Capobianco E, White V,Sosa M, Di Marco I, Basualdo MN, Faingold
MC, Jawerbaum A. Regulation of Matrix Metalloproteinases 2 and 9 Activities by
Peroxynitrites in Term Placentas From Type 2 Diabetic Patients. Reprod Sci. 2012
Feb 16. [Epub ahead of print].

Carter JC, Church FC. Mature breast adipocytes promote breast cancer cell
motility. Exp Mol Pathol. 2012;92(3):312-317.

Caterina NC, Windsor  LJ, Bodden = MK, Yermovsky = AE, Taylor = KB,
Birkedal-Hansen H, Engler JA. Glycosylation and NH2-terminal domain mutants
of the tissue inhibitor of metalloproteinases-1 (TIMP-1). Biochim Biophys
Acta. 1998;1388(1):21-34.

Chepko G, Dickson RB. Ultrastructure of the putative stem cell niche in rat
mammary epithelium. Tissue Cell. 2003;35(2):83-93.

Chin JR, Werb Z. Matrix metalloproteinases regulate morphogenesis, migration
and remodeling of epithelium, tongue skeletal muscle and cartilage in the
mandibular arch. Development. 1997;124(8):1519-30.

Ching S, Kashinkunti S, Niehaus MD, Zinser GM. Mammary adipocytes

139



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

bioactivate 25-hydroxyvitamin D s and signal via vitamin D3 receptor,

modulating mammary epithelial cell growth. J Cell Biochem. 2011; 112(11):
3393-405.

ChuEY,Hens J,Andl T, Kairo A, Yamaguchi TP, Brisken C, Glick
A, Wysolmerski JJ, Millar SE. Canonical WNT signaling promotes mammary
placode development and is essential for initiation of mammary gland
morphogenesis. Development. 2004;131(19):4819-29.

Chun TH, Hotary KB, Sabeh F, Saltiel AR, Allen ED, Weiss SJ. A pericellular
collagenase directs the 3-dimensional development of white adipose tissue.
Cell. 2006;125(3):577-91.

Codony-Servat J, Albanell J, Lopez-Talavera JC, Arribas J, Baselga J. Cleavage of
the HER2 ectodomain is a pervanadate-activable process that is inhibited by the
tissue inhibitor of metalloproteases-1 in breast cancer cells. Cancer Res. 1999;
59(6): 1196-201.

Cole SE, Wiltshire T, Reeves RH. Physical mapping of the evolutionary boundary
between human chromosomes 21 and 22 on mouse chromosome 10. Genomics.
1998;50(1):109-11.

Conant K, St Hillaire C, Nagase H, Visse R, Gary D, Haughey N, Anderson
C, Turchan J, Nath A. Matrix metalloproteinase 1 interacts with neuronal integrins
and stimulates dephosphorylation of Akt. J Biol Chem. 2004;279(9):8056-62.
Cornelius LA, Nehring LC, Harding E, Bolanowski M, Welgus HG, Kobayashi
DK, Pierce RA, Shapiro SD. Matrix metalloproteinases generate angiostatin:
effects on neovascularization. J Immunol. 1998;161(12):6845-52.

Couldrey C, Moitra J, Vinson C, Anver M, Nagashima K, Green J. Adipose tissue:
a vital in vivo role in mammary gland development but not differentiation. Dev
Dyn. 2002;223(4):459-68.

Cowden Dahl KD, Symowicz J, Ning Y, Gutierrez E, Fishman DA, Adley
BP, Stack MS, Hudson LG. Matrix metalloproteinase 9 is a mediator of epidermal
growth factor-dependent e-cadherin loss in ovarian carcinoma cells. Cancer
Res. 2008;68(12):4606-13.

Cowin P, Wysolmerski J. Molecular mechanisms guiding embryonic mammary
gland development. Cold Spring Harb Perspect Biol. 2010;2(6):a003251.

Cox JH, Dean RA, Roberts CR, Overall CM. Matrix metalloproteinase processing
of CXCLI11/I-TAC results in loss of chemoattractant activity and altered
glycosaminoglycan binding. J Biol Chem. 2008;283(28):19389-99.

Crawford HC, Scoggins CR, Washington MK, Matrisian LM, Leach SD. Matrix
metalloproteinase-7 is expressed by pancreatic cancer precursors and regulates
acinar-to-ductal metaplasia in exocrine pancreas. J Clin Invest. 2002; 109(11):
1437-44.

Cribier B, Noacco G, Peltre B, Grosshans E. Stromelysin 3 expression: a useful
marker for the differential diagnosis dermatofibroma versus dermatofibrosarcoma
protuberans. J Am Acad Dermatol. 2002;46(3):408-13.

Crocker SJ, Pagenstecher A, Campbell IL. The TIMPs tango with MMPs and

140



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

more in the central nervous system. J Neurosci Res. 2004;75(1):1-11.
Cruz-Munoz W, Khokha R. The role of tissue inhibitors of metalloproteinases in
tumorigenesis and metastasis. Crit Rev Clin Lab Sci. 2008;45(3):291-338.

Dallas SL, Rosser JL, Mundy GR, Bonewald LF. Proteolysis of latent
transforming growth factor-beta (TGF-beta )-binding protein-1 by osteoclasts. A
cellular mechanism for release of TGF-beta from bone matrix. J Biol Chem. 2002;
277(24): 21352-60.

Damjanovski S, Ishizuya-Oka A, Shi YB. Spatial and temporal regulation of
collagenases-3, -4, and stromelysin -3 implicates distinct functions in apoptosis
and tissue remodeling during frog metamorphosis. Cell Res. 1999;9(2):91-105.
Dao Thi MU, Trocmé C, Montmasson MP, Fanchon E, Toussaint B, Tracqui P.
Investigating Metalloproteinases MMP-2 and MMP-9 Mechanosensitivity to
Feedback Loops Involved in the Regulation of In Vitro Angiogenesis by
Endogenous Mechanical Stresses. Acta Biotheor. 2012 Jan 24. [Epub ahead of
print].

Darcy KM, Zangani D, Shea-Eaton =~ W, Shoemaker ~ SF, Lee = PP, Mead
LH, Mudipalli A, Megan R, Ip MM. Mammary fibroblasts stimulate growth,
alveolar morphogenesis, and functional differentiation of normal rat mammary
epithelial cells. In Vitro Cell Dev Biol Anim. 2000;36(9):578-92.

de Ostrovich KK, Lambertz I, Colby JK, Tian J, Rundhaug JE, Johnston D, Conti
CJ, DiGiovanni J, Fuchs-Young R. Paracrine overexpression of insulin-like
growth factor-1 enhances mammary tumorigenesis in vivo. Am J Pathol. 2008;
173(3): 824-34.

de Visser KE, Eichten A, Coussens LM. Paradoxical roles of the immune system
during cancer development. Nat Rev Cancer. 2006;6(1):24-37.

del Mar Barbacid M, Fernandez-Resa P, Buesa JM, Marquez G, Aracil
M, Quesadaand AR, Mira E. Expression and purification of human stromelysin 1
and 3 from baculovirus-infected insect cells. Protein Expr Purif. 1998; 13(2):
243-50.

Delany AM, Canalis E. Dual regulation of stromelysin-3 by fibroblast growth
factor-2 in murine osteoblasts. J Biol Chem. 1998;273(26):16595-600.

Dennis JW, Granovsky M, Warren CE. Protein glycosylation in development and
disease. Bioessays. 1999;21(5):412-21.

Deryugina EI, Ratnikov BI, Postnova TI, Rozanov DV, Strongin AY. Processing of
integrin alpha(v) subunit by membrane type 1 matrix metalloproteinase stimulates
migration of breast carcinoma cells on vitronectin and enhances tyrosine
phosphorylation of focal adhesion kinase. J Biol Chem. 2002;277(12):9749-56.
Detry B, Erpicum C, Paupert J, Blacher S, Maillard C, Bruyere F, Pendeville
H, Remacle T, Lambert V, Balsat C, et al. Matrix metalloproteinase-2 governs
lymphatic vessel formation as an interstitial collagenase. Blood. 2012 Apr 6.
[Epub ahead of print]

Dirat B, Bochet L, Dabek M, Daviaud D, Dauvillier S, Majed B, Wang
Y'Y, Meulle A, Salles B, Le Gonidec S., et al. Cancer-associated adipocytes exhibit
an activated phenotype and contribute to breast cancer invasion. Cancer Res. 2011;

141



79.

80.

81.

82.

83.

84.

85

86.

87.

88.

89.

90.

91.

92.

93.

71(7): 2455-65.

Dive V, Andarawewa KL, Boulay A, Matziari M, Beau F, Guerin E, Rousseau
B, Yiotakis A, Rio MC. Dosing and scheduling influence the antitumor efficacy of
a phosphinic peptide inhibitor of matrix metalloproteinases. Int J Cancer. 2005;
113(5):775-81.

Dong W, Li H, Zhang Y, Yang H, Guo M, Li L, Liu T. Matrix metalloproteinase 2
promotes cell growth and invasion in colorectal cancer. Acta Biochim Biophys
Sin (Shanghai). 2011;43(11):840-8.

Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke = MF, Kawamura
MIJ, Wicha MS. In vitro propagation and transcriptional profiling of human
mammary stem/progenitor cells. Genes Dev. 2003;17(10):1253-70.

DuR, Lu KV, Petritsch C, Liu P, Ganss R, Passegué E, Song H, Vandenberg
S, Johnson RS, Werb Z, Bergers G. HIFlalpha induces the recruitment of bone
marrow-derived vascular modulatory cells to regulate tumor angiogenesis and
invasion. Cancer Cell. 2008;13(3):206-20.

Dufour A, Sampson NS, Zucker S, Cao J. Role of the hemopexin domain of
matrix metalloproteinases in cell migration. J Cell Physiol. 2008;217(3):643-51.
Dufour A, Sampson NS, Li J, Kuscu C, Rizzo RC, Deleon JL, Zhi J, Jaber N, Liu
E, Zucker S, Cao J. Small-molecule anticancer compounds selectively target the
hemopexin domain of matrix metalloproteinase-9. Cancer Res. 2011; 71(14):
4977-88.

. Dunbar ME, Dann PR, Robinson GW, Hennighausen L, Zhang JP, Wysolmerski JJ.

Parathyroid hormone-related protein signaling is necessary for sexual dimorphism
during embryonic mammary development. Development. 1999;126(16):3485-93.
Dupé V, Ghyselinck NB, Thomazy V, Nagy L, Davies PJ, Chambon P, Mark M.
Essential roles of retinoic acid signaling in interdigital apoptosis and control of
BMP-7 expression in mouse autopods. Dev Biol. 1999;208(1):30-43.

Edwards PA. The use of transplanted mammary gland to study cancer signalling
pathways. Adv Exp Med Biol. 2000;480:163-7.

Egeblad M, Werb Z. New functions for the matrix metalloproteinases in cancer
progression. Nat Rev Cancer. 2002;2(3):161-74.

Ellerbroek SM, Stack MS. Membrane associated matrix metalloproteinases in
metastasis. Bioessays. 1999;21(11):940-9.

Elliott BE, Tam SP, Dexter D, Chen ZQ. Capacity of adipose tissue to promote
growth and metastasis of a murine mammary carcinoma: effect of estrogen and
progesterone. Int J Cancer. 1992;51(3):416-24.

Engel G, Heselmeyer K, Auer G, Biackdahl M, Eriksson E, Linder S. Correlation
between stromelysin-3 mRNA level and outcome of human breast cancer. Int J
Cancer. 1994;58(6):830-5.

English JL, Kassiri  Z, Koskivirta I, Atkinson SJ,Di Grappa M, Soloway
PD, Nagase H, Vuorio E, Murphy G, Khokha R. Individual Timp deficiencies
differentially impact pro-MMP-2 activation. J Biol Chem. 2006;281(15):
10337-46.

Fanelli MF, Chinen LT, Begnami MD, Costa WL Jr, Fregnami JH, Soares

142



FA, Montagnini AL. The influence of transforming growth factor-a,
cyclooxygenase-2, matrix metalloproteinase (MMP)-7, MMP-9 and CXCR4
proteins involved in epithelial-mesenchymal transition on overall survival of
patients with gastric cancer. Histopathology. 2012 May 14. [Epub ahead of print].

94. Fata JE, Leco KJ, Moorehead RA, Martin DC, Khokha R. Timp-1 is important for
epithelial proliferation and branching morphogenesis during mouse mammary
development. Dev Biol. 1999;211(2):238-54.

95. Fata JE, Chaudhary V, Khokha R. Cellular turnover in the mammary gland is
correlated with systemic levels of progesterone and not 17beta-estradiol during the
estrous cycle. Biol Reprod. 2001a;65(3):680-8.

96. Fata JE, Leco KIJ, Voura EB,Yu HY, Waterhouse P, Murphy G, Moorehead
RA, Khokha R. Accelerated apoptosis in the Timp-3-deficient mammary gland. J
Clin Invest. 2001b;108(6):831-41.

97. Fata JE, Werb Z, Bissell MJ. Regulation of mammary gland branching
morphogenesis by the extracellular matrix and its remodeling enzymes. Breast
Cancer Res. 2004;6(1):1-11.

98. Fata JE, Mori H, Ewald AJ, Zhang H, Yao E,Werb Z, Bissell MJ. The
MAPK(ERK-1,2) pathway integrates distinct and antagonistic signals from
TGFalpha and FGF7 in morphogenesis of mouse mammary epithelium. Dey
Biol. 2007;306(1):193-207

99. Fiorentino M, Fu L, Shi YB. Mutational analysis of the cleavage of the
cancer-associated laminin receptor by stromelysin-3 reveals the contribution of
flanking sequences to site recognition and cleavage efficiency. Int J Mol Med.
2009;23(3):389-97.

100. Fitzgerald ML, Wang Z, Park PW, Murphy G, Bernfield M. Shedding of
syndecan-1 and -4 ectodomains is regulated by multiple signaling pathways and
mediated by a TIMP-3-sensitive metalloproteinase. J Cell Biol. 2000;148(4):
811-24.

101. Foley J, Dann P, Hong J, Cosgrove J, Dreyer B, Rimm D, Dunbar M, Philbrick
W, Wysolmerski J. Parathyroid hormone-related protein maintains mammary
epithelial fate and triggers nipple skin differentiation during embryonic breast
development. Development. 2001;128(4):513-25.

102. Friedl P, Wolf K. Tube travel: the role of proteases in individual and collective
cancer cell invasion. Cancer Res. 2008;68(18):7247-9.

103. Fu X, Kassim SY, Parks WC, Heinecke JW. Hypochlorous acid generated by
myeloperoxidase modifies adjacent tryptophan and glycine residues in the
catalytic domain of matrix metalloproteinase-7 (matrilysin): an oxidative
mechanism for restraining proteolytic activity during inflammation. J Biol Chem.
2003; 278(31):28403-9.

104. Gall AL, Ruff M, Kannan R, Cuniasse P, Yiotakis A, Dive V, Rio MC, Basset
P, Moras D. Crystal structure of the stromelysin-3 (MMP-11) catalytic domain
complexed with a phosphinic inhibitor mimicking the transition-state. J Mol Biol.
2001;307(2):577-86.

105. Giannelli G, Falk-Marzillier J, Schiraldi O, Stetler-Stevenson WG, Quaranta V.

143



Induction of cell migration by matrix metalloprotease-2 cleavage of laminin-5.
Science. 1997;277(5323):225-8.

106. Glasheen BM, Kabra AT, Page-McCaw A. Distinct functions for the catalytic
and hemopexin domains of a Drosophila matrix metalloproteinase. Proc Natl
Acad Sci U S A. 2009;106(8):2659-64.

107. Gomez DE, Alonso DF, Yoshiji H, Thorgeirsson UP. Tissue inhibitors of
metalloproteinases: structure, regulation and biological functions. Eur J Cell Biol.
1997;74(2):111-22.

108. Gouon-Evans V, Rothenberg ME, Pollard JW. Postnatal mammary gland
development requires macrophages and eosinophils. Development. 2000; 127(11):
2269-82.

109. Gouon-Evans V, Pollard JW. Unexpected deposition of brown fat in mammary
gland during postnatal development. Mol Endocrinol. 2002; 16(11): 2618-27.

110. Green KA, Lund LR. ECM degrading proteases and tissue remodelling in the
mammary gland. Bioessays. 2005;27(9):894-903.

111. Gregoire FM. dipocyte differentiation: from fibroblast to endocrine cell. Exp
Biol Med (Maywood). 2001;226(11):997-1002.

112. GuY, Zheng G, Xu M, Li Y, Chen X, Zhu W, Tong Y, Chung SK, Liu KJ, Shen J.
Caveolin-1 regulates nitric oxide-mediated matrix metalloproteinases activity and
blood-brain barrier permeability in focal cerebral ischemia and reperfusion injury.
J Neurochem. 2012;120(1):147-56.

113. Guérin E, Ludwig MG, Basset P, Anglard P. Stromelysin-3 induction and
interstitial collagenase repression by retinoic acid. Therapeutical implication of
receptor-selective retinoids dissociating transactivation and AP-1-mediated
transrepression. J Biol Chem. 1997 ;272(17):11088-95.

114. Gutiérrez-Fernandez A, Inada M, Balbin M, Fueyo A, Pitiot AS, Astudillo
A, Hirose K, Hirata M, Shapiro SD, Noél A., et al. Increased inflammation delays
wound healing in mice deficient in collagenase-2 (MMP-8). FASEB J. 2007,
21(10): 2580-91.

115. Gutiérrez-Fernandez A, Fueyo A, Folgueras AR, Garabaya C, Pennington
CJ, Pilgrim S, Edwards DR, Holliday DL, Jones JL, Span PN., et al. Matrix
metalloproteinase-8 functions as a metastasis suppressor through modulation of
tumor cell adhesion and invasion. Cancer Res. 2008;68(8):2755-63.

116. Ha HY, Moon HB, Nam MS, Lee JW, Ryoo ZY, Lee TH, Lee KK, So BJ, Sato
H, Seiki M, Yu DY. Overexpression of membrane-type matrix metalloproteinase-1
gene induces mammary gland abnormalities and adenocarcinoma in transgenic
mice. Cancer Res. 2001;61(3):984-90.

117. Haines P, Samuel GH, Cohen H, Trojanowska M, Bujor AM. Caveolin-1 is a
negative regulator of MMP-1 gene expression in human dermal fibroblasts via
inhibition of Erk1/2/Ets1 signaling pathway. J Dermatol Sci. 2011;64(3):210-6.

118. Halberg N, Wernstedt-Asterholm I, Scherer PE. The adipocyte as an endocrine
cell. Endocrinol Metab Clin North Am. 2008;37(3):753-68.

119. Hamano Y, Zeisberg M, Sugimoto H, Lively JC, Maeshima Y, Yang C, Hynes
RO, Werb Z, Sudhakar A, Kalluri R. Physiological levels of tumstatin, a fragment

144



of collagen IV alpha3 chain, are generated by MMP-9 proteolysis and suppress
angiogenesis via alphaV beta3 integrin. Cancer Cell. 2003;3(6):589-601.

120. Hannemann J, Velds A, Halfwerk JB, Kreike B, Peterse JL, van de Vijver MJ.
Classification of ductal carcinoma in situ by gene expression profiling. Breast
Cancer Res. 2006;8(5):R61.

121. Haro H, Crawford HC, Fingleton B, Shinomiya K, Spengler DM, Matrisian LM.
Matrix metalloproteinase-7-dependent release of tumor necrosis factor-alpha in a
model of herniated disc resorption. J Clin Invest. 2000;105(2):143-50.

122. Harvell DM, Strecker TE, Tochacek M, Xie B, Pennington KL, McComb
RD, Roy SK, Shull JD. Rat strain-specific actions of 17beta-estradiol in
the mammary gland: correlation betweenestrogen-induced lobuloalveolar
hyperplasia and susceptibility to estrogen-induced mammarycancers. Proc Natl
Acad Sci U S A. 2000;97(6):2779-84.

123. Hebbard LW, Garlatti M, Young LJ, Cardiff RD, Oshima RG, Ranscht B.
T-cadherin supports angiogenesis and adiponectin association with the vasculature
in a mouse mammary tumor model. Cancer Res. 2008;68(5):1407-16.

124. Heldin CH, Landstrém M, Moustakas A. Mechanism of TGF-beta signaling to
growth arrest, apoptosis, and epithelial-mesenchymal transition. Curr Opin Cell
Biol. 2009;21(2):166-76.

125. Heljasvaara R, Nyberg P, Luostarinen J, Parikka M, Heikkild P, Rehn M, Sorsa
T, Salo T, Pihlajaniemi T. Generation of biologically active endostatin fragments
from human collagen XVIII by distinct matrix metalloproteases. Exp Cell Res.
2005;307(2):292-304.

126. Hens JR, Wysolmerski JJ. Key stages of mammary gland development:
molecular mechanisms involved in the formation of the embryonic mammary
gland. Breast Cancer Res. 2005;7(5):220-4.

127. Hernandez-Barrantes S, Toth M, Bernardo MM, Yurkova M, Gervasi DC, Raz
Y, Sang QA, Fridman R. Binding of active (57 kDa) membrane type 1-matrix
metalloproteinase (MT1-MMP) to tissue inhibitor of metalloproteinase (TIMP)-2
regulates MT1-MMP processing and pro-MMP-2 activation. J Biol Chem. 2000;
275(16):12080-9.

128. Heuberger B, Fitzka I, Wasner G, Kratochwil K. Induction of androgen receptor
formation by epithelium-mesenchyme interaction in embryonic mouse mammary
gland. Proc Natl Acad Sci U S A. 1982;79(9):2957-61.

129. Hinck L, Silberstein GB. Key stages in mammary gland development: the
mammary end bud as a motile organ. Breast Cancer Res. 2005;7(6):245-51.

130. Hojilla CV, Mohammed FF, Khokha R. Matrix metalloproteinases and their
tissue inhibitors direct cell fate during cancer development. Br J
Cancer. 2003;89(10): 1817-21.

131. Hojilla CV, Kim [, Kassiri Z, Fata JE, Fang H, Khokha R. Metalloproteinase
axes increase beta-catenin signaling in primary mouse mammary epithelial cells
lacking TIMP3. J Cell Sci. 2007;120(Pt 6):1050-60.

132. Holtz B, Cuniasse P, Boulay A, Kannan R, Mucha A, Beau F, Basset P, Dive V.
Role of the S1' subsite glutamine 215 in activity and specificity of stromelysin-3

145



by site-directed mutagenesis. Biochemistry. 1999;38(37):12174-9.

133. Horiuchi K, Kimura T, Miyamoto T, Takaishi H, Okada Y, Toyama Y, Blobel CP.
Cutting edge: TNF-alpha-converting enzyme (TACE/ADAMI17) inactivation in
mouse myeloid cells prevents lethality from endotoxin shock. J Immunol. 2007,
179(5):2686-9.

134. Houghton AM, Grisolano  JL, Baumann ML, Kobayashi = DK, Hautamaki
RD, Nehring LC, Cornelius LA, Shapiro SD. Macrophage elastase (matrix
metalloproteinase-12) suppresses growth of lung metastases. Cancer Res. 2006;
66(12):6149-55.

135. Houghton AM, Hartzell WO, Robbins CS, Gomis-Riith FX, Shapiro SD.
Macrophage elastase kills bacteria within murine macrophages. Nature. 2009;
460(7255): 637-41.

136. Hovey RC, Aimo L. Diverse and active roles for adipocytes during mammary
gland growth and function. J Mammary Gland Biol Neoplasia. 2010; 15(3):
279-90.

137. Howlett AR, Bissell MJ. The influence of tissue microenvironment (stroma and
extracellular matrix) on the development and function of mammary epithelium.
Epithelial Cell Biol. 1993;2(2):79-89.

138. Hsich CW, Millward CA, DeSantis D, Pisano S, Machova J, Perales JC,
Croniger CM. Reduced milk triglycerides in mice lacking phosphoenolpyruvate
carboxykinase in mammary gland adipocytes and white adipose tissue contribute
to the development of insulin resistance in pups. J Nutr. 2009;139(12): 2257-65.

139. Hu X, Juneja SC, Maihle NJ, Cleary MP. Leptin--a growth factor in normal and
malignant breast cells and for normal mammary gland development. J Natl
Cancer Inst. 2002;94(22):1704-11.

140. Hynes NE, Lane HA. ERBB receptors and cancer: the complexity of targeted
inhibitors. Nat Rev Cancer. 2005;5(5):341-54.

141. Tllman SA, Lehti K, Keski-Oja J, Lohi J. Epilysin (MMP-28) induces TGF-beta
mediated epithelial to mesenchymal transition in lung carcinoma cells. J Cell
Sci. 2006;119(Pt 18):3856-65.

142. Imai T, Jiang M, Chambon P, Metzger D. Impaired adipogenesis and lipolysis in
the mouse upon selective ablation of the retinoid X receptor alpha mediated by a
tamoxifen-inducible chimeric Cre recombinase (Cre-ERT2) in adipocytes. Proc
Natl Acad Sci U S A. 2001;98(1):224-8.

143. Ingman WV, Wyckoft J, Gouon-Evans V, Condeelis J, Pollard JW. Macrophages
promote collagen fibrillogenesis around terminal end buds of the developing
mammary gland. Dev Dyn. 2006;235(12):3222-9.

144. Ishizuya-Oka A, Ueda S, Shi YB. Transient expression of stromelysin-3 mRNA
in the amphibian small intestine during metamorphosis. Cell Tissue Res.
1996;283(2):325-9.

145. Ishizuya-Oka A, Li Q, Amano T, Damjanovski S, Ueda S, Shi YB. Requirement
for matrix metalloproteinase stromelysin-3 in cell migration and apoptosis during
tissue remodeling in Xenopus laevis. J Cell Biol. 2000; 150(5): 1177-88.

146. Islekel H, Oktay G, Terzi C, Canda AE, Fiiziin M, Kiipelioglu A. Matrix

146



metalloproteinase-9,-3 and tissue inhibitor of matrix metalloproteinase-1 in
colorectal cancer: relationship to clinicopathological variables. Cell Biochem
Funct. 2007;25(4):433-41.

147. Tyengar P, Combs TP, Shah SJ, Gouon-Evans V, Pollard JW, Albanese
C, Flanagan L, Tenniswood MP, Guha C, Lisanti MP., et al. Adipocyte-secreted
factors synergistically promote mammary tumorigenesis through induction of
anti-apoptotic transcriptional programs and proto-oncogene stabilization.
Oncogene. 2003;22(41):6408-23.

148. Iyengar P, Espina V, Williams TW, Lin Y, Berry D, Jelicks LA, Lee H, Temple K,
Graves R, Pollard J,. et al. Adipocyte-derived collagen VI affects early mammary
tumor progression in vivo, demonstrating a critical interaction in the tumor/stroma
microenvironment. J Clin Invest. 2005;115(5):1163-76.

149. Jenkins G. The role of proteases in transforming growth factor-beta activation.
Int J Biochem Cell Biol. 2008;40(6-7):1068-78.

150. Jodele S, Blavier L, Yoon JM, DeClerck YA. Modifying the soil to affect the
seed: role of stromal-derived matrix metalloproteinases in cancer progression.
Cancer Metastasis Rev. 2006;25(1):35-43.

151. Kajita M, Itoh Y, Chiba T, Mori H, Okada A, Kinoh H, Seiki M. Membrane-type
1 matrix metalloproteinase cleaves CD44 and promotes cell migration. J Cell
Biol. 2001;153(5):893-904.

152. KangY, Siegel PM, Shu W, Drobnjak M, Kakonen SM, Cordon-Cardo C, Guise
TA, Massagué J. A multigenic program mediating breast cancer metastasis to bone.
Cancer Cell. 2003;3(6):537-49.

153. Kannan R, Ruff M, Kochins JG, Manly SP, Stoll I, El Fahime M, Noé&l A,
Foidart JM, Rio MC, Dive V, Basset P. Purification of active matrix
metalloproteinase catalytic domains and its use for screening of specific
stromelysin-3 inhibitors. Protein Expr Purif. 1999;16(1):76-83.

154. Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent L, Costa C,
MacDonald DD, Jin DK, Shido K, Kerns SA,. Et al. VEGFRI1-positive
haematopoietic bone marrow progenitors initiate the pre-metastatic niche. Nature.
2005;438(7069):820-7.

155. Kassiri Z, Defamie 'V, Hariri M, Oudit GY, Anthwal S, Dawood F, Liu
P, Khokha R. Simultaneous transforming growth factor beta-tumor necrosis factor
activation and cross-talk cause aberrant remodeling response and myocardial
fibrosis in Timp3-deficient heart. J Biol Chem. 2009;284(43):29893-904.

156. Keely PJ, Wu JE, Santoro SA. The spatial and temporal expression of the alpha
2 beta 1 integrin and its ligands, collagen I,collagen IV, and laminin, suggest
important roles in mouse mammary morphogenesis. Differentiation. 1995; 59(1):
1-13.

157. Kelsey JL, Gammon MD, John EM. Reproductive factors and breast cancer.
Epidemiol Rev. 1993;15(1):36-47.

158. Kesanakurti D, Chetty C, Dinh DH, Gujrati M, Rao JS. Role of MMP-2 in the
regulation of IL-6/Stat3 survival signaling via interaction with a581 integrin in
glioma. Oncogene. 2012 Feb 20. [Epub ahead of print].

147



159. Kessenbrock K, Krumbholz M, Schonermarck U, Back W, Gross WL, Werb
Z, Grone HJ, Brinkmann V, Jenne DE. Netting neutrophils in autoimmune
small-vessel vasculitis. Nat Med. 2009;15(6):623-5.

160. Kessenbrock K, Plaks V, Werb Z. Matrix metalloproteinases: regulators of the
tumor microenvironment. Cell. 2010;141(1):52-67.

161. Khan KM, Kothari P,Du B, Dannenberg AJ, Falcone DJ. Matrix
metalloproteinase-dependent microsomal prostaglandin E synthase-1 expression
in macrophages: role of TNF-a and the EP4 prostanoid receptor. J Immunol. 2012;
188(4):1970-80.

162. Khialeeva E, Lane TF, Carpenter EM. Disruption of reelin signaling alters
mammary gland morphogenesis. Development. 2011;138(4):767-76.

163. Khokha R, Werb Z. Mammary gland reprogramming: metalloproteinases couple
form with function. Cold Spring Harb Perspect Biol. 2011;3(4). pii: a004333.

164. Kim HJ, Lee JY, Kim SH, Seo YJ, Lee JH, Park JK, Kim MH, Cinn YW, Cho
KH, Yoon TY. Stromelysin-3 expression in the differential diagnosis of
dermatofibroma and dermatofibrosarcoma protuberans: comparison with factor
XllIIa and CD34. Br J Dermatol. 2007;157(2):319-24.

165. Kim JH, Kim KY, Jeon JH, Lee SH, Hwang JE, Lee JH, Kim KK, Lim JS,
Kim KI, Moon EY., Adipocyte culture medium stimulates production of
macrophage inhibitory cytokine 1 in MDA-MB-231 cells. Cancer Lett. 2008;
261(2): 253-62.

166. Kimijima I, Ohtake T, Sagara H, Watanabe T, Takenoshita S. Scattered fat
invasion: an indicator for poor prognosis in premenopausal, and for positive
estrogen receptor in postmenopausal breast cancer patients. Oncology. 2000;59
Suppl 1:25-30.

167. Kirmse R, Otto H, Ludwig T. The extracellular matrix remodeled:
Interdependency of matrix proteolysis, cell adhesion, and force sensing. Commun
Integr Biol. 2012;5(1):71-3.

168. Konttinen YT, Ainola M, Valleala H,Ma J,Ida H, Mandelin J, Kinne
RW, Santavirta S, Sorsa T, Lopez-Otin C, Takagi M. Analysis of 16 different
matrix metalloproteinases (MMP-1 to MMP-20) in the synovial membrane:
different profiles in trauma and rheumatoid arthritis. Ann Rheum Dis. 1999;
58(11):691-7.

169. Koo BH,Kim YH,Han JH,Kim DS. Dimerization of matrix
metalloproteinase-2(MMP-2): functional implication in MMP-2 activation. J Biol
Chem. 2012 May 10. [Epub ahead of print].

170. Koshikawa N, Giannelli G, Cirulli V, Miyazaki K, Quaranta V. Role of cell
surface metalloprotease MT1-MMP in epithelial cell migration over laminin-5. J
Cell Biol. 2000;148(3):615-24.

171. Kurley SJ, Bierie B, Carnahan RH, Lobdell NA, Davis MA, Hofmann I, Moses
HL, Muller WJ, Reynolds AB. p120-catenin is essential for terminal end bud
function and mammary morphogenesis. Development. 2012;139(10):1754-64.

172. Landskroner-Eiger S, Qian B, Muise ES, Nawrocki AR, Berger JP, Fine
EJ, Koba W, Deng Y, Pollard JW, Scherer PE. Proangiogenic contribution of

148



adiponectin toward mammary tumor growth in vivo. Clin Cancer
Res. 2009;15(10):3265-76.

173. Landskroner-Eiger S, Park J, Israel D, Pollard JW, Scherer PE. Morphogenesis
of the developing mammary gland: stage-dependent impact of adipocytes. Dev
Biol. 2010;344(2):968-78.

174. Langenskiold M, Holmdahl L, Falk P, Ivarsson ML. Increased plasma MMP-2
protein expression in lymph node-positive patients with colorectal cancer. Int J
Colorectal Dis. 2005;20(3):245-52.

175. Langton KP, Barker MD, McKie N. Localization of the functional domains of
human tissue inhibitor of metalloproteinases-3 and the effects of a Sorsby's fundus
dystrophy mutation. J Biol Chem. 1998;273(27):16778-81.

176. Le Maux Chansac B, Miss¢ D, Richon C, Vergnon I, Kubin M, Soria
JC, Moretta A, Chouaib S, Mami-Chouaib F. Potentiation of NK cell-mediated
cytotoxicity in human lung adenocarcinoma: role of NKG2D-dependent pathway.
Int Immunol. 2008;20(7):801-10.

177. Lee EY, Parry G, Bissell MJ. Modulation of secreted proteins of mouse
mammary epithelial cells by the collagenous substrata. J Cell Biol. 1984; 98(1):
146-55.

178. Lee PP, Hwang JJ, Murphy G, Ip MM. Functional significance of MMP-9 in
tumor necrosis factor-induced proliferation and branching morphogenesis of
mammary epithelial cells. Endocrinology. 2000;141(10):3764-73.

179. Lee S, Jilani SM, Nikolova GV, Carpizo D, Iruela-Arispe ML. Processing of
VEGF-A by matrix metalloproteinases regulates bioavailability and vascular
patterning in tumors. J Cell Biol. 2005;169(4):681-91.

180. Lefebvre O, Wolf C, Limacher JM, Hutin P, Wendling C, LeMeur M, Basset
P, Rio MC. The breast cancer-associated stromelysin-3 gene is expressed during
mouse mammary gland apoptosis. J Cell Biol. 1992;119(4):997-1002.

181. Lefebvre O, Régnier C, Chenard MP, Wendling C, Chambon P, Basset P, Rio
MC. Developmental expression of mouse stromelysin-3 mRNA. Development.
1995;121(4):947-55.

182. Levi E, Fridman R, Miao HQ,Ma YS, Yayon A, Vlodavsky I. Matrix
metalloproteinase 2 releases active soluble ectodomain of fibroblast growth factor
receptor 1. Proc Natl Acad Sci U S A. 1996;93(14):7069-74.

183. Levy A, Zucman J, Delattre O, Mattei MG, Rio MC, Basset P. Assignment of the
human stromelysin 3 (STMY3) gene to the ql1.2 region of chromosome 22.
Genomics. 1992;13(3):881-3.

184. LiJ, Liang VC, Sedgwick T, Wong J, Shi YB. Unique organization and
involvement of GAGA factors in transcriptional regulation of the Xenopus
stromelysin-3 gene. Nucleic Acids Res. 1998;26(12):3018-25.

185. Li J,Lau GK, Chen L, Dong SS,Lan HY, Huang XR, Li Y, Luk JM, Yuan
YF, Guan XY. Interleukin 17A promotes hepatocellular carcinoma metastasis via
NF-kB induced matrix metalloproteinases 2 and 9 expression. PLoS One. 2011,
6(7):e21816.

186. Li M, Li Q, Gao X. Expression and function of leptin and its receptor in dairy

149



goat mammary gland. J Dairy Res. 2010;77(2):213-9.

187. LiQ, Park PW, Wilson CL, Parks WC. Matrilysin shedding of syndecan-1
regulates chemokine mobilization and transepithelial efflux of neutrophils in acute
lung injury. Cell. 2002;111(5):635-46.

188. Lijnen HR, Van Hoef B, Vanlinthout I, Verstreken M, Rio MC, Collen D.
Accelerated neointima formation after vascular injury in mice with stromelysin-3
(MMP-11) gene inactivation. Arterioscler Thromb Vasc Biol. 1999; 19(12):
2863-70.

189. Lijnen HR, Van Hoef B, Collen D. Inactivation of the serpin
alpha(2)-antiplasmin by stromelysin-1. Biochim Biophys Acta. 2001;1547(2):
206-13.

190. Lijnen HR, Van HB, Frederix L, Rio MC, Collen D. Adipocyte hypertrophy in
stromelysin-3 deficient mice with nutritionally induced obesity. Thromb
Haemost. 2002;87(3):530-5.

191. Lin CY, Tsai PH, Kandaswami CC, Lee PP, Huang CJ, Hwang JJ, Lee MT.
Matrix metalloproteinase-9 cooperates with transcription factor Snail to
induce epithelial-mesenchymal transition. Cancer Sci. 2011;102(4):815-27.

192. Lin WW, Karin M. A cytokine-mediated link between innate immunity,
inflammation, and cancer. J Clin Invest. 2007;117(5):1175-83.

193. Littlepage LE, Sternlicht MD, Rougier N, Phillips J, Gallo E, Yu Y, Williams
K, Brenot A, Gordon JI, Werb Z. Matrix metalloproteinases contribute distinct
roles in neuroendocrine prostate carcinogenesis, metastasis, and angiogenesis
progression. Cancer Res. 2010;70(6):2224-34.

194. Liu Z, Zhou X, Shapiro SD, Shipley JM, Twining SS, Diaz LA, Senior
RM, Werb Z. The serpin alphal-proteinase inhibitor is a critical substrate for
gelatinase B/MMP-9 in vivo. Cell. 2000;102(5):647-55.

195. Liu Z, Ivanoff A, Klominek J. Expression and activity of matrix
metalloproteases in human malignant mesothelioma cell lines. Int J Cancer. 2001;
91(5):638-43.

196. Lochter A, Galosy S, Muschler J, Freedman N, Werb Z, Bissell MJ. Matrix
metalloproteinase stromelysin-1 triggers a cascade of molecular alterations that
leads to stable epithelial-to-mesenchymal conversion and a premalignant
phenotype in mammary epithelial cells. J Cell Biol. 1997;139(7):1861-72.

197. Lohi J, Wilson CL, Roby JD, Parks WC. Epilysin, a novel human matrix
metalloproteinase (MMP-28) expressed in testis and keratinocytes and in response
to injury. J Biol Chem. 2001; 276(13):10134-44.

198. Lu P, Sternlicht MD, Werb Z. Comparative mechanisms of branching
morphogenesis in diverse systems. J Mammary Gland Biol Neoplasia. 2006;
11(3-4):213-28.

199. Lu P, Werb Z. Patterning mechanisms of branched organs. Science. 2008; 322
(5907):1506-9.

200. Lu X, Wang Q, Hu G, Van Poznak C, Fleisher M, Reiss M, Massagué J, Kang Y.
ADAMTSI and MMP1 proteolytically engage EGF-like ligands in an osteolytic
signaling cascade for bone metastasis. Genes Dev. 2009; 23(16): 1882-94.

150



201. Ludwig MG, Basset P, Anglard P. Multiple regulatory elements in the murine
stromelysin-3 promoter. Evidence for direct control by CCAAT/enhancer-binding
protein beta and thyroid and retinoid receptors. J Biol Chem. 2000; 275(51):
39981-90.

202. Luehr I, Friedl A, Overath T, Tholey A, Kunze T, Hilpert F, Sebens S, Arnold
N, Roesel F, Oberg HH, et al. Mammary fibroblasts regulate morphogenesis of
normal and tumorigenic breast epithelial cells bymechanical and paracrine signals.
Cancer Lett. 2012 Jul 6. [Epub ahead of print]

203. Lund LR, Remer J, Thomasset N, Solberg H, Pyke C, Bissell MJ, Dang K, Werb
Z. Two distinct phases of apoptosis in mammary gland involution:
proteinase-independent and -dependent pathways. Development. 1996;122(1):
181-93.

204. Lund LR, Bjern SF, Sternlicht MD, Nielsen BS, Solberg H, Usher PA, Osterby
R, Christensen 1J, Stephens RW, Bugge TH., et al. Lactational competence and
involution of the mouse mammary gland require plasminogen. Development.
2000;127(20):4481-92.

205. Luo D, Guérin E, Ludwig MG, Stoll I, Basset P, Anglard P. Transcriptional
induction of stromelysin-3 in mesodermal cells is mediated by an upstream
CCAAT/enhancer-binding  protein  element associated with a DNase
I-hypersensitive site. J Biol Chem. 1999;274(52):37177-85.

206. Luo D, Mari B, Stoll I, Anglard P. Alternative splicing and promoter usage
generates an intracellular stromelysin 3 isoform directly translated as an active
matrix metalloproteinase. J Biol Chem. 2002;277(28):25527-36.

207. Luo JL, Maeda S, Hsu LC, Yagita H, Karin M. Inhibition of NF-kappaB in
cancer cells converts inflammation- induced tumor growth mediated by TNFalpha
to TRAIL-mediated tumor regression. Cancer Cell. 2004;6(3):297-305.

208. Lynch CC, Hikosaka A, Acuff HB, Martin MD, Kawai N, Singh
RK, Vargo-Gogola TC, Begtrup JL, Peterson TE, Fingleton B,, et al. MMP-7
promotes prostate cancer-induced osteolysis via the solubilization of RANKL.
Cancer Cell. 2005;7(5):485-96.

209. Ma XJ, Dahiya S, Richardson E, Erlander M, Sgroi DC Gene expression
profiling of the tumor microenvironment during breast cancer progression. Breast
Cancer Res. 2009;11(1):R7.

210. Maeda K, Okubo K, Shimomura I, Mizuno K, Matsuzawa Y, Matsubara K.
Analysis of an expression profile of genes in the human adipose tissue.
Gene. 1997;190(2):227-35.

211. Maeda K, Cao H, Kono K, Gorgun CZ, Furuhashi M, Uysal KT, Cao Q, Atsumi
G, Malone H, Krishnan B, Adipocyte/macrophage fatty acid binding proteins
control integrated metabolic responses inobesity and diabetes. Cell Metab. 2005;
1(2):107-19.

212. Manabe Y, Toda S, Miyazaki K, Sugihara H. Mature adipocytes, but not
preadipocytes, promote the growth of breast carcinoma cells in collagen gel
matrix culture through cancer-stromal cell interactions. J Pathol. 2003; 201(2):
221-8.

151



213. Mafies S, Mira E,Barbacid MM, Ciprés A, Ferndndez-Resa P, Buesa
JM, Mérida I, Aracil M, Marquez G, Martinez-A C. Identification of insulin-like
growth factor-binding protein-1 as a potential physiological substrate for human
stromelysin-3. J Biol Chem. 1997;272(41):25706-12.

214. Mafies S, Llorente M, Lacalle RA, Gomez-Moutéon C, Kremer L, Mira
E, Martinez-A C. The matrix metalloproteinase-9 regulates the insulin-like growth
factor-triggered autocrine response in DU-145 carcinoma cells. J Biol
Chem. 1999;274(11):6935-45.

215. Manicone AM, McGuire JK. Matrix metalloproteinases as modulators of
inflammation. Semin Cell Dev Biol. 2008;19(1):34-41.

216. Maquoi E, Assent D, Detilleux J, Pequeux C, Foidart JM, Noél A. MT1-MMP
protects breast carcinoma cells against type [ collagen-induced apoptosis.
Oncogene. 2012;31(4):480-93.

217. Maquoi E, Polette M, Nawrocki B, Bischof P, No€l A, Pintiaux A, Santavicca
M, Schaaps JP, Pijnenborg R, Birembaut P, Foidart JM. Expression of
stromelysin-3 in the human placenta and placental bed. Placenta. 1997; 18(4):
277-85.

218. Mari BP, Anderson IC, Mari SE, Ning Y, Lutz Y, Kobzik L, Shipp MA.
Stromelysin-3 is induced in tumor/stroma cocultures and inactivated via a
tumor-specific and basic fibroblast growth factor-dependent mechanism. J Biol
Chem. 1998;273(1):618-26.

219. Martin DC, Fowlkes JL, Babic B, Khokha R. Insulin-like growth factor II
signaling in neoplastic proliferation is blocked by transgenic expression of the
metalloproteinase inhibitor TIMP-1. J Cell Biol. 1999;146(4):881-92.

220. Massagué J. TGFbeta in Cancer. Cell. 2008;134(2):215-30.

221. Masson R, Lefebvre O, Noél A, Fahime ME, Chenard MP, Wendling C, Kebers
F, LeMeur M, Dierich A, Foidart JM, et al., In vivo evidence that the
stromelysin-3 metalloproteinase contributes in a paracrine manner to epithelial
cell malignancy. J Cell Biol. 1998;140(6):1535-41.

222. Masso-Welch PA, Merhige PM, Veeranki OL, Kuo SM. Loss of IL-10 decreases
mouse postpubertal mammary gland development in the absence of inflammation.
Immunol Invest. 2012;41(5):521-37.

223. Matziari M, Dive V, Yiotakis A. Matrix metalloproteinase 11 (MMP-11;
stromelysin-3) and synthetic inhibitors. Med Res Rev. 2007;27(4):528-52.

224. McCave EJ, Cass CA, Burg KJ, Booth BW. The normal microenvironment
directs mammary gland development. J Mammary Gland Biol Neoplasia. 2010;
15(3):291-9.

225. McQuibban GA, Gong JH, Wong JP, Wallace JL, Clark-Lewis I, Overall CM.
Matrix metalloproteinase processing of monocyte chemoattractant proteins
generates CC chemokine receptor antagonists with anti-inflammatory properties in
vivo. Blood. 2002;100(4):1160-7.

226. Mentzel T, Brown LF, Dvorak HF, Kuhnen C, Stiller KJ, Katenkamp D, Fletcher
CD. The association between tumour progression and vascularity in
myxofibrosarcoma and myxoid/round cell liposarcoma. Virchows Arch. 2001;

152



438(1): 13-22.

227. Mitsiades N, Yu ~ WH, Poulaki V, Tsokos M, Stamenkovic 1. Matrix
metalloproteinase-7-mediated cleavage of Fas ligand protects tumor cells from
chemotherapeutic drug cytotoxicity. Cancer Res. 2001;61(2):577-81.

228. Miyamoto S, Yano K, Sugimoto S, Ishii G, Hasebe T, Endoh Y, Kodama
K, Goya M, Chiba T, Ochiai A. Matrix metalloproteinase-7 facilitates
insulin-like growth factor bioavailability through its proteinase activity on
insulin-like growth factor binding protein 3. Cancer Res. 2004;64(2):665-71.

229. Miyoshi Y, Funahashi T, Tanaka S, Taguchi T, Tamaki Y, Shimomura I, Noguchi
S. High expression of leptin receptor mRNA in breast cancer tissue predicts poor
prognosis for patients with high, but not low, serum leptin levels. Int J
Cancer. 2006;118(6):1414-9.

230. Mohammed FF, Smookler DS, Taylor SE, Fingleton B, Kassiri Z, Sanchez
OH, English JL, Matrisian LM, Au B, Yeh WC, Khokha R. Abnormal TNF
activity in Timp3-/- mice leads to chronic hepatic inflammation and failure of liver
regeneration. Nat Genet. 2004;36(9):969-77.

231. Mohammed FF, Khokha R. Thinking outside the cell: proteases regulate
hepatocyte division. Trends Cell Biol. 2005;15(10):555-63.

232. Mohammed FF, Pennington CJ, Kassiri Z, Rubin JS, Soloway PD, Ruther
U, Edwards DR, Khokha R. Metalloproteinase inhibitor TIMP-1 affects
hepatocyte cell cycle via HGF activation in murine liver regeneration. Hepatology.
2005;41(4):857-67.

233. Moitra J, Mason MM, Olive M, Krylov D, Gavrilova O, Marcus-Samuels B,
Feigenbaum L, Lee E, Aoyama T, Eckhaus M., et al. Life without white fat: a
transgenic mouse. Genes Dev. 1998;12(20):3168-81.

234. Monks J, Smith-Steinhart C, Kruk ER, Fadok VA, Henson PM. Epithelial cells
remove apoptotic epithelial cells during post-lactation involution of the mouse
mammary gland. Biol Reprod. 2008;78(4):586-94.

235. Moore CS, Crocker SJ. An alternate perspective on the roles of TIMPs and
MMPs in pathology. Am J Pathol. 2012;180(1):12-6.

236. Moore L, Fan D, Basu R, Kandalam V, Kassiri Z. Tissue inhibitor of
metalloproteinases (TIMPs) in heart failure. Heart Fail Rev. 2011 Jun 30. [Epub
ahead of print].

237. Moraes RC, Chang H, Harrington N, Landua  JD, Prigge JT, Lane
TF, Wainwright BJ, Hamel PA, Lewis MT. Ptchl is required locally for mammary
gland morphogenesis and systemically for ductal elongation. Development. 2009,
136(9):1423-32.

238. Mori H, Gjorevski N, Inman JL, Bissell MJ, Nelson CM. Self-organization of
engineered epithelial tubules by differential cellular motility. Proc Natl Acad Sci
US A. 2009;106(35):14890-5.

239. Motrescu ER, Blaise S, Etique N, Messaddeq N, Chenard MP, Stoll I, Tomasetto
C, Rio MC. Matrix metalloproteinase-11/stromelysin-3 exhibits collagenolytic
function against collagen VI under normal and malignant conditions. Oncogene.
2008;27(49):6347-55.

153



240. Motrescu ER, Rio MC. Cancer cells, adipocytes and matrix metalloproteinase
11: a vicious tumor progression cycle. Biol Chem. 2008; 389(8): 1037-41.

241. Mu D, Cambier S, Fjellbirkeland L, Baron JL, Munger JS, Kawakatsu
H, Sheppard D, Broaddus VC, Nishimura SL. The integrin alpha(v)beta8 mediates
epithelial homeostasis through MT1-MMP-dependent activation of TGF-betal. J
Cell Biol. 2002;157(3):493-507.

242. Mucha A, Cuniasse P, Kannan R, Beau F, Yiotakis A, Basset P, Dive V.
Membrane type-1 matrix metalloprotease and stromelysin-3 cleave more
efficiently synthetic substrates containing unusual amino acids in their P1'
positions. J Biol Chem. 1998;273(5):2763-8.

243. Mueller MM, Fusenig NE. Tumor-stroma interactions directing phenotype and
progression of epithelial skin tumor cells. Differentiation. 2002; 70(9-10):
486-97.

244. Murphy G, Segain JP, O'Shea M, Cockett M, Ioannou C, Lefebvre O, Chambon
P, Basset P. The 28-kDa N-terminal domain of mouse stromelysin-3 has the
general properties of a weak metalloproteinase. J Biol Chem. 1993; 268(21):
15435-41.

245. Murphy G. The ADAMs: signalling scissors in the tumour microenvironment.
Nat Rev Cancer. 2008;8(12):929-41.

246. Murphy G, Murthy A, Khokha R. Clipping, shedding and RIPping keep
immunity on cue. Trends Immunol. 2008;29(2):75-82.

247. Murphy G, Nagase H. Progress in matrix metalloproteinase research. Mol
Aspects Med. 2008;29(5):290-308.

248. Murphy GJ, Murphy G, Reynolds JJ. The origin of matrix metalloproteinases
and their familial relationships. FEBS Lett. 1991;289(1):4-7.

249. Nagase H, Visse R, Murphy G. Structure and function of matrix
metalloproteinases and TIMPs. Cardiovasc Res. 2006;69(3):562-73.

250. Nakajima I, Muroya S, Tanabe R, Chikuni K. Positive effect of collagen V and
VI on triglyceride accumulation during differentiation in cultures of bovine
intramuscular adipocytes. Differentiation. 2002;70(2-3):84-91.

251. Nakamura ES, Koizumi K, Kobayashi M, Saiki L Inhibition of
lymphangiogenesis-related properties of murine lymphatic endothelial cells and
lymph node metastasis of lung cancer by the matrix metalloproteinase inhibitor
MMI270. Cancer Sci. 2004;95(1):25-31.

252. Nath D, Williamson NJ, Jarvis R, Murphy G. Shedding of c-Met is regulated by
crosstalk between a G-protein coupled receptor and the EGF receptor and is
mediated by a TIMP-3 sensitive metalloproteinase. J Cell Sci. 2001;114(Pt
6):1213-20.

253. Neville MC, Medina D, Monks J, Hovey RC. The mammary fat pad. J
Mammary Gland Biol Neoplasia. 1998;3(2):109-16.

254. Neville MC, McFadden TB, Forsyth 1. Hormonal regulation of mammary
differentiation and milk secretion. J Mammary Gland Biol Neoplasia. 2002; 7(1):
49-66.

255. Ng ST, Zhou J, Adesanya OO, Wang J, LeRoith D, Bondy CA. Growth

154



hormone treatment induces mammary gland hyperplasia in aging primates. Nat
Med. 1997;3(10):1141-4.

256. Nieman KM, Kenny HA, Penicka CV, Ladanyi A, Buell-Gutbrod R, Zillhardt
MR, Romero IL, Carey MS, Mills GB, Hotamisligil GS, et al. Adipocytes promote
ovarian cancer metastasis and provide energy for rapid tumor growth. Nat
Med. 2011;17(11):1498-503.

257. No¢ V, Fingleton B, Jacobs K, Crawford HC, Vermeulen S, Steelant W,
Bruyneel E, Matrisian LM, Mareel M. Release of an invasion promoter
E-cadherin fragment by matrilysin and stromelysin-1. J Cell Sci. 2001;114(Pt
1):111-118.

258. Noél A, Santavicca M, Stoll I, L'Hoir C, Staub A, Murphy G, Rio MC, Basset P.
Identification of structural determinants controlling human and mouse
stromelysin-3 proteolytic activities. J Biol Chem. 1995;270(39):22866-72.

259. Noél A, Boulay A, Kebers F, Kannan R, Hajitou A, Calberg-Bacq CM, Basset
P, Rio MC, Foidart JM. Demonstration in vivo that stromelysin-3 functions
through its proteolytic activity. Oncogene. 2000;19(12):1605-12.

260. Nozawa H, Chiu C, Hanahan D. Infiltrating neutrophils mediate the initial
angiogenic switch in a mouse model of multistage carcinogenesis. Proc Natl Acad
Sci U S A. 2006;103(33):12493-8.

261. Oakes SR, Rogers RL, Naylor MJ, Ormandy CJ. Prolactin regulation of
mammary gland development. J Mammary Gland Biol Neoplasia. 2008; 13(1):
13-28.

262. O'Brien J, Schedin P. Macrophages in breast cancer: do involution macrophages
account for the poor prognosis of pregnancy-associated breast cancer? J
Mammary Gland Biol Neoplasia. 2009;14(2):145-57.

263. O'Brien J, Martinson H, Durand-Rougely C, Schedin P. Macrophages are crucial
for epithelial cell death and adipocyte repopulation during mammary gland
involution. Development. 2012;139(2):269-75.

264. Okada A, Tomasetto C, Lutz Y, Bellocq JP, Rio MC, Basset P. Expression of
matrix metalloproteinases during rat skin wound healing: evidence that membrane
type-1 matrix metalloproteinase is a stromal activator of pro-gelatinase A. J Cell
Biol. 1997;137(1):67-717.

265. Padera TP, Kadambi A, di Tomaso E, Carreira CM, Brown EB, Boucher Y, Choi
NC, Mathisen D, Wain J, Mark EJ, Munn LL, Jain RK. Lymphatic metastasis in
the absence of functional intratumor lymphatics. Science. 2002; 296(5574):
1883-6.

266. Page-McCaw A, Ewald AJ, Werb Z. Matrix metalloproteinases and the
regulation of tissue remodelling. Nat Rev Mol Cell Biol. 2007;8(3):221-33.

267. Pajvani UB, Trujillo ME, Combs TP, Iyengar P, Jelicks L, Roth KA, Kitsis
RN, Scherer PE. Fat apoptosis through targeted activation of caspase 8: a new
mouse model of inducible and reversible lipoatrophy. Nat Med. 2005; 11(7):
797-803.

268. Palavalli LH, Prickett TD, Wunderlich JR, Wei X, Burrell AS, Porter-Gill
P, Davis S, Wang C, Cronin JC, Agrawal NS., et al. Analysis of the matrix

155



metalloproteinase family reveals that MMPS is often mutated in melanoma. Nat
Genet. 2009;41(5):518-20.

269. Pang WW, Hartmann PE. Initiation of human lactation: secretory differentiation
and secretory activation. J Mammary Gland Biol Neoplasia. 2007; 12(4): 211-21.

270. Park JH, Park SM, Park KH, Cho KH, Lee ST. Analysis of apolipoprotein A-I as
a substrate for matrix metalloproteinase-14. Biochem Biophys Res Commun.
2011;409(1):58-63.

271. Park JY, Park JH, Jang W, Hwang IK, Kim IJ, Kim HJ, Cho KH, Lee ST.
Apolipoprotein A-IV is a novel substrate for matrix metalloproteinases. J
Biochem. 2012; 151(3):291-8.

272. Parks WC, Wilson CL, Lopez-Boado YS. Matrix metalloproteinases as
modulators of inflammation and innate immunity. Nat Rev Immunol. 2004; 4(8):
617-29.

273. Patterson BC, Sang QA. Angiostatin-converting enzyme activities of human
matrilysin (MMP-7) and gelatinase B/type IV collagenase (MMP-9). J Biol Chem.
1997; 272(46):28823-5.

274. Patterton D, Hayes WP, Shi YB. Transcriptional activation of the matrix
metalloproteinase gene stromelysin-3 coincides with thyroid hormone-induced
cell death during frog metamorphosis. Dev Biol. 1995;167(1):252-62.

275. Pavlovich AL, Manivannan S, Nelson CM. Adipose stroma induces branching
morphogenesis of engineered epithelial tubules. Tissue Eng Part A. 2010;
16(12):3719-26.

276. Pei D, Majmudar G, Weiss SJ. Hydrolytic inactivation of a breast carcinoma
cell-derived serpin by human stromelysin-3. J Biol Chem. 1994; 269(41):
25849-55.

277. Pei D, Weiss SJ. Furin-dependent intracellular activation of the human
stromelysin-3 zymogen. Nature. 1995;375(6528):244-7.

278. Peruzzi D, Mori F, Conforti A, Lazzaro D, De Rinaldis E, Ciliberto G, La
Monica N, Aurisicchio L. MMPI11: a novel target antigen for cancer
immunotherapy. Clin Cancer Res. 2009;15(12):4104-13.

279. Peschon JJ, Slack JL, Reddy P, Stocking KL, Sunnarborg SW, Lee DC, Russell
WE, Castner BJ, Johnson RS, Fitzner JN, Boyce RW, Nelson N, Kozlosky
CJ,Wolfson MF, Rauch CT, Cerretti DP, Paxton RJ, March CJ, Black RA. An
essential role for ectodomain shedding in mammalian development. Science.
1998;282(5392):1281-4.

280. Pinilla S, Alt E, Abdul Khalek FJ, Jotzu C, Muehlberg F, Beckmann C, Song YH.
Tissue resident stem cells produce CCL5 under the influence of cancer cells and
thereby promote breast cancer cell invasion. Cancer Lett. 2009;284(1):80-5.

281. Pivetta E, Scapolan M, Pecolo M, Wassermann B, Abu-Rumeileh I, Balestreri
L, Borsatti E, Tripodo C, Colombatti A, Spessotto P. MMP-13 stimulates
osteoclast differentiation and activation in tumour breast bone metastases. Breast
Cancer Res. 2011;13(5):R105.

282. Plump AS, Erickson SK, Weng W, Partin JS, Breslow JL, Williams DL.
Apolipoprotein A-I is required for cholesteryl ester accumulation in steroidogenic

156



cells and for normal adrenal steroid production. J Clin Invest. 1996; 97(11):
2660-71.

283. Polyak K, Weinberg RA. Transitions between epithelial and mesenchymal states:
acquisition of malignant and stem cell traits. Nat Rev Cancer. 2009; 9(4): 265-73.

284. Propper AY. Wandering epithelial cells in the rabbit embryo milk line. A
preliminary scanning electron microscope study. Dev Biol. 1978;67(1):225-31.

285. Puzianowska-Kuznicka M, Damjanovski S, Shi YB. Both thyroid hormone and
9-cis retinoic acid receptors are required to efficiently mediate the effects of
thyroid hormone on embryonic development and specific gene regulation in
Xenopus laevis. Mol Cell Biol. 1997;17(8):4738-49.

286. Radisky DC, Levy DD, Littlepage LE, Liu H, Nelson CM, Fata JE, Leake
D, Godden EL, Albertson DG, Niecto MA, Werb Z, Bissell MJ. Raclb and reactive
oxygen species mediate MMP-3-induced EMT and genomic instability. Nature.
2005; 436(7047):123-7.

287. Radisky DC, Hartmann LC. Mammary involution and breast cancer risk:
transgenic models and clinical studies. J Mammary Gland Biol Neoplasia. 2009;
14(2): 181-91.

288. Radisky ES, Radisky DC. Matrix metalloproteinase- induced epithelial-
mesenchymal transition in breast cancer. J Mammary Gland Biol Neoplasia.
2010; 15(2):201-12.

289. Redondo-Muiioz J, Ugarte-Berzal E, Terol MJ, Van den Steen PE, Hernandez
del Cerro M, Roderfeld M, Roeb E, Opdenakker G, Garcia-Marco JA,
Garcia-Pardo A. Matrix metalloproteinase-9 promotes chronic lymphocytic
leukemia b cell survival through its hemopexin domain. Cancer Cell. 2010; 17(2):
160-72.

290. Remacle AG, Golubkov VS, Shiryaev SA, Dahl R, Stebbins JL, Chernov
AV, Cheltsov AV, Pellecchia M, Strongin AY. Novel MT1-MMP Small-Molecule
Inhibitors Based on Insights into Hemopexin Domain Function in Tumor Growth.
Cancer Res. 2012;72(9):2339-49.

291. Ribatti D. Endogenous inhibitors of angiogenesis: a historical review. Leuk
Res. 2009;33(5):638-44.

292. Richards RG, Klotz DM, Walker MP, Diaugustine RP. Mammary gland
branching morphogenesis is diminished in mice with a deficiency of insulin-like
growth factor-1 (IGF-I), but not in mice with a liver-specific deletion of IGF-I.
Endocrinology. 2004;145(7):3106-10.

293. Rio MC, Lefebvre O, Santavicca M, Noé€l A, Chenard MP, Anglard P, Byrne
JA, Okada A, Régnier CH, Masson R, Stromelysin-3 in the biology of the normal
and neoplastic mammary gland. J Mammary Gland Biol Neoplasia. 1996;1(2):
231-40.

294. Rio MC. Strmelysin-3, a particular member of the matrix metalloproteinase
family . Kluwer academic ed., 2002; Vol.4, Dordrecht:Kluwer Acadimic Publisher,
pp. 81-107.

295. Rio MC. From a unique cell to metastasis is a long way to go: clues to
stromelysin-3 participation. Biochimie. 2005;87(3-4):299-306.

157



296. Rio MC. The Role of Cancer-Associated Adipocytes (CAA) in the Dynamic
Interaction Between the Tumor and the Host: 2011; Springer SBM.

297. Rio MC. Matrix metalloproteinase-11/stromelysin 3. Handbook of proteolytic
enzymes 3rd Edition. Elsevier Editor. 2012 Chapter 160: pp 780-786.

298. Roarty K, Serra R. Wnt5a is required for proper mammary gland development
and TGF-beta-mediated inhibition of ductal growth. Development. 2007; 134(21):
3929-39.

299. Robichaud TK, Steffensen B, Fields GB. Exosite interactions impact matrix
metalloproteinase collagen specificities. J Biol Chem. 2011;286(43):37535-42.
300. Robinson GW, McKnight RA, Smith GH, Hennighausen L. Mammary epithelial
cells undergo secretory differentiation in cycling virgins but require pregnancy for
the establishment of terminal differentiation. Development. 1995; 121(7):

2079-90.

301. Robinson GW. Cooperation of signalling pathways in embryonic mammary
gland development. Nat Rev Genet. 2007;8(12):963-72.

302. Robinson SD, Silberstein GB, Roberts AB, Flanders KC, Daniel CW. Regulated
expression and growth inhibitory effects of transforming growth factor-beta
isoforms in mouse mammary gland development. Development. 1991;
113(3):867-78.

303. Rocks N, Paulissen G, Quesada-Calvo F, Munaut C, Gonzalez ML, Gueders M,
Hacha J, Gilles C, Foidart JM, Noel A, Cataldo DD. ADAMTS-1
metalloproteinase promotes tumor development through the induction of a stromal
reaction in vivo. Cancer Res. 2008;68(22):9541-50.

304. Rodgers WH, Matrisian LM, Giudice LC, Dsupin B, Cannon P, Svitek
C, Gorstein F, Osteen KG. Patterns of matrix metalloproteinase expression in
cycling endometrium imply differential functions and regulation by steroid
hormones. J Clin Invest. 1994;94(3):946-53.

305. Rennov-Jessen L, Petersen OW, Koteliansky VE, Bissell MJ. The origin of the
myofibroblasts in breast cancer. Recapitulation of tumor environment in culture
unravels diversity and implicates converted fibroblasts and recruited smooth
muscle cells. J Clin Invest. 1995;95(2):859-73.

306. Rosen ED, Sarraf P, Troy AE, Bradwin G, Moore K, Milstone DS, Spiegelman
BM, Mortensen RM. PPAR gamma is required for the differentiation of adipose
tissue in vivo and in vitro. Mol Cell. 1999;4(4):611-7.

307. Rossiter H, Barresi C, Ghannadan M, Gruber F, Mildner M, Fodinger D,
Tschachler E. Inactivation of VEGF in mammary gland epithelium severely
compromises mammary gland development and function. FASEB J. 2007; 21(14):
3994-4004.

308. Rouyer N, Wolf C, Chenard MP, Rio MC, Chambon P, Bellocq JP, Basset P.
Stromelysin-3 gene expression in human cancer: an overview. Invasion Metastasis.
1994-1995; 14(1-6):269-75.

309. Rozanov DV, Sikora S, Godzik A, Postnova TI, Golubkov V, Savinov A,
Tomlinson S, Strongin AY. Non-proteolytic, receptor/ligand interactions associate
cellular membrane type-1 matrix metalloproteinase with the complement

158



component C1q. J Biol Chem. 2004;279(48):50321-8.

310. Rupp PA, Visconti  RP, Czirok A, Cheresh DA, Little = CD.  Matrix
metalloproteinase 2-integrin alpha(v)beta3 binding is required for mesenchymal
cell invasive activity but not epithelial locomotion: a computational time-lapse
study. Mol Biol Cell. 2008;19(12):5529-40.

311. Rutkowski JM, Davis KE, Scherer PE. Mechanisms of obesity and related
pathologies: the macro- and microcirculation of adipose tissue. FEBS J. 2009;
276(20):5738-46.

312. Sabeh F, Ota I, Holmbeck K, Birkedal-Hansen H, Soloway P, Balbin M,
Lopez-Otin C, Shapiro S, Inada M, Krane S, Allen E, Chung D, Weiss SJ. Tumor
cell traffic through the extracellular matrix is controlled by the
membrane-anchored collagenase MT1-MMP. J Cell Biol. 2004;167(4):769-81.

313. Sabeh F, Shimizu-Hirota R, Weiss SJ. Protease-dependent versus -independent
cancer cell invasion programs: three-dimensional amoeboid movement revisited. J
Cell Biol. 2009;185(1):11-9.

314. Sakakura T, Nishizuka Y, Dawe CJ. Mesenchyme-dependent morphogenesis and
epithelium-specific cytodifferentiation in mouse mammary gland. Science.
1976;194(4272):1439-41.

315. Sakakura T, Sakagami Y, Nishizuka Y. Dual origin of mesenchymal tissues
participating in mouse mammary gland embryogenesis. Dev Biol. 1982; 91(1):
202-7.

316. Sakakura T. Embryogenesis. In: Neville M.C., Daniel C.W., editors.
Development, Regulation and Function. New York: Plenum. 1987; pp 37-65.

317. Sakamoto T, Seiki M. Cytoplasmic tail of MT1-MMP regulates macrophage
motility independently from its protease activity. Genes Cells. 2009; 14(5):
617-26.

318. Santavicca M, Noel A, Angliker H, Stoll 1, Segain JP, Anglard P, Chretien
M, Seidah N, Basset P. Characterization of structural determinants and molecular
mechanisms involved in pro-stromelysin-3 activation by 4-aminophenylmercuric
acetate and furin-type convertases. Biochem J. 1996;315 (Pt 3):953-8.

319. Sato-Kusubata K, Jiang Y, Ueno Y, Chun TH. Adipogenic histone mark
regulation by matrix metalloproteinase 14 in collagen-rich microenvironments.
Mol Endocrinol. 2011;25(5):745-53.

320. Schiéftler A, Scholmerich J, Buechler C. Mechanisms of disease: adipokines and
breast cancer - endocrine and paracrine mechanisms that connect adiposity and
breast cancer. Nat Clin Pract Endocrinol Metab. 2007;3(4):345-54.

321. Schenk S, Hintermann E, Bilban M, Koshikawa N, Hojilla C, Khokha R,
Quaranta V. Binding to EGF receptor of a laminin-5 EGF-like fragment liberated
during MMP-dependent mammary gland involution. J Cell Biol. 2003; 161(1):
197-2009.

322. Schonbeck U, Mach F, Sukhova GK, Atkinson E, Levesque E, Herman M,
Graber P, Basset P, Libby P. Expression of stromelysin-3 in atherosclerotic lesions:
regulation via CD40-CDA40 ligand signaling in vitro and in vivo. J Exp Med.
1999;189(5):843-53.

159



323. Shi H, Seeley RJ, Clegg DJ. Sexual differences in the control of energy
homeostasis. Front Neuroendocrinol. 2009;30(3):396-404.

324. Shi YB. Cell-cell and cell-ECM interactions in epithelial apoptosis and cell
renewal during frog intestinal development. Cell Biochem Biophys. 1995; 27(3):
179-202.

325. Shi YB, Fu L, Hasebe T, Ishizuya-Oka A. Regulation of extracellular matrix
remodeling and cell fate determination by matrix metalloproteinase stromelysin-3
during thyroid hormone-dependent post-embryonic development. Pharmacol
Ther. 2007;116(3):391-400.

326. Shim KN, Jung SA, Joo YH, Yoo K. Clinical significance of tissue levels of
matrix metalloproteinases and tissue inhibitors of metalloproteinases in gastric
cancer. J Gastroenterol. 2007; 42(2):120-8.

327. Shimizu-Hirota R, Xiong W, Baxter BT, Kunkel SL, Maillard I, Chen XW,
Sabeh F, Liu R, Li XY, Weiss SJ. MTI-MMP regulates the PI3K5.Mi-2/
NuRD-dependent control of macrophage immune function. Genes Dev. 2012;
26(4):395-413.

328. Shin YJ, Kim JH. The role of EZH2 in the regulation of the activity of matrix
metalloproteinases in prostate cancer cells. PLoS One. 2012;7(1):¢30393.

329. Simian M, Hirai Y, Navre M, Werb Z, Lochter A, Bissell MJ. The interplay of
matrix metalloproteinases, morphogens and growth factors is necessary for
branching of mammary epithelial cells. Development. 2001;128(16):3117-31.

330. Simian M, Bissell MJ, Barcellos-Hoff MH, Shyamala G. Estrogen and
progesterone receptors have distinct roles in the establishment of the hyperplastic
phenotype in PR-A transgenic mice. Breast Cancer Res. 2009;11(5):R72.

331. Singer CF, Marbaix E, Lemoine P, Courtoy PJ, Eeckhout Y. Local cytokines
induce differential expression of matrix metalloproteinases but not their tissue
inhibitors in human endometrial fibroblasts. Eur J Biochem. 1999;259(1-2):40-5.

332. Smith ML, Gourdon D, Little WC, Kubow KE, Eguiluz RA, Luna-Morris
S, Vogel V. Force-induced unfolding of fibronectin in the extracellular matrix of
living cells. PLoS Biol. 2007;5(10):e268.

333. Smookler DS, Mohammed FF, Kassiri Z, Duncan GS, Mak TW, Khokha R.
Tissue inhibitor of metalloproteinase 3 regulates TNF-dependent systemic
inflammation. J Immunol. 2006;176(2):721-5.

334. Soriano JV, Pepper MS, Nakamura T, Orci L, Montesano R. Hepatocyte growth
factor stimulates extensive development of branching duct-like structures by
cloned mammary gland epithelial cells. J Cell Sci. 1995;108 ( Pt 2):413-30.

335. Soriano JV, Pepper MS, Orci L, Montesano R. Roles of hepatocyte growth
factor/scatter factor and transforming growth factor-betal in mammary gland
ductal morphogenesis. J Mammary Gland Biol Neoplasia. 1998;3(2):133-50.

336. Sounni NE, Dehne K, van Kempen L, Egeblad M, Affara NI, Cuevas I, Wiesen
J, Junankar S, Korets L, Lee J, et al. Stromal regulation of vessel stability by
MMP14 and TGFbeta. Dis Model Mech. 2010;3(5-6):317-32.

337. Sternlicht MD, Lochter A, Sympson CJ, Huey B, Rougier JP, Gray JW, Pinkel
D, Bissell MJ, Werb Z. The stromal proteinase MMP3/stromelysin-1 promotes

160



mammary carcinogenesis. Cell. 1999;98(2):137-46.

338. Sternlicht MD, Werb Z. How matrix metalloproteinases regulate cell behavior.
Annu Rev Cell Dev Biol. 2001;17:463-516.

339. Sternlicht MD. Key stages in mammary gland development: the cues that
regulate ductal branching morphogenesis. Breast Cancer Res. 2006;8(1):201.

340. Sternlicht MD, Kouros-Mehr H, Lu P, Werb Z. Hormonal and local control of
mammary branching morphogenesis. Differentiation. 2006;74(7):365-81.

341. Streuli C. Extracellular matrix remodelling and cellular differentiation. Curr
Opin Cell Biol. 1999;11(5):634-40.

342. Strongin AY, Collier I, Bannikov G, Marmer BL, Grant GA, Goldberg GI.
Mechanism of cell surface activation of 72-kDa type IV collagenase. Isolation of
the activated form of the membrane metalloprotease. J Biol Chem. 1995; 270(10):
5331-8.

343. Stroud RE, Deschamps AM, Lowry AS, Hardin AE, Mukherjee R, Lindsey
ML, Ramamoorthy S, Zile MR, Spencer WH, Spinale FG. Plasma monitoring of
the myocardial specific tissue inhibitor of metalloproteinase-4 after alcohol septal
ablation in hypertrophic obstructive cardiomyopathy. J Card Fail. 2005; 11(2):
124-30.

344. Struyf S, Proost P, Vandercappellen J, Dempe S, Noyens B, Nelissen S, Gouwy
M, Locati M, Opdenakker G, Dinsart C, Van Damme J. Synergistic up-regulation
of MCP-2/CCLS8 activity is counteracted by chemokine cleavage, limiting its
inflammatory and anti-tumoral effects. Eur J Immunol. 2009; 39(3): 843-57.

345. Talhouk RS, Chin JR, Unemori EN, Werb Z, Bissell MJ. Proteinases of the
mammary gland: developmental regulation in vivo and vectorial secretion in
culture. Development. 1991;112(2):439-49.

346. Talhouk RS, Bissell MIJ, Werb Z. Coordinated expression of extracellular
matrix-degrading proteinases and their inhibitors regulates mammary epithelial
function during involution. J Cell Biol. 1992;118(5):1271-82.

347. TanJ, Buache E, Chenard MP, Dali-Youcef N, Rio MC. Adipocyte is a
non-trivial, dynamic partner of breast cancer cells. Int J Dev Biol. 2011; 55(7-9):
851-9.

348. Tatti O, Vehvildinen P, Lehti K, Keski-Oja J. MTI-MMP releases latent
TGF-betal from endothelial cell extracellular matrix via proteolytic processing of
LTBP-1. Exp Cell Res. 2008;314(13):2501-14.

349. Thewes M, Worret ~ WI, Engst R, Ring  J. Stromelysin-3 (ST-3):
immunohistochemical characterization of the matrix metalloproteinase (MMP)-11
in benign and malignant skin tumours and other skin disorders. Clin Exp
Dermatol. 1999;24(2):122-6.

350. Trujillo ME, Scherer PE. Adipose tissue-derived factors: impact on health and
disease. Endocr Rev. 2006;27(7):762-78.

351. Tuuttila A, Morgunova E, Bergmann U, Lindqvist Y, Maskos K,
Fernandez-Catalan C, Bode W, Tryggvason K, Schneider G. Three-dimensional
structure of human tissue inhibitor of metalloproteinases-2 at 2.1 A resolution. J
Mol Biol. 1998;284(4):1133-40.

161



352. Tyan SW, Kuo WH, Huang CK, Pan CC, Shew JY, Chang KJ, Lee EY, Lee WH.
Breast cancer cells induce cancer-associated fibroblasts to secrete hepatocyte
growth factor to enhance breast tumorigenesis. PLoS One. 2011;6(1):¢15313.

353. Ucar A, Vafaizadeh V,Jarry H, Fiedler J, Klemmt PA, Thum T, Groner
B, Chowdhury K. miR-212 and miR-132 are required for epithelial stromal
interactions necessary for mouse mammary gland development. Nat Genet. 2010;
42(12):1101-8.

354. Undén AB, Sandstedt B, Bruce K, Hedblad M, Stahle-Bidckdahl M.
Stromelysin-3 mRNA associated with myofibroblasts is overexpressed in
aggressive basal cell carcinoma and in dermatofibroma but not in
dermatofibrosarcoma. J Invest Dermatol. 1996;107(2):147-53.

355. Ursin G, Parisky YR, Pike MC, Spicer DV. Mammographic density changes
during the menstrual cycle. Cancer Epidemiol Biomarkers Prev. 2001; 10(2):
141-2.

356. Van den Steen PE, Proost P, Wuyts A, Van Damme J, Opdenakker G. Neutrophil
gelatinase B potentiates interleukin-8 tenfold by aminoterminal processing,
whereas it degrades CTAP-III, PF-4, and GRO-alpha and leaves RANTES and
MCP-2 intact. Blood. 2000;96(8):2673-81.

357. Van Nguyen A, Pollard JW. Colony stimulating factor-1 is required to recruit
macrophages into the mammary gland to facilitate mammary ductal outgrowth.
Dev Biol. 2002;247(1):11-25.

358. Vassiliou S, Mucha A, Cuniasse P, Georgiadis D, Lucet-Levannier K, Beau
F, Kannan R, Murphy G Knduper V,Rio MC, et al, Phosphinic
pseudo-tripeptides as potent inhibitors of matrix metalloproteinases: a
structure-activity study. J Med Chem. 1999;42(14):2610-20.

359. Vecchi M, Rudolph-Owen LA, Brown CL, Dempsey PJ, Carpenter G. Tyrosine
phosphorylation and proteolysis. Pervanadate-induced, metalloprotease-
dependent cleavage of the ErbB-4 receptor and amphiregulin. J Biol Chem. 1998;
273(32):20589-95.

360. Veltmaat JM, Mailleux AA, Thiery JP,Bellusci S. Mouse embryonic
mammogenesis as a model for the molecular regulation of pattern formation.
Differentiation. 2003;71(1):1-17.

361. Veltmaat JM, Van Veelen W, Thiery JP, Bellusci S. Identification of the
mammary line in mouse by Wnt10b expression. Dev Dyn. 2004;229(2):349-56.
362. Veltmaat JM, Relaix F, Le LT, Kratochwil K, Sala FG, van Veelen W, Rice
R, Spencer-Dene B, Mailleux AA, Rice DP., et al. Gli3-mediated somitic Fgf10
expression gradients are required for the induction and patterning of mammary

epithelium along the embryonic axes. Development. 2006;133(12):2325-35.

363. Veronesi U, Boyle P, Goldhirsch A, Orecchia R, Viale G. Breast cancer.
Lancet. 2005;365(9472):1727-41.

364. Vona-Davis L, Rose DP. Adipokines as endocrine, paracrine, and autocrine
factors in breast cancer risk and progression. Endocr Relat Cancer. 2007; 14(2):
189-206.

365. Walker NI, Bennett RE, Kerr JF. Cell death by apoptosis during involution of

162



the lactating breast in mice and rats. Am J Anat. 1989;185(1):19-32.

366. Wang CS, Tétu B. Stromelysin-3 expression by mammary tumor-associated
fibroblasts under in vitro breast cancer cell induction. Int J Cancer. 2002; 99(6):
792-9.

367. Wang X, Zhang X, Sun L, Subramanian B, Maffini MV, Soto A, Sonnenschein
C, Kaplan DL. Preadipocytes stimulate ductal morphogenesis and functional
differentiation of human mammary epithelial cells on 3D silk scaffolds. Tissue
Eng Part A. 2009;15(10):3087-98.

368. Watson CJ. Involution: apoptosis and tissue remodelling that convert the
mammary gland from milk factory to a quiescent organ. Breast Cancer Res. 2006;
8(2):203.

369. Watson CJ, Khaled WT. Mammary development in the embryo and adult: a
journey of morphogenesis and commitment. Development. 2008; 135(6):
995-1003.

370. Weathington NM, van Houwelingen AH, Noerager BD, Jackson PL, Kraneveld
AD, Galin FS, Folkerts G, Nijkamp FP, Blalock JE. A novel peptide CXCR ligand
derived from extracellular matrix degradation during airway inflammation. Nat
Med. 2006;12(3):317-23.

371. Weiss SJ, Peppin G, Ortiz X, Ragsdale C, Test ST. Oxidative autoactivation of
latent collagenase by human neutrophils. Science. 1985;227(4688):747-9.

372. WerbZ. ECM and cell surface proteolysis: regulating cellular ecology.
Cell. 1997;91(4):439-42.

373. Weskamp G, Ford JW, Sturgill J, Martin S, Docherty  AJ, Swendeman
S, Broadway N, Hartmann D, Saftig P, Umland S., et al. ADAMIO is a principal
'sheddase' of the low-affinity immunoglobulin E receptor CD23. Nat Immunol.
2006; 7(12):1293-8.

374. Whitelock JM, Murdoch AD, lozzo RV, Underwood PA. The degradation of
human endothelial cell-derived perlecan and release of bound basic fibroblast
growth factor by stromelysin, collagenase, plasmin, and heparanases. J Biol Chem.
1996; 271(17):10079-86.

375. Wiseman BS, Werb Z. Stromal effects on mammary gland development and
breast cancer. Science. 2002;296(5570):1046-9.

376. Wiseman BS, Sternlicht MD, Lund LR, Alexander CM, Mott J, Bissell
MJ, Soloway P, Itohara S, Werb Z. Site-specific inductive and inhibitory activities
of MMP-2 and MMP-3 orchestrate mammary gland branching morphogenesis. J
Cell Biol. 2003;162(6):1123-33.

377. Witters L, Scherle P, Friedman S, Fridman J, Caulder E, Newton R, Lipton A.
Synergistic inhibition with a dual epidermal growth factor receptor/HER-2/neu
tyrosine kinase inhibitor and a disintegrin and metalloprotease inhibitor. Cancer
Res. 2008;68(17):7083-9.

378. Witty JP, Wright JH, Matrisian LM. Matrix metalloproteinases are expressed
during ductal and alveolar mammary morphogenesis, and misregulation of
stromelysin-1 in transgenic mice induces unscheduled alveolar development. Mol
Biol Cell. 1995;6(10):1287-303.

163



379. Wolf C, Chenard MP, Durand de Grossouvre P, Bellocq JP, Chambon P, Basset P.
Breast-cancer-associated stromelysin-3 gene is expressed in basal cell carcinoma
and during cutaneous wound healing. J Invest Dermatol. 1992; 99(6): 870-2.

380. Wolf K, Wu YI, Liu Y, Geiger J, Tam E, Overall C, Stack MS, Friedl P.
Multi-step pericellular proteolysis controls the transition from individual to
collective cancer cell invasion. Nat Cell Biol. 2007;9(8):893-904.

381. Wu E, Mari BP, Wang F, Anderson IC, Sunday ME, Shipp MA. Stromelysin-3
suppresses tumor cell apoptosis in a murine model. J Cell Biochem.
2001;82(4):549-55.

382. Wu Y, Smas CM. Wdnml-like, a new adipokine with a role in MMP-2
activation. Am J Physiol Endocrinol Metab. 2008;295(1):E205-15.

383. WyckoftfJ, Wang W, Lin EY, Wang Y, Pixley F, Stanley ER, Graf T, Pollard
JW, Segall J, Condeelis J. A paracrine loop between tumor cells and macrophages
is required for tumor cell migration in mammary tumors. Cancer Res. 2004;
64(19): 7022-9.

384. XuJ, Rodriguez D, Petitclerc E, Kim JJ, Hangai M, Moon YS, Davis GE,
Brooks PC. Proteolytic exposure of a cryptic site within collagen type IV is
required for angiogenesis and tumor growth in vivo. J Cell Biol. 2001; 154(5):
1069-79.

385. XuR, Boudreau A, Bissell MJ. Tissue architecture and function: dynamic
reciprocity via extra- and intra-cellular matrices. Cancer Metastasis Rev. 2009;
28(1-2):167-76.

386. Yamaguchi J, Ohtani H, Nakamura K, Shimokawa I, Kanematsu T. Prognostic
impact of marginal adipose tissue invasion in ductal carcinoma of the breast. Am J
Clin Pathol. 2008;130(3):382-8.

387. Yeh WL, Lu DY, Lee MJ, Fu WM. Leptin induces migration and invasion of
glioma cells through MMP-13 production. Glia. 2009;57(4):454-64.

388. Yoo YA, Kang MH, Lee HJ, Kim BH, Park JK, Kim HK, Kim JS, Oh SC. Sonic
hedgehog pathway promotes metastasis and lymphangiogenesis via activation of
Akt, EMT, and MMP-9 pathway in gastric cancer. Cancer Res. 2011; 71(22):
7061-70.

389. Yu Q, Stamenkovic I. Localization of matrix metalloproteinase 9 to the cell
surface provides a mechanism for CD44-mediated tumor invasion. Genes Dev.
1999; 13(1):35-48.

390. Yu Q, Stamenkovic I. Cell surface-localized matrix metalloproteinase-9
proteolytically activates TGF-beta and promotes tumor invasion and angiogenesis.
Genes Dev. 2000;14(2):163-76.

391. Yu WH, Woessner JF Jr, McNeish JD, Stamenkovic I. CD44 anchors the
assembly of matrilysin/MMP-7 with heparin-binding epidermal growth factor
precursor and ErbB4 and regulates female reproductive organ remodeling. Genes
Dey. 2002;16(3):307-23.

392. Zangani D, Darcy KM, Shoemaker S, I[p MM. Adipocyte-epithelial interactions
regulate the in vitro development of normal mammary epithelial cells. Exp Cell
Res. 1999;247(2):399-409.

164



393. Zarrabi K, Dufour A, Li J, Kuscu C, Pulkoski-Gross A, Zhi J, Hu Y, Sampson
NS, Zucker S, Cao J. Inhibition of matrix metalloproteinase 14 (MMP-14)-
mediated cancer cell migration. J Biol Chem. 2011; 286(38): 33167-77.

394. Zarzynska J, Motyl T. Apoptosis and autophagy in involuting bovine mammary
gland. J Physiol Pharmacol. 2008;59 Suppl 9:275-88.

395. Zhang H, Qi M, Li S, Qi T, Mei H, Huang K, Zheng L, Tong Q. microRNA-9
targets matrix metalloproteinase 14 to inhibit invasion, metastasis
and angiogenesisof neuroblastoma cells. Mol Cancer Ther. 2012 May 7. [Epub
ahead of print].

396. Zhang P, Takeuchi K, Csaki LS, Reue K. Lipin-1 phosphatidic phosphatase
activity  modulates  phosphatidate  levels to  promote  peroxisome
proliferator-activated receptor y (PPARy) gene expression during adipogenesis. J
Biol Chem. 2012;287(5):3485-94.

397. Zhang X, Halvorsen K, Zhang CZ, Wong WP, Springer TA. Mechanoenzymatic
cleavage of the ultralarge vascular protein von Willebrand factor. Science. 2009;
324(5932):1330-4.

165



Chapter 6  Publications and Oral Communication

Publications:

1. Tan J, Buache E, Chenard MP, Dali-Youcef N and Rio MC. Adipocyte is a
non-trivial, dynamic partner of breast cancer cells. Int J Dev Biol. 2011;
55(7-9):851-9.

2. Tan J, Buache E, Daguenet E, Alpy F, Tomasetto C, Ren G and Rio MC.
Environmental matrix metalloproteinase 11 is required for correct mammary gland
post-natal morphogenesis and function (In preparation).

Oral Communication:

Tan J, Buache E, Alpy F, Tomasetto C and Rio MC: The technic of transgenic
mouse model construction-MMP11 transgenic mouse as example. The 5th
Chinese-French International Breast Cancer Conference. April 22", 2012.

Chongqing. China.

166



s, L013BT gl 108300

L gl =]

Loy el psinblid =) o cene meesivrguren  oE R Al presanberg sy ankncesh i

BIOLOGY

[ T e

Adipocyte is a non-trivial, dynamic partner
of breast cancer cells

JUIMEIANG TAN™, EMILIE BUACHE . MARIE-FIERRE CHEMARD?
MAZSIM DALMY TUCER MARIE-ZHRISTIME R

il il [asednptes e che T B eeadanis a aoia TOREIT Fovateia! Dt wond Caevsr Doy,
Lot FAshEal 02 (1 HCaoras DIGREANG LW To08 Jnsnr lshanal o M Sande afin S HEanoeats Aok SR
LMACTERE A0 SIGESTIRT, IR0, ML oA DTSRG A0 D actove o, L p AT B R cid

Viitwasmnroww o/ Mand i mi dhe |'||"|'u:.l\.'l7| fepiL AL R N ERER LR h‘r..li'n.'-l'l_l_ Avanlvmin ) owas

AESTRACT Whils the purticipation of adipucytes is el knvmn in tissue archiicetire. rasmy
aupply nnd erelocing processes: thetr imiplisation during netuml ssneer history 35 jusk beginning
1 vinfoled A exbensive fevies ol the literature sonceming the impsst of resident adipoeyLes oo
braast cancar davalaprsn L Irsgreasnn was pefmmacd. THIE rs=e prouidas @ vitsa and o
Sckdanma that adipacyian Miehtad closs To Inwakiva wonddr cally, rafamad 1O o BT Tk ] rhesed
adipoeytas (CAAL], o aasaital far hieast fumer devalopmentprogession Thar deslststons
function i& dependemt, sl keast partly, on their crosstalk sith invasive cineer cells, Indeed, this
rasiitlrads Lo dramatis phenetypis srilor lunstignal modifisatens af beth eell types Alipesyie
eahibit dolipidation wed woguire s fibmoblast-like shape. In paralel, sancer cell agaessiveness i
aratarliatad Wragh iarssssd migratory and Dwashe propertbes . Morsavarn, abeeimy s curmeEly
a sign.at pant pragnost in ran eareinonas. In Nais contsat: o high nomheas af “ab<sa” rmaldant
adpadytas nght he pradiciad 1o ba detirnaital. Aocoading by, thats ara mnnie simikantiss barssn
the meslevular alterstions ohserved in hypertrophied. sdipovetes snd in Chhe, How sdipoecy e
finctiun 1o Taear wmorigenvsis st the molecular level remaine egely unknsvn, Meverthislsss
prugress has besn msde meceritly and riesleendar slies am dirting Do smerge; Declphering the g
Hular and mskscular machaniama halind tha adipoeyta-conear cell hatanotypis chosatalln o of graat
mbarart sines T alght provitk nate o gets o imprnyig dingnes s pegnnsls and (o tha-design el
innavativg tharapssutic strotagies. They nilght akEo improve ool undseskandivg of the elitienship
Belvroen obsitidmirtabohic disvrders and sancer nsk amddor poor palivnt culoorne.

L o R artkeey B0, SMALT TRy AT, T Ahaten

dtrwwigh s namm Shinferflag Benstiy A

e, ool ievasien seadmn jeeas s b caiuinoosiug e,
TR SATT
altan S e

Aty DAMGEATS 0 DA CACCET [T L i=ssnrt
(e RS S L S et o st et (R 1] H B ot of ool Lok
TR P TR T v el b 1 AR B Crmend A c e ned o
L et lilan meariv ALECR, oy ool ol g Lepsse el el
sl valy inflammey sl Threhs e, s = =y
s fiveey e THe prassnl cenlss iy psecidsd b e s el
Pz anp s prakesesy b apeckabremman Card e
AEpooylsa oy eeRsk aannam. The ek TAR 50T ises i oendny
(Bl T o T AT el LR Bl o Tl 1T B b T B R et o Bl e |

st a5 ynan ndeas IRa1hn e prestn o noes s analia
asm bl deese Thenmo ulo vgealwnd luistiona alsesliae

Lo i dhe i Al aloc s oodpnd dee Ad Sl Ledice
s rhansarsn g pTpraattr aneas seie MU beenikrarse aele=ilsiped alone
B, b

e el ol e il pecing ol sk Ay exkeie
i, EAT sdm-nes ] Ohe ey AL couwaztolar
miar P siinhar eeranye K11 pracere 'ml'l.l.'hprrw:r.al!

" comnpanckney be o Chikelus T DENG, 1w LRivh SR ST (T cod o, Zoona Tl sl D38 E30 108 S, odd 038 256 200

skl cne grheret -wab b verwinh e s P Eoks Thisss siramoemetirss s og e 7 ik

TAl s eeeamaTAT L e n e ameit A A hinpasreeae AT

TREk (3
i e

v e RaT Thies 07 1L RY

167



253 Tan s ),

Flg. 1. E-Ghn:un‘ﬂ,n- ulanrl.m. ol el Breast ddult Teenpdo i
EFc- lﬂ:‘bu'n, r'l‘.:ru tral st ) PSR T l.“_'k:f.,- Mridi e
T £ AT G et SIS Fesnor R Ak Roadont SR p A
SRS SR S N T ERETI AT [ E el o o it iy Vs Lol

W sl attoceyiss bl doner celk adoped Us llie |1."l.."l.-.=.r|.='.i'
well neleralyks dideelab, me dziussod, to Al A Ui e i
ikt s il d el e fle cspngive ullqu-’.l'I'.ll"..l'-.u_ 0 e
oG SR s AN RN Pt orLsi T4 ¢ s el
rﬂ.l'h" AR o 7 T -"'ﬁnm:l"m.e;.n;“:.- (=] n-ms. Fp. osheing|
DT TR It fﬁﬁrrrrm AT P e o FErRAT AN
A ey andeisidrchrrg o e jote ol ad it 1 e e
el Lo gieneeis opuld pesssnl o sivus banliek L
lireen s i gedmoss, W vexign Provalive betaiee wialh
1 mecky RRRET ARGk

Cances-assaciated adipocyie (CAAlcancer o=l cross-
1alk Favcrs Breast tumor prograssdon

The rale of sipeeyies in He nomms! Greest
L MR | 0150 &5 TR .':n;|.=|‘|1hnr'r:.lﬂ1n||nl:, GRARGTE
& ardster R Gnd Ty Berinessd inleenm ey fedsee 1he
aarmhury r_lrrl iy R R B T 1b:snr.h=t-.'.m'.r.' r.:r:'!'rin'l_m 1E
sz gk vl mueshspees v develapren] oot buresigk,
e Wi e deinik o |I||rul-.' H’.-'E!'.ith'.l'-l.— At ulle e
Ths awiien Vet =il wid forpinal s TRy diurad e
nermmid Slanyhors o sl nEr Foranlda Pl T
LS Fel e o Tl Ty T it T rE e ey anll METTMATY: I n'..';l-
I AT A B lireinstard 0 partvidnr ks v 1A Akl

Flig. 2. Higaologe of thie dnva b frome amd T genmar
ol human bressl tan:momn. .':';rl'.h:un:p.'l.-ﬂ'.n.-;. (T
el T e T A A | AL T 'u.'.E.h:' b il e, s pie gt
TINEROF [ I DETIECENT, idus e AE G Taly
oy T R ML e 2 AT ||!.'|.I‘.'¢'.'||F!.-\H|l4| Tl
IR A5 Az i dolodt KImnd SE T
IR FRTS AN c...'\-c' et n:-ml:lsn:d"r:ﬂ: w2
e ipmar el el u.l.-lu,:lu.':,- I-l.-.l:,'ul.l.l.:'u [ T
[8: R Taafata el Bo oy oall o e et e e g BT e 1
il o R e L G T T ot

it e

moameal rEnss e bl afcaeressod Beresl [ee inn st
pratenan echaten otk = mm[:ts.:?lr:'-.*;r LU e e e ey L e e £
T 1) The sadbeial coviiiaineil i@ crrstitules by U gkl
feln i by eimsaitng o eei ! Lianze e Uoobe oo babulgule
dillmie lase] dnils dee o ook mils sleing el s,
T g.ﬁn‘l'l:'ﬁmtn‘.n‘:rlr\-'l 1 B Admandnee ansiG oerne ey
EAME IR A i fss S ma Ay 1ee nad Iy ARl AT,
RN = i v D O el L B fl.“._l;l.'!r..‘. h=surs: noman e mam
Ire gl e depc s s o] UF ol obioies vcivl g 100-T000
iriiare whim e risen s snelsaeva b Culk, boved wwsady,
b et e el dgivee.

|"|s.|:rﬂ"r=-. RFTST, AR AT, 1rhr‘.u'-T r-ﬂrsulm.‘.s Ry
et el e Tl ] Lires ol vy e [ n:.‘lrr\q,ﬂﬂn_
|| i |;|rri| +1 T !ﬂ’r'r.'!.‘l L I s PV ol T e e B T o el
L D o memgion o' o Abvzsesdrer ch roamis Lea buasere
I ul'nl...rul_ﬁlerv..-;lIlIH MTIES .:dq.u-c'.-l.l.-rjl'luﬂulu.n:r'l T
lemriimessetn U A s eliinned sussnisinembeme carpar enly
SR RS B0l Mecrllagaes AkRms it A ieagal
Sl AEEG s e eens Rl fasheen . rremal matnne fel fedyisn
Ar epEcabedd o cpanabel s r-l.rnu“mrrf et Ll
| kil rul-:l'mbll I:st,lnl-aus ol Pt vk uslaes | e

2 el ppenr i e szeenal bregss i eiolbe ko uumu.'.-si'.-
visrupteldaimg e possmearing rarnm slaed e labo A by
g e isAn rherEn Tesin i e e glans anaoeds gk
HEampaimrres A ma R IsgiT Rl it e M RS pbenrded
19 ETEEEIR™ J._'m'rnnr.'-.m.'.rw[ rebany o (B

Thuw, [l lizetms s ey pe o oo b e porssen 2 e voend
Liaus: Thivaovives pragioily vl wduegyiss aerd ul;-i|llb|';i- pele i
e bzl lbormns oo 1o Frapuibs sac il ol pocptee niialil chae 2
peer AT e T

Hiziniogies) eiaores lival safipocyics selisibaic by Breas
AT

TTl b AP U S BRI G L e [ e I
urdi| ey s pzhase ] T e mu ooy das o e fag
HERF AT e SRR RAD s vt e dnsinme HAse resrrrs s o
PRI AR AT AR AR eRRRGS AT | TR R Rl
IMianes ot Bemes e I'L"r'il."-'-. a1 G BT AV e T e et A
i |..n||:l'll:1 Jﬂll_l..ﬂhli‘ﬂu.]l,{._ljht‘!.h'ﬂu. 'I,:-a.b'.-H et e lawas,
e i s phe e ur-;. 1 ilmigh lb:!tl.l.l.itl-\.q..ﬂdlh.llh.l"l' el
g ez vezin e prmsviate ey ol preend pocsien
nrm-nnr-'.-rﬂ Abreang besec e Ak TR I
rarma A AR el penyts P o s r'arrrr-:-'-ﬂ'rr"p-'n:l By
Ptk ARl R OF RITAN TIRAE ST shee
Ui, i J=l=||||'._|.|uuu. sty el i e ey dlsour dl
Wi Wi Fiecsbvs Cork bemsiiad Al e swi plagal i i ey
[T 20 e =l 2055 Dt sl ut, 2097 Ideed, e
arna . Ay o il enrsir B steens srd seehin s bagh el

el E

168



o RnnTes R shrhlasts renieshingly. A R et n sl
ST COMTSTn wllh Tass nhvended atie fismeno 15 nhsenaer fas
sham pecliion gl s pooyiss nvles lebeers, madilieiue ol oy
IJ.".aﬂt'llsail'J|||u'.ii|i'.-'.';i;.i||ufl'.l.iuwviﬂ-lublhdb:wmtinlu:m:Llr;u:':
e e D0R Dy b, an e lorae caley, an exiiessly |
nbmnlne bhp nRE AT MRS Mo Aeeaenn i Y TR Al
FnrERG eRnTT iR | R o sk mrst oA marahniages
FhaErens et el enrsnmiingly Moerresrefllinemsor rannsmss
cxl ol petnding=out s nabien o S84 T dmimbore o iliod
it sl besypiv weestabosore ol lsasl i e ae
.',I'i'llﬂl'p’:l.l-'ll:.'lll' wiipen Logtreal Ypeesr s o pgeolly dlassoourmg e
AT N PEISEIN [Insss | Res ennl loaeks b s
ot wr eyt dedtrernnRhanT and Lohmatct to St askmilatee i
Shrarkred i o S Lma TS AT AR T IR ST B o £ 1A
Pugisln” o by rreoding o el snred, Musaven, s
chabi sr ey en e coreepl PG reee-ges s ed Heablasis
SEAR il ul ol auidy e hom SRAs At awesn g
al KL Mosresma A = I IRICEREng®y - TR ImeTai s s
wE AW SR Al e ek Rshs etk A nmesd ane
Prockemeanl slippeet ine can ez ddwlnmens cHornod s o)
ui, TSN Heperoionh ey &l 20700,

Thides s el s ot sl b crrdickals 1 ooy kesyole
i inllosng ey wmer ehusi theouph Fesigeaas resaak sl
MM RSRT AT el s IE U, SKART PRTMR PG RS 190 2anmas
orll AT WImeE Qe BT e iR hasls SIS TS b
inerfanrin ity asnynins

In wivo erinmace thad aolioocyies fovor fmor progress i
Cumme, CA -cr e ool quose-lak Tiges g cisealive inpeet in
LT Ty o [T ] R BT B rerE b nnEl 5 A G s Rt
"n-ﬁ-uﬂ'r:n:l:. wahin fhass amprr s L rrm.:nw,'rﬂrrrrrﬂi-: [}
4 i mAngT ksl B dake mepnrt n pesines i oo stk
et et oo, Thiv & izt ooty oy Sl e
tRrminaat al, 2000 Yanmgeedd st ul. 2a0T, L, alben-fioe e unluls,
ehrizeae, Kidusy piod ool oo wiers (TE0, 22170, Capevarse dal dule
Tt a SendaT [ el mpant o Sl nncytes A cancrnr TS
AN R was Ghiwm Mt Gh RARRens Tl pRermnme sk
ZEE MNCTE MaEmAry cenrooan coll grovsth sticn nannnnnno s
e ik o ) owe pr o il ibe gk e
@ Msiogerrdependuil pueiine el e et oS (DR e
A 13325 T rnpa: Bl e rnany o pard 0 i daveies
i has alsnbern amnEvLhshiann e s SRR RSmnunr
mel e stomal-ods Rees Bann sanan o am e B megmahon
e ImsasErn ol esttogan tnesmer (=H Aanganes ireant aananr
b i vt el oo i!l_d =l ped ey, ewnggrall i i,
I B, b owtipuld b o Al Lokl fhe inamareey folgoad ans
ad s o vaksivsiads SO e sl el cafpce =,

== werll asaber paks T oaasinedial ools mar may mneeeT, Er

1 W CRNERT N At s BIE | sanne oipneyins anm
ERIMIENE | ninmen bessT rRrear cedks i rerapmila Refersiene
arczebadh e oy dtegel - lurees s dyinueriramd
Wil cchpaeseing Lgaa Lanoiigeresis Ppergan =0 ab, 2000 Lsng
gl e, b resmnlly baercs e b odioocles ke
fanr mhaalasis cevelnpmeet G "‘;=|'|1‘;"'1'|II'I|-'!:T!‘|'|'|'\"|! tiniesl
anedr nels praowmasly e nhifimd mone prnanns of adpatds
NN MO T NG MERERAE S MArSasteanens s gryarsnasnt
O T T il T BT TR, Tk

Theas, shrfeal cbissevalioe el RS HRT T TR L
ELRERUL s Tunighioen Toe rannry ghsed iesitherd gl siess

fermnimrefoee af adpomte aaneae ool ensaizale 553

(U T ey Bt it

In vitra evideare frat adipocyren favor carcar cafl agpres-

RS

Selaaden o s, waver ol ohiel il e sysismis Tautas o nignl
(B 1 o O W U Pt o O | Ll o ] i g T L e
ITINRG S AR RES A0l TR 2 ar1rrn-'-. L Rl -t gl
| A Rl R0 T [ s ant Al e peey s
variru carier val s lays bsan e uobe by sseseal Levniznoivg,
Fzere-dinanieme, bul pel prs-adpouyivy, s beee) closn o
prominle lie groslls dF el e ssds e calage) o gel sy
IS AR gn SEnces shioonmi eslliekcrasiers annes
SR METT rEanthy fey 2 KT Sk i MR AR posrs Bl
Ersnm s nals wert snparali e By anins nin el o dithisnn
ol mdtubde fntis bl ol clisad halsoloo cel=sel oo, v
weel Loonine e Dh-cirey ol groestidh, The bipa o by
weulios o bl ol poe eles aud s celb v ereuluuied Ay
FupraErT oem five T s ol g R (RN aRaus  ArRTmRi
rrmrr'l‘.kglw-ﬂ'rﬂﬁg’s. WART ARSI rr:nrm':,'l"s. £71 ennnned
[ Raus L T R ool o Fot- Ll ] et vl ol £ :.!..'lm_'l ERmpee T AT TART
taliaed i (S5 A obmsiveir ol Be it ool of Lebuw
prrrea ki, adeessile Bacanie riene slun st sl sxhiiasd
o ool prmnctyue willl delisodedon (O -3 THes wakre
Fhs AterRhan o eenenr o Ty R, Sdpeesto
PrEwel cerenr redls (RG] ARTAR FRTal pIonsmes nebly &5
IFTARGArseRhanRnd Fvssee fheheS e coen A et esneor
b [t P o e ool pason b 1025 Mgy ATTD il s, 2009
Jndeupi bl el iesibed T D dsroodks e el g by e ey
W paweien ol Tpran Brsast ey, Thess da indcais Dal
fenlanbe Tﬁnh*.f'.'n*—:thnj mm e aninameoamasr il crnshslk
Imaactamnih sl eans DARnn, AR e SRnmied TR
have beyn shewa B nreeteddn benRsl caeenrnnd prnbivowhion aned

Figr. 8. v witres sl =]
n:ﬁrr-nl.:'h:ln' |F|'| ‘r-'.'- U CTRH BT R Fe T TR R e ST RE LR E T L VR L
Tozsogs of ..-\;'».'i.ll'v."’ Crmes Sut ot o |‘-'rr'~.'-rp|;\: o el el ;-.'rr..:r. 1=]]

A LR PR ETEE

AP e ecliposiia “ile-

d |'|u_|'.'u.:.u'l\.wr.lr|l\.'m [T e, P L WLy
PR s e s e R L A nm e sl
ST 2 AT e PR NTErRanEnE shEAVEAN A0, SRS Semisr
LT P LR T, E Sy PR YT At deuses
Vi Forpi By diiars s st e e i g (R

169



B2l I Toane sl

A

HELIEL]

linginmi

Fig: 4, I viirer sadipesceyl call I iner vail ugjgj

1 B R rEr seeated s m
ERARS AL e iy

setil iy kst O o sy
Er Ltsast sy (Dl o &,
TREO, Jocluba: gt 5 MIIE, M-
WRRCE GEAT AT RS A
maaly paraeran s n aken
WITY CAAIAS S0 0o Socreind
by winireciies powas vabe it
i il s limival wrasyelo wl
Wi Ly sasl s inyassys Do)
RO ied BT JRl=n meres
Rty ) B cepenseed By
Lln A e PRy 1F muadneg
FRTTE-HERET I AR R TR A T
Ve g ridiie o pouass me
dewuid ol M1, Thus, crees
rals Peduss MM T Zxprssinn
Y TRags VR g IRfeemshinghe
M1 has hoen s play
WOoE I uip ey S0nE )
e e g ikt e il
Tloat oy, Sboisosien, i Ao il
or mTira MRTHL recAmmnamt
s o e Ul em mssnng e

BT i A sy B St M e e A P o i el
weemm S ihas oveai!
AL R ek

[ UL I'I'.'.I'l_.' Lo} II'.IlI-
rrsvmdun |lpergan aial, 30290

Ir sl winilan @lfscie o e reposisd et aifbseg
o o SEnOnr ol SRIRamE s hEWT Bosn RTAT hn primone
lia: prabiermnn 1 mna and piosat mnner aabs. redesang s
I8 PRNATSh B DT S AmRs CENGST i A Jrnerl
sl (Tl 20110

Coleuiredy ligss dalliandicals Dilleeabdoiveevs-camm cell
musgah et U procusboon of sdblde Bcie Dol e
mentee Ank ey RTINS

Moirewlor eamaclonzallan of Ibe sdfpocple-canoor esll
Tu dulke, e o st iankre el ki G peay s
I i i el s O AU o ooy le - wer sal Dt ot spiad
fnns Al A mmsnesd sty UEKNSEn Homrtunt [ miche be
nit R s ik oy ineike: ARG T pathayae= achag in Foft
ACGEONE I INMRSNE BRI REE I AinnmeesiGARs ard
Togbny ookt S8 M s ol - Muorsovan, wlposoiite- o
i el aulunine palleias wigil ako be wuiied
The ek repalic ardole incfudls o soreas poeocical siocessss
ahe AlGChnn CENEIRG RSNk Wmedlzing . ROARCorne SRRy
MEMGFETN, ANERGEICS1s, (PRATMST ™ AN Imm G Iesparse

A et e b

T 1 sumnie i tiod wlpoeyts TR o) ECM-ielaled
sz de riodibed wikh kesansalend «il e deens wed -
Pzt i 2 A renpbetacars, Satig coslaliore vle e WA <1 s
anrenarspenEizod re=k mmadning 'Ihrgl- AT AT AW

SR T o Ao TR
ey et oion ery s el s, el sk [B 5
't Ve e et 10 b e TR
SOL TSRO G0 VA pemasned wath BT wound roaiid wosisy haher .‘n:rED'.-_m:n il

MAAET AANTISACS INmIRaG T
“deillsreniasitn” (il amew
el 005 Cobeclivany, nusa.
doba bl Ut herosive e
liladary Lionon On RAfeGencRn
=F MKAETT i Rl rrstoned
vureed Wes sy alepe Gl ool st iivas oo BBINT U erslons
rereipales n e Az EnieTen of inndkvest Geo enlis tanl miam
17 Teably b mdnamenes o o0 afasreaied aopeeylon: s
W wolks wra cnansnebagiaaly raulinguiznadds horn Thesblasls:
Ercovanoly A BT pants A invanive farmirnmacSeeslapre
wrnnihE ansts iy Armana hagrroneia re Rk posyies MMET
b peiliicteg s pavcudu . sobaopa i ol e chius) ks gals
fhar amn red MRS (=1 1) JAErs T OF af I
Intereshaght e sanaapk of Sepnoes anlimpanted Abhiasin
whrele e s MM s bean miousessd besodias ceng Ty
AR FARSAr paiR kAl e human orraak mns (AR e
et -FRREST c:.-.rsm-r-rrr. inAnn 8w G desrrhod o o
Ay akuulivier] @il S usle I."'JJ,.,I eadiilili an an-
waten PN mARoed iy MMEL [in ra it LR [ AR
S e ampubenans TeRdaEs) I adifnn 1 MEET] MBS and
TR Qo msef s b e e b g conesn celi= 0520, 0
(Radagarzral | BN HIm e sl MK feRnoatos Sechided ma
R e RAMS g SImiETy B imeabid IR RARnmna cAroer
sk ek o eeveril BT comsivuls e adipomrvse o s-
{ ey bt il ] e 1) Poal r:;l.inh'n."r.-:hnr.l.:cql.'.-:’u.:. el =i HKHEE
iy Ihcnfrymend DT negen seahom G &5R ok s1nn
Ures iy of plasmingseri astiscen T 5 eseerprsisesd in
AApECyts 190, !

Cirerod tha O Snmipereen s Pel Y e I R N oiERnen,

sl rEmber ol e eclulls wadlageni ferply weih preduosiiari

r.c-ern’*‘.:rrlr TARIRCSE ARSI D Rc v aiagon ens shran nbo
1 pequibsing i ad mndtes g UM aeanasis e ta bt creal
Tl aiogession due woedecs of widpl o 3 chaon C-geminud

L N T T TN EE LT TR
T 0T

170



il I'|:|'H‘I,|J.I g, 20051 Fryisiindy, il e paanily usap
el o il M I,J!:F«J\'Hw'.-"";‘ splive wlehe 3 chyr al collagsn
W oane I'.-'r."-'l' T OrFlAgETa N Ao T e s
[ L e el g el ol e E:f::'.'dr.ll as ARG IR RAREAT IR
rh'hn-'- Fireansmin =f e Yiae] | amin ana alnhn |'rfr.|;rn FAYE
aue Ueerr ghwgyi b Le pysisaciioeuss by cireet cel s Tullrsing
wlimocrims el sl wrie kbl s atal 2005

AAESENTRS A A

Anrrrvmin e meally FrIi AT Tnanada i snpeat b
FE T AR TS ARCR T T SRINLS BACaERes Jattdataes
ad -',-',ll.l..ti.lue Ml gl BT The seyusntivd i bogise
rrendif s ol AR hain TR adimiuves afiondsise-the culk
i |;-J:|t1|..r.'|:|-v¢u wiLtudalsotin r.,.-ru.lr'.._cl- duirsue s Tersplating
sanhs r-u'n_.slrnlr, aperyinner iR ssrer il b t
riereprnnd ARG o T HEaE 3H s el ann
PRI A :-u:':1=lrr-.4-':_l||-.nn|7|H:ﬂ otnresAran i) Mersmyne i
wrvir s e R T = s o ol e il e e
I aa g Ukl ol U vormprisgglalion i c@ el g
lewiel 3l PP o ST LAradanepsess oy wil, 232500 Boieyve,
IAAR ARen Brv mhnen 1 FAMTAT ahnpral ek v I [t
= IRE L AESES) and madpoian o (o i g i prosng
[ el B e e | Fadirer Thi n'rlrrrﬁ*lr' arc bl seeedse
L' il fies Dasosaie severilvare s peducdng besoed,
ety Myehi ek, B008; Eubefer wlal ] 200 Lapdlr:
B L e sl v Foals LT TR -1 I T E TR TR R
AAAERT bl BRIEreechn Aok ROE TS CROT,

HTHTNATT WORIES i .'!'.\f.'ﬁi.".'ﬂlrl'.ﬂ Somng betarg
Sulury sl s srsimesizy e varee) el feale
Wl ey cidlre: e E|J.l'.'|"‘:|-\.: vidution UFsseaul b
e sl e L !.'ul.ars Krie o, EIIIJ) o e il
o Py eyl S W el =il "n'l-'-rr"m T | nln'n:.wr:-:rﬁ?
TFT SR SNEINGS (0 b B VAL (T e M e
iy AR peeh e thhk 1t perchss o mogrdhan ann
izl s ssepby I ERnegalivs el i i
-deeindeii oo o sl et ] L= P Clier sral, 3009

[P B B Tt el e Ll e

ANAlEE S mebpeeyld anmed sanno s |_-l."l'r_1| T
Rl leET S A Aans REpResAan pAme s TR ellerna geres
Freaws by wirawern bz B ineaboed vesmivee cellalan Pamons- il
al ks R o sonbibod 1o e develpr sl sz,

Fig: &/ Matris mutallepmibsinass TTRIMPTI] irﬂmllnﬂ“l!lﬂl’.'llrl’lll'll‘r arl m Liresnd
Adnrginom, GB) SF e b TRk ASAM ST aoinag Sisde tat e
ERsaC it S ATy ARy R e afativiat B At fumat Sonnen
Harr kT o et e e s e T LR

Peovivioes gifovis wfadipoesesmoerer coll oozl 858

Trauy. wwele 07, M0, oo, AT S SEli an (GF2 we
cwraneeeial s Sosadierrris oveeraynlex] Clveergon al
FER L TR I o TS U i .

| hiss pser s e AR RS s s A -rassrhnl
mie Aanrg B sl sisfs o e imee ensmaalashie r;'.c'-rrrr'_'t
.‘-L'I:l.'l.".u.-.l"I.'-.'".,"'.-'.:uuuur_'.:zll- s b vl s raniud s i e v
e sipcsbus iy oF el ulae abls o pul=nfialy ik af e urce
rul uuml.'.-ll pedifs i pd i lwarnu.umu- wpul o i
Fropar e J-|: i}

{‘-im_r.'u':.lhrulr )
Zabelieyls, Hliees Uods el Be s o) ol ccesulb i
aripy e ciriene g eefuiive oo ede laineds e ot cals
Py sy e elors cionte ot oo ke ol i i pogiee-
M1 ek rabed By e TaRanT TR r-'l'|=| I-] i’ (Mirmsm
AR RO S Flﬂ.'-l'l-l‘]" Ao TR AR At ..mrmr st
oF fren mednenlar S nAAn IS TS pemaie i v Getermmineyd

po. pdipocyismetasollc alsodd=a Imnact on Dresst
cHADAl developmantiprodreasion®.

Epicienalogien ﬂh'mmmu.rnﬂq.m"}' avac! Iieuitn regdFiance
-q'l'uhl:llz':l arn d:n'.r.'.l|h:'|'1t.'.|.| far btoaal famasr palicais

Tiam Ui elitee desibed weea, ni cladtue . soiden b
wtplieer mueilfasio iedie ineenmany pecadanl odpoyies citesiug
Lamnst i, il wigpog s sk hele o sy ichueliin el
AR ARIRAE A BT imd Ry gPerass In eoll sech s e
Fuparlas pnnpessn iy fel Aamber B pocatt dy e pit
SHEY IR s T nnnin aen amulrhan meishng arinneying
| Tppemptusia el o auivoeerigay, iaeaks o heswandinn s
ol pew aipeoyims ot deeoersa celkein e al s zeiw il
|| ] o L T TR B Toe ot ST R T RN I E TRV R
|I-C_1.r-.';d:|.':='.':_P 4 Lenra! rr-*'rr'l:.l-'.gn:l:lh.'n’l':ri'lg-.b-r.nnrl-:rl:i-'lrrl
[Ty ot o o et K T v A PR it L e | oot |l et
FrIARMEIR o Beit s |0 Siess poak e rnoanshbwomoy B
wee Prawseed Hud elezale muirdesiy al hypag splisd wipog ey
wight penzle aggredvs bunmoie-deterds Lrvisl A
Lo it oy nuee sprcbsy cRduross s e, 20030 nveed
#1 Atanlsked INRF oAt ATfass S R Impndnrs S A
| o'y Pl el e B o R Rt ey o ISE WAIER ARR SR
n*:rri"-j:'.r F VAR AW IMpALAmeT wUnnss st Fas Fee
weis ule Rl edet, 2E0C0 Thids duperdasi o munalass
ey s 2vens Diativ inecdesd in oaicle ol selnagen monulissio
il pose s s ol @, 2038 Maiseren
wireeial iy Dase Pudeassd dal iranie Dursdd
B [ e R TR e e TR R R T (R el than
s TR mGEE inTh B AR naltagan reRRrndive
Bagid (oo T AR RIS nT e
il Tty T LT el Pl Bl of e ol el P ol e T
Wi il i e rsoma il R ey wlulus,
cenz stess s e Ponireeis soiug Wyed w0
IO (e astitgly, moneng fig wsidence s guel i)
A el 1A P i Rt el Pty Pty B B B T et I I (el D
SLEMATE T SEAL AT s S iy RS iR
ek grate 2 propriely - walgsRsEs (4nss snd
WoreDasay, E'EI':I;' Trywchd e, i Faget beien shivvrrdaal
Fsprarinuul oeenia al iy 2 diauelee we ralsaendsal
ik lguins o poon Slodusss b owesinsn el L
Pt et R N (1T ot AR ] ook e Tk ¥ R LB ]

171



BEE A Vameral

Infsmmaten

BT
Lgpaa’zais
Il M e i
R

| areindy
Alinlagrie

EwErsian
Llo=1 08

dncogeneas
Up DN
[-E=T1a S 8]

[=CTE TH W)
[ H]
5 i Frm
Ahpogenssn i
T
A =i s
IRy Azl
A =
kT ur i
s ) (ATE ] [
CITFn 1] o1 s ll|
Fiy. 8.2 3 bl mckipes:yie (LA} cal e I p—
b promutr S il AT, i parr A

bcb-mﬂ.m.ﬂrqm'—.fﬁ:n :I':I.'IZ"":I-:!.I:.'IC\I"".I'"":I.."\-C'-_ AT ARCTAN AT
LIS AT TALL e e ) e AT LT BN
Ve Wi oy L B R L R ok T PR "'.I'-Ir.-. aTATA TR LN 1 AT
REER PLEN T AT ST ENC S OO SNTITE S 0N ST -.'.F v BT e sothen)
i et e v e el B e g e s g e L
aneetn it el Tl gt e et S ke el A < e
Y CYDERAK CULAT NI 0 ) I, A IR Y DN T, Onnctn s oY
-I‘-I o R LT H-',,.!HH"..' |"'|"'_H|‘.-|.-¢'w rall I L B AR Y,
A mepcaanve . T |||.|Irl||v_v|l St £ b mild sy st e 8
_ﬁrs.pu:n:l B WP LS B AR etz B G remadohng, o s e eE ana
Jrtig e w -‘-Jl.ll\-}'w.'il"pm .rr'-l\' e L ATEC W e e
AL SHT BT P S A | R !-.!-.'Mtﬂll'“:l““\"a ATV LI T
somaen e L DELIN pliamosina (1 CHIET kpang 21 CLECAD I foao Cotingy
||l'||l“l [l ""'F" 1.'¢'mr.ilr|| '.'ul.'a_,.':-I st e Y| ekl T
e H R LT PR T AR T T ket
LETRRAR bt WU B LU il 1ot B e P W
e AR iy |||ll|'|.._|||::lulinw_ fargr
Ak 'u.ll 'Si....l-n-\lﬁ.“.r FEL b A J.r'.'l\.-\.-ll'.l\.'|.'|.’I|iu-1_I"'.}'-'.'r:.n"'-l'l:\.q'\i:llm-
,:l.n't'-:r.:r':wrrl. STec e A Py SIS ma to’ T B T LN | Bior Senmee
Rt N BT Im o RoraEs DI sre s magor 12

LN ] el P g -s"n_'r.v' .".:u.:l
BT i i xRy g

=1l WAk GRIN 1Y AOEST BARGRE SIS R Bon arivaT
85 by R sacaaned Wi Arersn s R iennts ) ignan o
al

Thiz wejunaltive el ol abeslle ame ol mediced o Losesl
oo, Solid weideiniclegion) i suppoil s o ol fol i
chtiibulbon ol pcdevshope imnd sl ved s, o biding o dneniilie
Ik aaunral ST of cenerd [Hehaber dal By bar and Mont

B RPN 1] e B e
NESGCS el IRl AR e A ARQCRESS /0 A as s rrAtinn
(bussirar wad Tz, 20041 Musavel, Uene me wbpe
uvts Cplunclispy Irdjing obeelly i insuln eslsiunus o ue 2
tilemmes jCuileioe et ol 2EGEIMabe sl al, 2000 i aldlia,
Ryl inemiE pramnhes e ryanss aee bickgics! sk od

.wll:brl.'.:l":]l]S.Tu:. S0 o e wiresieall e peckjes
anutlveiz ol i wsidhicanse sho ooehlp s e bl
swnnn R bocty rass pefa R s e oRL R T APRTIR IR
144 rf gl cRnenr AR AT BT ARG H U samen foed
b gears or ol el of @I The Isrehainal
Aagayign T Migestanh ben Capcsy IARS reciclaned bl
Graia s sullicern sy ol emr e o ve gl
Lo ok il chan) 31 eoeeri] ponesrs NED Bl
N S RralAr eorelinann Wwas Erwar oo A - Hesnghai
H-'!?ﬂ-.'-r!:nrrcri-!h.'-'l'_.'r.l: nreantanTar A ofat K

I AEM@ R RmnEnTS ST SRR RIREInAl STk ans
crl bty g melasipealroedimaroediudlee il snss
sEr ik, g |:.|=|Iu.'.lk.l| wred el vulgeme, Capses
il Ll B i v nmiad Ton codres it eindeey
sgEn Anee s nsednr grest aterest m ordnekseing
|nmockermms nwhirh anAree s oorrmiin HRrnn
ANNEATR SN AT TR Anarckars e ST
Aublan e

"Obwes ™ pdiprcyies and concer co-prmed cansar-
rEmacialed aodipoayics (O R} Shodralimlar ke iceaiar
rrod e n g

| Az aliAeRlTRlR SREmn quesinaihe poeent al mekrwier
iUl saceey gl vampod el rasadanl adioguyiag un
e e e LHEP.WH"umlmJ:Lu Thiee Eri jens
ey diiuli e esptors, e pory ferm daf e weuilusla
Wi St I EANR Imeneidna Innland m mammhan
T nsA hinchee fasnerTh ac qemsand 1k Aoty
DEAR mRY RIRL Aot RpssEmisly . 6 18R erentied, B ooak
Lman gl in el i evedl rnd lsva e ez Ly
ShnE Ribuwig wossial il naaise o yele dis
et | Sxcdioe i il gl reauti e cirealalion feesTig
&) Ameorminghy braast cemcer pRhnres oo of REAL
.':,ufr.‘."'r'fnh'ur" ez ol melncular reeed feahoas
rvihm blnnd DoberAnG iRk (005 20 WE S RTma - b
Db b pratisiihs bl y Lneass, Lams, we gl wEpesl
ikt e i, bl o ned i inice mllen i Ls st s
wlih CA elleci, e, e cellubnl larneedlaek oo
A prermnny profiist ol Aypnrpened RaipsGyns Inm
raEnan i Abess Reopd Are RHEred EBre ainencsunody
Avsernilalerl-sOmparan wim ermal ampeeytinn Father
et B o e Joculeid gboenliers i e oy
gl abeas e ban e bsbiaen v b spelern wans,
Mo emimivle, dbenily i ensa vl o wlissl il
W e rheracttTEed by 5 metlurmon 1w Remieasn
it anh inlammEiary bctors end an ncmass i Ganm
ol e imflamrssnn inchors. Carsoguody ahesy in
arEueres . rus e ey Al renicinflare g
(ks end idigeed, 200G Mumaziag, §ootsst HE
celiase Uesis (o lflieniesd vl breseosed nurdi=m ol
Ik ant Hibarcrahog maemphenns (ssherg e,
AU SEH s SRR ATAERYT Py SRRy T S

moadpotes whil adponnan v acoroasad (dohntnn o w

vIPEknmen et Sipareting sdnane

172



PE RS- erra inednr (=1 alda regnilatts el amdneet e
sk, SNIEH) Fanll sdnnss resin & ST vt B narevanl
gl = roa hreulr i albssi e seninieE i cie Litrutaiiala iyl
e pind Teriiabk ews sty (FaglepeFooosedy o ol 2007,
It sulirigly, s e syires il simibclise Leiseen Ue
Florn aFehers msamnnr T st sanner patianls g ol
LT T el ot el oot Vol Kt bty T e ol L Dl A e et Tt vl I Bl el
rEASE s SR AL o SRR Sa00 N T ol i O B R
ik e G b ews o Ty, B

Thua, wewkal bt wis alemsGaemne e feond bovives
ntms S sl euerinid oommubosm DR digor Cen s ik W
thesn Anleried m o s oh syesn: 7 panes 154 S e reg
traprmensa et shamas n peeme sl on ary sd pamettd iz
Frdv dinardam. - kachors thit e e RO n AT i ]
gabyaiuee 1= il inifalee gy CAMeoiger vell ceesloh,
Pputees peooe e perizieg s eiore il fo inieivd
canvs cells iz e s vt et o B Ve ks draa
SErypesimipmn A il ampneyieg 1 hase aphmial sanmmhans
mkFmana Biosnt aanesr ot Ao Ut

Acigocpias an e fov cancar oails
Sl gh ol g d T ruccones maluredy Wiy e

PerEREAry fot L e ian, Prleed saieal pam b e 1 -

Ereembe rTanidly Ak ot s imE AV URhe ST enen Y SrnsLmire]
eSS EAndd recasnd Ando et | R e e ans
A nh AR LRSS R g Ao memrher senasrantain iy
el Apids erdd by onocersmg o s sigmbsmee wiecda o mba

Il il vt g s e el popowat) Thedulwyap ke aias .

gueedren e possvks dhp runldemeiesd i | smse avenls.
Ieferisdmigl, ® Fes fden rnpeslen IRs cpemnaal Al wmonme
(il E e e oy 1 A o e B rhir b Ll Lt gt b e e ket e
L1 BB T s B o el e Pl e B '-':|||.II In s =
sl ligdial cedls ol dy indece Fighaeis in sl oo g e s d -
i o f_fu;uu_:.l'.- Il e outn alsisalor preioed
Fracaes i tivsns: e o, ek colpasse-deived e anids =
Fer L limerd Wi b ntn T e0n - sl s1s Ny IRciRAanG mnmmany
apbciind ks n g I e e B e F B Rt i

sn ot B v RcHy rEReed anliesn messn Pt o
il (bl wpocylee, Deividatian i Ghhe sucpusid saz) 4
e Burssosg s oedsl Tuivdnren g oy g el
Filzesetlubon 1 ccmradution in sanus ek, Ligided D eance
rabsary Irnd Yrmarcer mohasiasnn (Lot ay I Beaantly
= (kB migkr Bt et prsinetein S sigeslleag ipne,
s Bt Rt el El T R P e B ey Bl e = e
Ui e il kial osklaticn U praouge ST Al 4 iy
Wia gl i i L mrmenasiv; mece o sanms aie medbamindly
et g w gl e ondiaion T TRE alivre an ileras] re
ey b cannboy Rt RE AR nans nirkssol o
FEas frfmaess Hamar progiessmn satersally Iemug g e des oo
[ B e L T ]

Thire v o ki i setneasi Jesgulilsd spe gy prvceus g
ed i eeriad varcel vouisky misesss Crils Qi sderiss sug-
wekl Ui e ®reveler ol by Dstvoan gdosiees el clae)
ral AR opmnanl e ey e i et RaRee AT renee nslin &nd
AR SRR SAMIYET ARl RR0gesain 1 s enrmmss vy sa
FEnERsTE TEheRnT ndinncy®tn ernT ol CLsly i mraE i
o idus gl s dearclre TTAe e develepiog oo
ermul aspe sy,

Haemmipinr fffermr of pammog conger el apganas Ka7

Canaibghon

Impenvin] e ey ot Arrtmlias ninchara sght Feip
readsipl et e e craldp Letwasl Iniah DML wr Beae 2] ol
s, biad bereieed o 2 one e dinisal culcoar e, i ik
il e P plosiily ol scipestey s iduting
= e e @0 Inasauar peganlag peET ey wr fajnr
[ b ol e e homam resscsenh s el Sdabeeaes nkicd B mal
DT S Y T e TR ey R R LR R S R G
i T s kat el ok g o wea kg e gl er
il i vard oo el wresivassd dividen isalmnrE
ko ot s Pisraiy S ef pe 20T meLr il el
s prs el Sy T menamen 3 A0 asaaliy osan e e
by el Tl s e T oo il D R s HU By B el
AT VTR LR P IRGET PEWAN LA AR el rneastaarcar
Dk Saii s, S0 ' ’

Garsral conciueio

Ly PR rE AT ERTTSS AW IRRGT P T e T
Rt B s N T L e o R | L BT Ty ey et
sHanmr el i s g Lﬁ:u:l.."J-."luu (ERIE ] TR oy
e et Bnessetsanmen giodies i lisshelstermus iuodin b
piliatens ool crcstab vt cavier ool Thid revew sl b
AEnnarA the A penicRe Snnnnpl IRRr e Rl ndinasn 1EAnE
AR mETG IR IRRars T T AGgInEnel Feamdey IR s noal
arrsash ran b ws Thit. ishenshifs Retensn chesibetianntes

il Tz

Dearbizaby nbereyleinus rpvon Lappdagr -
wad ghidive fdve e ilifed vowniy e Sie g B ngid ek et
vmicer, Boreste weigia g ey suneidses s oie rn
ok rdann, mehRni BRRTIES P THE SRR AlIne m virele s
ernrnier by Cantoahiag resdanleseet als oonst redec oty
TR W AUt Ls e ranslcr a0 onemser meliaart
el ot iU S e A el

T lubn o ircdeceln provassss prassderg sl passyle
e ek e s tesiidg a0 onfoit Saey sl 4
AN LNARSATTE ARE E1Teanyrant B aimas sy A AR
AT FCORANG FRTTeA L Par e T ansrrRiang ko =diin g
el lemas pragrasser e 3 mest imperanFos d
i L s meens cnusing e prek s rale o pos e Lo o s
1 i el ety cnivr ionn gy wietasial e vells Inciead, jhiee
crnmers sy ey cleavad al e preiing o wise
aeyl B oo et 21 weal At P arraeednn furone siles - i
onanEl PTG A nend et e nnr vrenowanl ot pratanen
=R ARANN Y srlaskeris praclsprs st ofion snluns st pociesd
firide 1 ibug | e o, 200E]

Tl pemind meribEad v L ile e Foalize e aedinu s
telaler s b e diugrmsis g poogp ek, g wdeelye
PrEET T AR RITASSIN ’ '

Asknodiociadoms

[ralt L VR iyl ety Bt hd o) DB b ntl ety B R Lt e BT e oy e
iy I Tt Ll o LT L LT T LT CATECES RTSNVE - FIE LAt IR TY PR DY o ey KPPl S
e LER Sy MR EE CrRehenihe SAiTNG he e ke
sobrazeniy, Ao ASERciERen falr A oMo s e Laneal M Lo
P il 1 o ewara b Tamabe o i Tovetdie o Moat-Mha, o
s Hiawt o7 dois diane S (Bquing heiiais LEOE Sf0 anct o
insbid Msdacatde Sancontonk MG BTGNS0 RN AT BeE
s o o i T Dol bt (sl ks ot Toasi!

oy e e 2 M I A M g VT WA LT T LN G

173



s AT

v RNFCIETOG 1 T b e G ST el e S LTE Y B
References

l'.h[\"ﬁ'.'i'E.'t".HL {=H | Lt ] o fud bl e R e Ty s bl i e, Tl
Ll b e 'G'HJ.'.!J'H“\': w1 fmmada) Srngsn fegeiim oo R
SHEA Y Vel K WD (R N RS TR LT R PRLEH S HE SERE N RE SC |
TERNEETTY -.F| Kz k"ﬂ"lEI""‘I:E.".'I'l 215 A Saln T r~|;|.|.a':l:-r-'|
WA 1 ALLELE] #1 mEni e R P LR B AR R TR IES A PR R ]
FURESE TPA3Ehy s O Stawnr Pia £0 ~2807 10870,
2RIETFEELLED :\.'F':'F'"-FI:‘-' FI0LL AL THE LMACHES I PO DHARTR
LU RAIT R, I O [ (CILHE R TR E T ]

.r:*:l'*l‘.lc-.l::::ﬂhm“l:c‘b'-_’ Lo TR, Madu B4R T,
IR TR A S B TR FFHET I I T T I I 1 T B T T

B zaraer tharasy: @ mIa prrazIel e B an of S il abiis QL et Duekd
That e TiEE =R

S TR AT R R I T R R R DA ERE IR R T T T Y PR
gazedy and Foaiby o eyt A zoec BNl p S ed cc P U LLE AU
W IR e IS HE ) :

DIEMED VNESYE DT Lal e e == HiEmED
Ei1 e by gt Bl B ied | 55 11T 19300

CIRAT & EDDHET L TS b il T- Lo DA LE S & WASDE, Wtka
e o B FORRURE S0 ) R OR URR s T H SR - 1] O B R R
WACET P, WLLLES Sad0dty Sivont aniociyiod o po bl | an atransd:
(L PTE L R P SR BE T apsl o4 Fhiann Fmmas e | iR

DUGEAHG, PRI WL 2D L SESCEFESN KT BT & ERLE TSR
RS REETRCHATE S W T I S L R e T A I R SR R L
S ET Ny s atr o i T il af ool soiciw E e ey Liwsirsn
o s rape S ey Tl S TR

LR T N B e BT T T T TR T I i i T LT SR
chyrd ) prdTA Nt daic e b0 s B0 A0S 10T

E;J."JTI'?E Tok 2F, CEXTEA [ THEMZA 00 Tapa sty o adloore el

B jperess aiwrli Heg I||-|thl=r=1|| AT TETVUA L R A e ok

e ol 1 Ty i T BT C0E Gl MOV T Y

RS AR W T RCHERY O BCCIT Ergngs T, oias ool 3oTdt, and canddt

B = B TR TLEN TR T e e 1B

FECHER FLAURERY F WE T304 b, HEOCHEER0 T 10071 Enda s roec 321
(R TR PR BT PR |I‘|'|'|i"H'H'|I"|'¢I' = TR

b ST I TR TS S Ty LT
N a2l 225 841

SAEICFEFM G0 '.d:-a-::.'l:-} m'r'.lc'.k.r Lz Aciotdast oo cd tirtrs ok
o T S e 1

P TN T IR TTTTES 5 IR R VR Sees | TR T e P T L T

IRk sty 12 sl e driaacs ond ot 2 CRntior ML Mol B B
HoCHee i ®

FTENE N, WERIERT D02, T 1oz 21 0me 320k 27 e sk s T
LS NS T R THT TS TS T ST VR L LR TR e, o

IREITRFLITH

el DR (1 R [T BENFEPR FESSTRTET S [

PR KL AL AT b S B YUH e e feR e b e
-kt goate aed MEERCR, o R e p Sl et Sap e 150 3T B,
PERENSE B CORNEE TR 3HN-E€ Z0U0N Shks ¥ =I':‘I.L",'F:"' SN RLEGEEEE
L LARIBET | AR RTEA Y A LR T Makl L U T T L E
HCHERER P anE] (e il 5000 A TEmIighac i ziziokl mam
[[ETECT RS T IR PR B [N HE drkeng s ki damiel faingranis
wncrzhe ndednd slaok anbaty. Snasuen s BE GETE (NI
FERQIAF S5k a Y SILLICSET DR 32RAC 0 ELITE LA (EEH TERPLE
[ B 1T IE Pl B e -0 I e W AL SO RTHRAL L
TROZRE! LFFPARN W, CASERT W5, ®=FRICH EF, ?":. HE w9 G 1
INTEERES O 0 o 6 5 O IO H et 1 ] N T R e 8T R | I T I 1T
it b o) o 2‘11‘.'41.:.\'.13 e LR, . B et T8 b ik v '.|:~r.|rt~:m:_r~'r Ry
[ e R [ R R e N TR Pl L FE [P R BN B T T LERE Es T R
LI TG
El b0 s rimnlen o LT A duigl el tiddend
I'I‘-l:.i:"l!a .'\-.'-*.'ffrmu.- :I:‘ﬂ‘-i"l'r] # Mol innasst ro A s ki,
i paeiane Taniy fet)
BAMELE ITFa PR BT

A S e v Ee e

o ibeahpviei bz -

FHCHREFLEF.

niEoe spco o ragl nhon ! cdhason oy P SO RO it e
[ E R ]

LRLE )T A IARE T l—_:ll:‘-.n:lm;l [CE TR R E R RN TR AT T EEr B P T )
dint Hay Sy P TATEIE

HEEEEREFSIE F, P45 WERE 2520001 Wl Mo B0 1 sy o aaras
Ao nelesddarmeal e LT R

ok s B R LD - R B U RRS AR TELE, Wes
o B8] By, LEE HE, BYL JH VNG Y 1300 A pooyre sl medum
Abryimdeg peinnzan il ddenic by pederg saemre P RLEANLTT culle
(EA Rt LRI I R

TRILERI S | VHE Ao 1 b WA A%AN T TARE R IR fhe] fam-
TN Ire b an relizzis) 1Er poan Do b pee el spRasal e T
T L T R R T o FEEF R ppat N1 TR PE TR e AT} rangingy
b < TR, TR,

LETT, RLEFT 3. CASH 3aln 00700 G g ooy a il Foos0ees S en e o mg magiap
INNLIERENFTESET TSR BT Sl Erpe L ey
[NIEIL RS e BB i [ N TE R R PR LR LR
EASTET R SpC-A000 rl 3] The Sinaecazsn aecocknod oo okl Bgtne =

RO 03 T W ramaTayy phacd spocic oo, o Oy TR T 100

MTEEDELT 3RS B 3500 E A 00 Ax miakazs e bie r tnd Sisaseans
Al g St TS KR T

SAAL I TR R TR R SR A AR e
B A9TT nraneor o e oo on ororlc o g ones g Ramar A Fesn
[P AT L

oI R ot T R T TS SRR I TR B R R R R e ey U
TE 3 i bt | ek Tolh o s = o T I, S o) B sl
FlariesMaa Trar 11 S

SARLIEE, RIA TR R Ll
e LLET W H TE DES BRI TR B
[l B Eleri Leat

FACHEEE ) TODL T, T o - GBS AART < (E003] Wahus acipocmes; b
TRET T SETT A PCRT TR TTI  Erp= 1 | S L REFTT S RLETAR S B el
rabe sy thepach sancorsbonal ok drlnicchor o Fuoee 30 2T 28

MEMEMZES o, LUFL Fialai Fady sod opmiians ars e Eogons phvesatpcz
|_|||1-H'||.-|1!|:HHII'.‘uI.‘hr-l'.'.ln-:-lr-' El S

L hon i T I PR R T EL R R R P R [N IR TR b AL
LSO b TR b | St § ool hetotol ' Woed (bl F o olecd ol o5 00 Wed o]k [0
Aoz poodiclz cooe geogreas s ol calionns wlh ahe cEl holoose, toiem ool e

LT RE e TR RTTHRS TR ]

LR B 0 B o B SR TR
Bl bun flaccer Chedcti Bonatian

h BTN BT IR LR TR YO e T e P R Tt s OF TARIL i)
A WERET oS prog ST o0 Cyo i poiw Ghars BT 0T A0,

WOTRESC BERELnEE CUE §, MEEEAI0ED ML CHEWAAT M ETCLL
[ " Lo B e R s Il.-l St b Pt T ETEE R TR B [ R R TR PR T
_.rr:-_mau :;trj!l.rtlm:-:'m:c.:m RO g ol 5 % R r-:l_.r:l'r
Congdfores Do BT ST 2300

HAERAMA | BRI S TRHAEE R THRLM K

A Frrye Pl erkor

s Vhom lodsocs shnianps e aiang i b sl dapinsacbies drigries
IFTAAETIE L S TEo T L, vk, T EL

PERLRA D LS T ID AESEEY 3, 400 UES H3 NG 34 DFALATTEF -:‘l'f"l?‘,-
Wvap g G i egfaii v e e e relaal Ter LS e ]

- vl e FELIERLRS ML ol |

SCLLEH W2 iR 2 m I RS P RCED Rorai g Fosopoiale el
g layarll alnmdi

CURCE T TR TR
eerdbinm: B adea 1 1=

Ved B o] Dae gl ldeen-Eearaela s sy e DEE] 0 e e
i o Bl et o TR = S e el S Rl o i

MRy JESEENL FET=REan] oA, TOTS e VE XSRS LMY, EEF_'T".'.
TTARTRECHTETY ST TER I R T O TR R R TR TN T OO FTE TR R ]
mowlabe e desitty and ing Kanes con=cibes | Srab ity and memalzd

pSTERTTEEERES TR Feb BT Rt T e

L I R B T e T P e N T T ST P TR U T R T
LIRS D DD BTl e W Eanwidrie St T TS 1407

 SRATLVERDH L ELECHLES C O et i e o g s

(IR e A TR TR ST R

174



Feinleiror gilvicie o ndliociieianr soll cvonmdl

B

e ard b sancd | St fe et meroneTn; el I:I:_'!.S;ll.-_!.,,_'!l. o8 I 3000

el moaen by el sl taresd Rt LR Svas Tiahon sl oot O T S TN F L1 1 T A L (TS
S LR, SLABETE, TR LA 00 T M i Tl s bt e B AT B i i S SR O S T - 1o 2 Dm0 00 T2

ELEE R B SR DR L R TR E I RTET R IR R R o REE D EE e Lt 7

B P TRt it o LI WIZEEES SRR M UMM L [=2 M U Foes 2 W, LEI3S FL, FERRANTE
ik ) = P . Y S e [ e s el aih TipssnlangE e cimeEEER T LRk
WARED &, KR ROEVMI RN T E0NE Wi gt oo ard chstral asinehlon - £ - 5

ST T R TR PR TR R T TR LR PR TR | TR SR C e " B 1R o S e 1201 7 1305

WALTER Y LOWRE, Q-TEH 2 s DARERT B B 2000 meaz okl G aonikes

T B R A TRy AR LR S W
LTy e L1 A1 1P RS SELEL

i sshe =r mnad pE S pIErEEHEE TREAEEAED UED pRdad ) [EHEA T E birrosd g Gy Bukngd 7 30 S0 822,

Furiher Raiated Reading, publishes previously in the s o Osy Blal

Grosih feror-detinid suiun e medlom Tor Runes messseiymm sem oo

TR S, RS R, S |, Dk e R sk Se Ty Wnmesas Al Ky s Plket,
Tei=il svsamedn and Wise £ Finis !

[ TR = S H TR LR e el P I

P 1-0 o3 coe 0 edipoes J.-i_aun-l]Hl.':-: aogim ceta difcresiegs Inoo saulinaroducing . cofin I vy anid rodese Ny pzgiyeemio
In diskstdo e

Thicoilead S e Deleio 20 Hammgean Behoby lobulise g Mz, Suor Chalaeuell. @pell Jihmntes SligEnen Taus Sacun
Vg Shamm b arhe - Heeshl Okt aoy KRTESE Bsshimn

L o T F S o i SR = ]

lok K nzssiyino! Tronsiama 16 geyebn iz end diorsan: ol Wi s Sitd) Bow parapeoilive s
kS anjsia ik
10 2 Db Wb [ICAT 08 1 040 |

AnGYEL of BEnaesin MARKK Speezalon Inthe e inn sammsny glsd friom Sariogonsalo 1 darsinogonca an m s hphrs-
lzaflon wiudy

| Mrembey, T *hshidn B npms and T Sakakund

Ife T okl (1R A RRATN

Exprozalan of =21 and uPA goiica 19 slgdciacd o maimmart achllal S2 | hulagenca)s & neapleste samerisy
A Dl st WSthiques KB Neng o Enlith s AR SUSRErrnserand £ Tk iens
||| SR TR R E - E R O H

£ o7 = )mpom Feoode 1300 20T

Wirree b Flisg g Fipmaai =i

o =
[k i e sl i.".f

FAEMATR T 1008
LILERTTH TRESTATIN [

175



The 5™ Chinese-French International Breast Cancer Conference
April 19-22, 2012, Chongqing, China

The technique of transgenic mouse model

construction--MMP11 transgenic mouse as example

Jinxiang TAN, Emilic BUACHE, Fabien ALPY, Catherine-Laure
TOMASETTO, Marie-Christine RIO

Molecular and cellular biology of breast cancer, IGBMC, University of Strasbourg,
France

It has been shown that MMP11 is a negative regulator of adipogenesis, able to
reduce and even to revert mature adipocyte differentiation. The MMPLL deficient
mice have a significantly higher mean body weight and adipose tissue deposits than
control littermates, which indicated that MMP11 deficiency favors adipogenesis,
Once again, several questions remain open: how about the adipose tissue in transpenic
mice with MMP11 over-expression in adipocytes specifically? So, the aims are to
explore the adipogenesis and tumorigenesis in transgenic mice with MMPII
over-expression in adipocyles.

In order to answer these questions. | have constructed JOJO-MMP1] expression
plasmids, allowing the expression of MMP11 coding sequence with or without a flag
at its C-terminal end. The plasmids permit to express MMP1l protein by
co-transfection into Hela cell line of these vectors and Cre-recombinase, We have
checked the MMP11 expession with western blot. Then we sent the plasmid to animal
facility for gencration of transgenic mice with MMPI1 over-expression in the
adipocytes, The constructs contain Lox P sites, which will permit to specifically
express MMPI1 into adipocyte after crossing the mice with transgenic mice

expressing the Cre-recombinase under the control of an adipoeyte-specilic promoter,
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Chapter 7 Résumé en Francais

Etude de la fonction de la métalloprotéase matricielle 11 dans
P’interaction/dialogue adipocyte-cellule épithéliale dans la glande

mammaire

Etat de la question

Il est bien établi que le microenvironnement tumoral joue un role dans la
progression tumorale. L’invasion tumorale conduit & un interaction/dialogue entre
cellules épithéliales cancéreuses et cellules normales mésenchymateuses. A ce jour, la
plupart des études portant sur ces interactions hétérotypiques mettent 1'accent sur les
fibroblastes, les cellules endothéliales ou encore inflammatoires. Tres peu d'attention
est accordée aux adipocytes bien que dans de nombreux cancers tels que ceux
touchant la glande mammaire ces cellules entrent en contact direct avec les cellules
cancéreuses invasives. D’autre part, plusieurs études épidémiologiques ont mis
I’accent sur I’effet du métabolisme sur le développement tumoral et sur le devenir des
patients. Les mécanismes biologiques et moléculaires impliqués restent a ce jour peu
connus. Dans ce contexte, les adipocytes qui sont non seulement capables d’exercer
localement des fonctions autocrines et/ou paracrines mais également des fonctions
endocrines via la synthése d’hormones peptidiques (adipokines) représentent donc un
terrain d’étude privilégié. L obesité, I'insuline résistance et le diabete de type 2 étant
en augmentation constante (Doria et al 2008 Cell Metab 8 :186), il apparait
fondamental d’étudier I’impact du tissu adipeux sur la progression tumorale aussi bien
au niveau local qu’a distance.

Mon sujet de thése s’inscrit dans cette probléematique et vise a définir le role de
la métalloprotéase matricielle 11 (MMP-11; aussi appellée stromélysine-3) sur

I’adipocyte d’une part et sur les cellules épithéliales d’autre part. La MMP-11 a été
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clonée au laboratoire dans une biopsie de tumeur mammaire (Basset et al 1990 Nature
348 :699). 11 s’agit d’une molécule exprimée par les cellules d’origine
mésenchymateuse. Ainsi, dans les cancers du sein, la MMP-11 n’est pas exprimée par
les cellules cancéreuses mais par des cellules du microenvironnement péritumoral. Il a
¢été montré par de nombreux laboratoires dont le notre que sa surexpression représente
un facteur de mauvais pronostic quelque soit le type de carcinomes. De plus, dans
plusieurs modeles murins de tumorigenese la MMP-11 joue un rdle clé dans la
progression tumorale. Plus récemment, il a été montré au laboratoire qu’au niveau du
front d’invasion des tumeurs mammaires les cellules cancéreuses invasives induisent
I’expression de la MMP-11 dans les adipocytes localisés a leur proximité
(cancer-associated adipocytes, CAA). Cette expression entraine un changement
phénotypique de ces adipocytes qui acquierent alors une morphologie de type
fibroblastique (Andarawewa et al 2005 Cancer Res 65:10862). Des expériences in
vitro et in vivo ont également montré que la MMP-11 est un régulateur négatif de
I’adipogénese (Andarawewa et al 2005 Cancer Res 65:10862), et que la MMP-11
clive la chaine alpha 3 du collagene de type VI, un composant majeur de la matrice
adipocytaire (Motrescu et al 2008 Oncogene 27:6347).

L’adipocyte participe donc, via la MMP-11, a une sorte de cercle vicieux initié
par les cellules cancéreuses invasives et favorisant la progression tumorale (Motrescu
et Rio 2008 Biol Chem 389:1037 ; Buache et Rio 2012 Matrix proteases in health and
disease. Chapter 15 p373).

Questions posées

Ces données soutiennent le concept selon lequel : 1) les adipocytes jouent un réle
dans la progression tumorale ; ii) la MMP-11 participe a cette action. Cependant, les
processus cellulaires et moléculaires impliqués restent a découvrir. Dans ce contexte,
ma these porte sur trois questions primordiales :

Question 1: Quels sont les processus moléculaires impliqués dans la
« dédiftérenciation » des CAAs induite par la MMP-11?

Question 2: Quel est 'impact de la MMP-11 sur le développement post-natal
normal de la glande mammaire ?
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Question 3: Quel est I'impact de la MMP-11 adipocytaire sur le développement
post-natal de la glande mammaire et sur la progression tumorale ?
Approches expérimentales

A mon arrivée au laboratoire, le matériel suivant été¢ déja disponible: lignées
celulaires mammaires normales immortalis€ées ou cancéreuses; modéles murins
notamment des souris transgéniques surexprimant la MMP-11 ou au contraire
déficientes pour son expression (MMP-11-/-) ; J’ai également bénéficié de 1’aide de
différentes plateformes de 'IGBMC et plus particulierement la Clinique de la Souris
(ICS) et I’animalerie conventionnelle, et la plateforme de transcriptome (Affymetrix).
Afin d’essayer de répondre a ces questions, j’ai entrepris les approches
expérimentales suivantes :

Question 1: J’ai étudié la « dédifférenciation » adipocytaire a partir de
fibroblastes embryonnaires de souris MMP-11-/- préalablement différenciés en
adipocytes. Ils ont été ensuite traités ou non par de la MMP-11 recombinante produite
au laboratoire. Les modifications phénotypiques ont été observés et les genes
exprimés différentiellement en fonction du traitement ont été recherchés par analyse
transcriptomique.

Question 2: L’effet de la MMP-11 sur le développement de la glande mammaire
a été dtudié par comparaison morphologique des glandes mammaires de souris
sauvages et de souris MMP-11-/- a différents ages de leur différenciation post-natale
(pré-puberté, puberté, gestation, lactation, involution). Des expériences de greffes
croisées de glandes mammaires entre souris sauvages et souris MMP-11-/- ont
¢galement été réalisées pour définir I’impact relatif de la composante stromale et de la
composante épithéliale. Des analyses histologiques et immunohistochimiques ont été
réalisées._

Question 3: Les modeles murins dont nous disposons au laboratoire ne
permettent pas d’étudier les effets dus a la seule production adipocytaire de la
MMP-11. Afin de disposer d’un tel modele permettant de mimer ce qui se passe au
front d’invasion des tumeurs ou la MMP-11 est surexprimée par les adipocytes, j’ai
développé des souris transgéniques conditionnelles qui, apres croisement avec des
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souris transgéniques appropriées, permettent d’obtenir une surexpression de MMP11
ciblée dans les adipocytes.
Résultats obtenus

J’ai obtenu les résultats suivants :

Question 1: Des MEFs ont été isolés et cultivés a partir d’embryons de 14.5 jours
MMP-11-/- et mis en culture jusqu’a confluence. La différenciation adipocytaire a
alors été initiée par traitement avec un tampon spécifique. Apres 2 jours, les cellules
¢taient passées en milieu de culture frais et la différenciation suivie par marquage des
goutelettes lipidiques a I’huile rouge (Oil Red O). Une fois que la majorité des MEFs
¢taient différenciés, 1’effet sur le phénotype cellulaire d’un ajout journalier de
MMP-11 recombinante active ou inactive (produite au laboratoire) était étudié.
D’autre part ’ARN des cellules était extrait. Douze couples de MEF traités avec de la
MMP-11 active ou inactive ont été obtenus. Les ARNs correspondants ont été
analysés par microarray (platforme Affymetrix). Conclusion: Malheureusement
I’analyse des résultats obtenus n’a pas permis de mettre clairement en évidence un
panel de génes impliqués dans la “dédifférenciation” adipocytaire induite par la
MMP-11. Cela semble du a la grande variation existant entre les différents MEFs
(chacun étant issu d’un embryon différent). D’autre part, chaque culture de MEFs
analysée par Affymétrix comprenaient trois populations en proportion variable d’un
MEF a I’autre, c¢’est-a-dire des MEFs a 1’état fibroblastique, des MEFs différenciés en
adipocytes et des MEFs dédifférenciés. Ce modele qui avait été choisi parce qu’il
faisait intervenir des cellules n’ayant aucune possibilité d’exprimer de la MMP-11
endogene puisqu’issus de souris MMP-11-/- s’est donc révélé trop complexe pour étre
efficace. D’autres approches impliquant des lignées
cellulaires ont été suivies en parall¢le au laboratoire avec plus de succes.

Question 2: La comparaison des glandes mammaires des souris MMP-11-/- avec
celles de souris sauvages montre une altération de leur développement. Cela se traduit
par une diminution des branchements des canaux galactophoriques et du nombre de
bourgeons terminaux des la 4ieme semaine post-natale. Les anomalies sont
accentuées avec I’dge et pendant la gestation et la lactation. Les analyses
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histologiques des glandes mammaires greffées montrent que: 1) la structure épithéliale
mammaire (la glande proprement dite) des souris MMP-11-/- n’est pas affectée par
I’absence de MMP-11 puisqu’une greffe de cette derniere dans un environnement
conjonctif sauvage permet une différenciation correcte; ii) par contre, le tissus
conjonctif dépourvu de MMP-11 est incapable d’assurer le développement correcte de
la structure épithéliale issue de souris sauvages, indiquant ainsi que la composante
stromale est impliquée dans la différenciation post-natale de la glande mammaire et
que la MMP-11 est un acteur de cette derniére. Les altérations phénotypiques
observées en absence de MMP-11 s’accompagnent de modifications moléculaires
notamment en ce qui concerne les collagenes. Conclusion: la MMP-11 exerce un effet
paracrine sur la composante épithéliale de la glande mammaire et est requise pour sa
différenciation post-natale.

Question 3: Afin d’exprimer spécifiquement la MMP-11 dans les adipocytes, j’ai
entrepris de réaliser des souris transgéniques conditionnelles. J’ai réalisé une
construction présentant un ADN GFP suivi d’un codon STOP et encadré par des sites
Lox suivi de la séquence codante de la MMP-11 couplé ou non a un flag a son
extrémité C-terminale. Les plasmides obtenus (JOJO-MMP-11 et JOJO-MMP-11-flag)
permettent d’une part de suivre I’expression de la construction dans les différents
tissus grace a l’expression constitutive de la GFP. D’autre part, d’exprimer la
MMP-11 apres excision de la GFP par la Cre-recombinase. Ces plasmides ont permis
de générer des souris transgéniques exprimant MMP-11 dans les adipocytes apres
croisement avec des souris transgéniques exprimant la Cre sous le controle du
promoteur spécifique des adipocytes aP2 (aP2-Cre ; inductible par le tamoxifen ; D
Metzger IGBMC). Conclusion : j’ai obtenu une lignée de souris transgéniques
conditionnelles ayant une expression ciblée de la MMP-11 dans les adipocytes.
Conclusions et perspectives

De nombreuses études épidémiologiques montrent que 1’exces de tissu adipeux
et les pathologies associées telles que 1’obésité, I’insuline résistance, voire le diabete
représentent un facteur de risque et de mauvais pronostic dans de nombreux cancers
(International Agency for Research on Cancer (IACR Handbooks of cancer
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prevention, Lyon, 2002). Cent-soixante-dix millions d’individus dans le monde
souffrent de telles altérations et la prévalence de ces maladies devrait doubler d’ici
2025. Les données cellulaires et moléculaires pouvant expliquer ceci restent a ce jour
tres limitées. Cependant, un faisceau de données indique qu’effectivement un lien
¢troit pourrait exister entre adipocytes et cancers. Il y a donc une nécessité de définir
et d’étudier les processus biologiques et moléculaires liant adipocytes et cancers.
Actuellement, alors que le role des MMPs ne fait aucun doute dans le développement
tumoral, peu de données existent quand a la relation entre MMPs et adipocytes
(Andarawewa et Rio, 2008 The cancer degradome. Chapter 19 p353).

Dans ce contexte, mon travail de thése apporte des données originales quand au
role de la MMP-11 a I’interface tissu adipeux/cellules épithéliales. Cela devrait aider a
comprendre les processus moléculaires impliquant les adipocytes dans la survie des
cellules cancéreuses, la croissance tumorale et/ou le développement de métastases
(Tan et al Int J Dev Biol. 2011 55 :851 ; Tan et al, manuscrit en préparation)

D’autre part, j’ai développé de nouveaux outils, notamment les souris MMP-11
transgéniques conditionnelles qui seront trés utiles pour entreprendre 1’étude des
é¢vénements moléculaires impliqués dans la progression tumorale. Des essais de
tumorigenese seront développés chez ces souris pour ¢étudier I’impact d’une
surexpression de MMP-11 dans les adipocytes de I’hote sur le développement tumoral ;
les tumeurs et les métastases obtenues seront analysées: incidence, délais d’apparition,
taille, nombre, histologie, transcriptome, protéome... Les altérations moléculaires
d’intérét identifiées seront recherchées dans des biopsies de cancers du sein,
notamment au front d’invasion des tumeurs, dans le but in fine de trouver des
marqueurs diagnostiques et pronostiques originaux, voire de nouvelles cibles

thérapeutiques.
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Résumé

Dans les tumeurs, les cellules cancéreuses invasives induisent 1’expression de la métalloprotéase
matricielle 11 (MMP-11) dans les adipocytes adjacents (cancer-associated adipocytes) entrainant leur
« dédifférenciation » en fibroblastes, la MMP-11 régulant négativement I’adipogénése. Au cours de ma these,
j’ai étudié la fonction de la MMP-11 sur le développement mammaire postnatal. La structure de la glande ainsi
que la production de lait sont altérées dans les souris déficientes pour la MMP-11. De plus, la MMP-11 régule
I’homéostase du collagene. In vivo, des transplantations montrent une fonction locale paracrine de la MMP-11
essentielle a la morphogenése mammaire. In vitro, la MMP-11 adipocytaire favorise le branchement
d’organoides primaires. Ainsi, la MMP-11 est un facteur paracrine majeur pour le développement de la glande
mammaire. Enfin, pour poursuivre ces travaux, j’ai établi des souris transgéniques conditionnelles ciblant
I’expression de la MMP-11 dans les adipocytes.

Mots-clés : MMP-11 ; glande mammaire ; développement ; adipocyte ; cellule épithéliale ; collagene ; stroma ;

galactophore ; bourgeons terminaux ; branchement.

Résumé en anglais

In tumors, invasive cancer cells induce matrix metalloproteinase 11 (MMP-11) expression in adjacent
adipocytes (cancer-associated adipocytes), leading to their « dedifferentiation » into fibroblast-like cells.
Indeed, MMP-11 is a negative regulator of adipogenesis. During my PhD, I have investigated MMP-11
function during postnatal mammary gland development. The ductal tree and alveolar structures, and milk
production are reduced in MMP-11-deficient mice. Moreover, MMP-11 plays a role in collagen homeostasis.
Transplantation experiments show that MMP-11 exerts an essential local paracrine function for ductal
morphogenesis. Using primary mammary organoids, I show that adipocyte-related MMP-11 is a pro-branching
factor in vitro. Thus, MMP-11 is a master paracrine factor during mammary gland development. Finally, to
further investigate the adipocyte-related MMP-11 function, I have developed conditional transgenic mice
targeting MMP-11 expression specifically into adipocytes.

Keywords: MMP-11; mammary gland development; adipocyte; epithelial cell; collagen; stroma; ducts;

terminal end bud ; branching.




