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Summary

Enzymatic remodeling of the extracellular matrix (ECM) by matrix metalloproteinases
(MMPs) is crucial for tissue homeostasis and during pathologic conditions, such as
tumor growth. MMP14 is expressed in various skin cells, including fibroblasts; specific
deletion of this protease (MMP145™") results in a fibrosis-like skin phenotype with
increased collagen accumulation and tissue stiffness due to impaired collagen
remodeling.

Tissue stiffness is commonly associated with cancer progression and is reported to
have supportive effects for many types of tumors with a mostly epithelial origin.
However, its role in melanoma is up to date controversial. To analyze how the stiff and
collagen-rich skin of MMP145™- mice influences melanoma growth, we used in vivo
grafts of murine melanoma cells.

Melanoma growth and proliferation were reduced in MMP14S*- mice compared to
controls, but the number of metastases was comparable. In addition, vascularization
by blood vessels was disturbed, along with reduced hypoxia within the tumor. Ex vivo,
melanoma cell invasion and growth in devitalized and decellularized skin composites
from MMP145%- was significantly reduced compared to control, demonstrating a
growth-restraining function of the matrix-dense dermis from MMP145"- mice. In vivo,
although the dense peritumoral tissue of MMP14S*- mice displayed higher collagen
levels than controls, neither amount nor pattern of cross-links, collagen fiber alignment,
and orientation was changed. Peritumoral tissue stiffness of MMP145"- mice in early
melanoma was increased but dissipated later. Since in late melanomas in vivo we
observed enhanced collagens but reduced stiffness, we hypothesized that enhanced
collagens inhibit melanoma growth, and stiffness may synergize with it. Indeed, 2D
cultures of melanoma cells showed that high fibrillar collagen type | and enhanced
tissue stiffness together inhibit cell proliferation. Furthermore, the growth of melanoma
cell spheroids was dose-dependently inhibited by increasing fibrillar collagen
concentrations, despite stiffness being low in these cultures. The anti-proliferative
effect of a collagen-rich environment was also detected in vivo when melanoma cells
were grown in a bleomycin-induced fibrotic dermis. Apart from collagen type |,
proteome analysis of the MMP145"- decellularized peritumoral melanoma tissue and
the fibroblast deposited/secreted matrix identified numerous altered proteins, including
multiple collagens. Among those was collagen type XIV that we identified as a novel

substrate of MMP14. Collagen type XIV was not a suitable cell-adhesive substrate for
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melanoma cells, and it did not elicit a pro-proliferative or pro-migratory response.
Further, collagen type XIV antagonized melanoma cell proliferation, adhesion, and
migration induced by contact with matrix from control fibroblasts reducing them to a
level observed on MMP145% fibroblast matrix. This study indicates that MMP14
expression and activity in stromal fibroblasts regulate melanoma by remodeling
collagen. Furthermore, it demonstrates that collagen type | and XIV are critical
modulators of melanoma progression, regulating melanoma cell invasion, migration,

and proliferation.



Zusammenfassung

Der enzymatische Umbau der extrazellularen Matrix (EZM) durch Matrix-
Metalloproteinasen (MMPSs) ist fir die Gewebehomdostase und unter pathologischen
Bedingungen, wie z. B. Tumorwachstum, entscheidend. MMP14 wird in verschiedenen
Hautzellen, einschlie3lich Fibroblasten, exprimiert; eine spezifische Deletion dieser
Protease (MMP145%") fuihrt zu einem Fibrose-ahnlichen Hautphanotyp mit erhohter
Kollagenanreicherung und  Gewebesteifigkeit aufgrund eines  gestdrten
Kollagenumbaus.

Die Steifigkeit des Gewebes wird haufig mit dem Fortschreiten einer Krebserkrankung
in Verbindung gebracht und soll bei vielen Tumorarten, die meist epithelialen
Ursprungs sind, eine unterstitzende Wirkung haben. lhre Rolle beim Melanom ist
jedoch bis heute umstritten. Um zu analysieren, wie die steife und kollagenreiche Haut
von MMP14S%- Mausen das Melanomwachstum beeinflusst, haben wir in vivo
Transplantate von murinen Melanomzellen verwendet.

Melanomwachstum und -proliferation waren bei MMP14S*- Mausen im Vergleich zu
den Kontrollen reduziert, die Anzahl der Metastasen war jedoch vergleichbar. Dartiber
hinaus war die Vaskularisierung durch Blutgeféal3e gestort und die Hypoxie im Tumor
reduziert. Ex vivo war die Invasion und das Wachstum von Melanomzellen in
devitalisierten und dezellularisierten Hautkompositen von MMP14S*- Mausen im
Vergleich zur Kontrollgruppe signifikant reduziert, was eine wachstumshemmende
Funktion der matrix-dichten Dermis von MMP145%- Mausen belegt. In vivo wies das
dichte peritumorale Gewebe von MMP145%- Mausen zwar hohere Kollagenmengen
auf als die Kontrollgruppe, aber weder die Menge noch das Muster der Vernetzungen,
die Ausrichtung der Kollagenfasern und die Orientierung waren verandert. Die
Steifigkeit des peritumoralen Gewebes von MMP145% Mausen war im friihen
Melanom erhéht, nahm aber spater ab. Da wir bei spaten Melanomen in vivo erhdhte
Kollagene, aber eine verringerte Steifigkeit beobachteten, stellten wir die Hypothese
auf, dass erhohte Kollagene das Melanomwachstum hemmen und die Steifigkeit damit
synergistisch wirken kénnte. Tatséchlich zeigten 2D-Kulturen von Melanomzellen,
dass ein hoher Anteil an fibrillarem Kollagen Typ | und eine erhhte Gewebesteifigkeit
die Zellproliferation hemmen. AufRerdem wurde das Wachstum von Melanomzell-
Spharoiden Dosis-abhangig durch steigende Konzentrationen von fibrillarem Kollagen
gehemmt, obwohl die Steifigkeit in diesen Kulturen gering war. Die

proliferationshemmende Wirkung einer kollagenreichen Umgebung wurde auch in vivo
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nachgewiesen, als Melanomzellen in einer durch Bleomycin induzierten fibrotischen
Dermis wuchsen. Neben Kollagen Typ | wurden bei der Proteomanalyse des
dezellularisierten peritumoralen Melanomgewebes von MMP14S5%- und der von
Fibroblasten abgelagerten/sezernierten Matrix zahlreiche verédnderte Proteine,
darunter mehrere Kollagene, festgestellt. Darunter befand sich auch Kollagen Typ XIV,
das wir als neues Substrat von MMP14 identifizierten. Kollagen Typ XIV war kein
geeignetes zelladhasives Substrat fir Melanomzellen und I6ste keine proproliferative
oder pro-migratorische Reaktion aus. Daruber hinaus hemmte Kollagen Typ XIV die
Proliferation, Adhasion und Migration von Melanomzellen, die durch den Kontakt mit
der Matrix von Kontrollfibroblasten ausgelést wurden, und reduzierte sie auf ein
Niveau, das bei MMP14S%- Fibroblastenmatrix beobachtet wurde. Diese Studie deutet
darauf hin, dass die Expression und Aktivitat von MMP14 in stromalen Fibroblasten
das Melanom durch den Umbau von Kollagen reguliert. Dartiber hinaus zeigt sie, dass
Kollagen Typ | und X1V entscheidende Modulatoren der Melanomentwicklung sind und

die Invasion, Migration und Proliferation von Melanomzellen regulieren.



1 Introduction

1.1 Melanoma

1.1.1 Origin of melanoma

Melanoma is the most dangerous and deadliest of all skin cancers, whose incidence
has grown steadily in recent decades [1, 2]. It accounts for 5.6% of all new cancer
cases and 1.2% of all cancer deaths as estimated for the year 2021 in the US [3]. The
predisposition and causes for patients to develop melanoma are manifold. A positive
family history with at least one parent having suffered from melanoma or being affected
with atypical mole syndrome can increase the predisposition for developing melanoma
up to 10 % [4]. Moreover, personal characteristics such as blue eyes, light hair and
pale skin, as well as excessive sun exposure might further favor this risk [4]. Apart from
exposure to UV-light or other external stimuli, most melanoma are sporadic. They arise
spontaneously or as result of intrinsic, namely somatic, genetic mutations [5]. The
MAPK (mitogen-activated protein kinase) signaling pathway, among others, that has a
crucial role in melanoma growth and survival is constitutively activated in melanoma
due to specific mutations [6]. About 50-60% of all melanoma cases carry a mutation in
the BRAF gene with the BRAFV6°E mutation, in which glutamic acid is replaced with
valine at codon 600, being the most frequent one [7]. This and other BRAF mutations
result in constitutive ERK phosphorylation leading to continuously enhanced tumor cell
proliferation and growth [8]. While the BRAFV69E mutation is mostly present in younger
melanoma patients (< 40 years) [5], in older patients (> 55 years) mutations in NRAS
are more usual [9]. Mutations in the two key MAPK genes, BRAF and NRAS, which
are both present at high rates in primary and metastatic melanoma, do not occur
together but exclude each other [10-12]. Mutations in the NRAS gene occur
preferentially at position 61 involving the reconstitution of glutamine (Q) with either
arginine (R), lysine (K) or leucine (L) [13]. Moreover, position 12 and less frequently
position 13 are mutated due to change from glycine (G) to aspartic acid (D) in both
cases [13]. These mutations lead to inhibition of or insensitivity to GTPase activity,
hence sustaining the NRAS proteins in an active state [14]. In melanoma, alterations
in the RAS pathway usually occur with abnormalities in the CDKN2a gene [15]. The
CDKNZ2a gene locus encodes two tumor suppressors, p1l6INK4 and p1l4ARF, which
control the cell cycle and the G1/S checkpoint under normal conditions [15, 16]. In
about 13% of melanoma these proteins are mutated leading to disturbed cell cycle

control and uncontrolled cell proliferation [17]. Besides the MAPK, another pathway
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that is often deregulated in melanoma is the PI3K (phosphoinositide 3-kinase)/Akt
pathway [12]. The tumor suppressor PTEN act as a negative regulator of PIP3 causing
inhibition of AKT activity. In 50% of melanoma low levels of PTEN were found and 5-
15% of tumors exhibit complete loss of PTEN, which results in increased AKT
activation [18, 19]. Constitutive activation of AKT occur in more than 60% of melanoma

and promotes cell proliferation and survival [20-23].

1.1.2 Growth, development and metastasis of melanoma

Melanoma originates from the malignant transformation of melanin-producing cells,
namely melanocytes. Being neural crest-derived cells, melanocytes can arise to
melanoma in multiple tissues, however, mostly in the skin [4, 24]. In healthy skin,
melanocytes are attached to the basement membrane (BM) where they occur in a ratio
of 1:10 with keratinocytes [25]. Both cells express the cell adhesion proteins, E-
cadherin, P-cadherin and desmoglein enabling cell-cell communication that allows
keratinocytes to regulate melanocyte division, migration and reattachment to the BM
to maintain this distribution, even after disruption due to UV-light overexposure or
wounding (Figure 1) [6, 26]. Balanced keratinocyte-melanocyte arrangement is
important for proper pigmentation of the skin, which can be divided into three
processes: (i) synthesis and transport of melanin within the melanocytes, (ii) melanin
transfer from melanocytes to keratinocytes, and (iii) melanin internalization by
keratinocytes [26]. Melanocytes produce two different types of melanin: the brown-
black eumelanin and the yellow-red pheomelanin [27]. Generating an epidermal
melanin unit, one melanocyte supplies approximately 36-40 associated keratinocytes
with pigment-containing melanosomes by transport through its dendrites [28, 29]. After
internalizing, the melanosomes locate above the nuclei within the keratinocytes to

protect the genome from UV irradiation-induced DNA damage [27].
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Figure 1. Crosstalk of melanocytes and keratinocytes in the basal membrane.

Cell division requires decoupling from the BM by downregulation of adhesion proteins and
upregulation of growth factors. Cell-matrix adhesion allows migration to reposition. Recoupling
to the BM, cell-cell adhesion and dendrite extension to provide keratinocytes with melanin.
Modified from [6].

Once the balance of the melanin unit is deregulated, enhanced proliferation of
melanocytes and extensive production of melanin can occur resulting in transformation
into nevus or melanoma [6, 30]. Depending on skin area where the melanocytes are
proliferating, nevi can be distinguished as junctional (epidermis), dermal (dermis) or
compound (overlapping in the epidermis and dermis) [31]. Benign nevi can transform
into melanoma by transition into the radial growth phase (RGP) (Figure 2). In this
phase, which is considered the first malignant state, melanoma cells still express E-
cadherin and spread along the basal membrane still holding contact to keratinocytes
[6, 31]. However, since E-cadherin is considered the major adhesion molecule of
epidermal melanocytes and keratinocytes, its expression is lost in most melanoma
releasing them from keratinocyte control [6]. This downregulation leading to complete
loss of E-cadherin takes place during the vertical growth phase (VGP) (Figure 2). This
phase is a more dangerous stage of melanoma progression in which the tumor invades
the underlying dermal tissue and can gain metastatic potential [31]. Attenuation of E-
cadherin expression can be accomplished by HGF (Hepatocyte Growth Factor), PDGF
(Platelet-Derived Growth Factor), ET-1 (Endothelin-1) and the snail family of
transcription factors, which are expressed in melanoma but not melanocytes [6, 32-
34]. Upon E-cadherin and P-cadherin downregulation N-cadherin expression is
upregulated, referred to as “cadherin switch”, which leads to a change of melanoma
binding partners from keratinocytes to fibroblasts and endothelial cells [35]. Moreover,

enhanced expression of proteases, especially matrix-metalloproteinases (MMPS),
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increases aggressiveness and invasiveness facilitating melanoma cells to cross the
basement membrane and invade the dermis by proteolysis of the extracellular matrix
(ECM) [36]. Degradation of the ECM by increased MMP activity and gained migratory

properties due to loss of adhesion proteins favors melanoma metastasis [37].

Benign Dysplastic Radial-Growth Vertical-Growth Metastatic

Stage Nevus Nevus Phase Phase Melanoma

Epidermis
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Figure 2. Stages of melanoma development.

Benign nevi can start to grow abnormally and transform into dysplastic nevi. The malignant
state is achieved by accelerated growth in the radial-growth phase (RGP). In the following
vertical-growth phase (VGP) melanocytes are released from keratinocyte control, pass the
basement membrane (BM) and metastases leave the primary tumor. Modified from [38].

After leaving the primary tumor, melanoma cells’ dissemination to distant tissues and
organs occurs in different ways. Melanoma cells that have undergone epithelial-to-
mesenchymal transition (EMT), acquire more mesenchymal-type characteristics [39]
and become more migratory and metastatic. Those cells can actively move into the
surrounding tissue and intravasate into blood- or lymphatic vessels allowing them to
circulate [37, 40]. On the contrary, non-EMT tumor cells, may be shed from the primary
tumor into blood- or lymphatic vessels [40], or attach to motile EMT tumor cells, thus
passively invading [41]. However, regardless of how melanoma cells dissociated from
the primary tumor, they have to overcome several obstacles when circulating. They
have to overcome anoikis, described as cells’ death when detached from ECM, shear
stress of blood stream or lymphatic fluid, and the immune system within and outside
the vessels [42]. When arrived at distant sites by extravasating through the
endothelium, melanoma cells can undergo mesenchymal-epithelial transition (MET),
the reversible process of EMT, and proliferate to grow into a metastasis [42, 43].

Otherwise, if adapting to the new microenvironment is not possible or if the current
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circumstances are not suitable, the tumor cell can change into a dormant state in which

it can persist until environmental conditions are proper to start proliferating again [42].

1.1.3 Tumor microenvironment

The tumor microenvironment (TME) describes the entity of cellular and non-cellular
components of the tumor-encompassing niche [44]. The ECM accounts for the non-
cellular part of the TME and | will introduce this subject in separate paragraph. The
cellular component of the TME, besides the proliferating tumor cells, comprises
infiltrating immune cells and numerous stromal cell types, including fibroblasts that are
activated into a cancer-associated fibroblasts type of cell (CAFs), vascular cells, and
adipose cells (Figure 3) [44]. The malignant tumor cells and the dynamic TME closely
cross-communicate [44, 45]. They influence each other either by direct contact or by
autocrine and paracrine signal transduction, and autophagy, which in turn regulates

tumor growth, survival, metastasis and therapeutic resistance [46].
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Figure 3. The tumor microenvironment consisting of numerous different cell types and the
non-cellular structural extracellular matrix.



Tumor infiltration by immune cells is described as universally accepted for many types
of cancers [47, 48]. It indicates that tumor cells are recognized by the host’s innate and
adaptive immune response to eliminate tumor cells and counteract tumor progression,
an event referred to as immunosurveillance [49]. Accompanying with this, several
studies demonstrate a correlation of inflammatory tumor infiltrates and positive
patient’s prognosis [50-53]. However, tumor cells have developed several strategies to
overcome immunosurveillance. In contrary to this, a number of studies have
considered tumor infiltration by immune cells to have a tumor promoting effect [54-56].
Among them, macrophages are considered to have an important role in tumor growth.
In mammary tumors it has been described that macrophages are recruited to the
invasive front of cancer cells to promote migration and invasion through secretion of
soluble factors, as for instance EGF (epidermal growth factor) [57, 58]. In addition, they
support angiogenesis by secretion of VEGF (vascular endothelial growth factor) and
may regulate collagen fibrillogenesis [57, 58]. This, leading to movement of the
invasive tumor cells along collagen fibers, which are attached to blood vessels,
facilitates penetration of the tumor cells into those vessels [59]. Further, regulatory T-
cells are recruited to the tumor to down-regulate the host’s anti-tumor response and
conduct pro-angiogenic reprogramming of the TME to support the tumor [56, 60, 61].
However, besides the mentioned, plenty of other immune cells, like neutrophils,
dendritic cells, lymphoid cells, myeloid-derived suppressor cells, and NK (natural killer)
cells hold a significant role in influencing and contributing to tumor growth [56, 62].
Cancer infiltrating immune cells are able to communicate with cancer-associated
adipocytes (CAA) protecting the tumor from the host’s anti-tumor immune response
[63]. Cancer associated adipocytes (CAA) mainly have metabolic functions but
promote tumor growth and metastasis through enhanced secretion of inflammatory
factors, like IL-1B, 1I-6, and IL-10, and matrix metalloproteinases [64]. Lymph vessels
ensure drainage of fluids and cells from the tumor to lymph nodes and lymphoid
secondary organs [65]. Further, blood vessels promote tumor growth by providing
nutrients and oxygen [66]. During tumorigenesis EC morphology and functionality, on
both cellular and molecular level, often are unbalanced [67]. Continuous
overexpression of pro-angiogenic factors, including VEGF, fibroblast growth factor 2,
platelet derived growth factor, angiopoietins, ephrins, apelin and chemokines, promote
steadly angiogenesis of tumor vessels [68, 69]. However, maturation of these newly

formed blood vessels is disturbed and they exhibit irregular vessel diameters [69].
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Moreover, defective formation of the vessels’ EC monolayer and cell junctions leads to
large intercellular openings increasing vessel leakiness. This causes increased
interstitial fluid pressure, reduced blood flow and enhanced intratumoral hypoxia [70,
71]. Altered cancer cell heterogeneity, resistance and disturbed drug supply to the
tumor are further consequences of these features [66]. Increased hypoxia, which is
observed in the majority of cancer types, induces the stabilization of the heterodimeric
transcriptional factor complex, hypoxia-induced factor (HIF). When under hypoxic
conditions the HIF a-subunit is stabilized, transcription of several earlier mentioned
pro-angiogenic genes is upregulated to promote angiogenesis [69, 72]. Another targed
that is regulated by HIF is a member of the glycolytic pathway, namely carbonic
anhydrase IX (CAIX) [73]. CAIX regulates the pH level within hypoxia-induced acidosis
by hydroxylating carbon dioxides, making it an important marker for tumor hypoxia [74].
The major component of many cancers’ TME are cancer-associated fibroblasts (CAFs)
[75]. CAF lack epithelial and endothelial cell markers but express mesenchymal ones,
such as vimentin (VIM), alpha-smooth muscle actin (a-SMA), fibroblast activation
protein (FAP), platelet-derived growth factor alpha (PDGF-a) [46]. However, these
markers are not specific to CAFs as on the one hand, they can be expressed also by
other mesenchymal cell types and on the other hand, as a result of their great
heterogeneity, different CAF subpopulations can express different combinations of
these markers [46]. Fibroblasts can be activated into CAFs by a number of different
stimuli, including growth factors (transforming growth factor beta (TGF(), hepatocyte
growth factor (HGF), fibroblast growth factor (FGF), PDGF), transcription factors
(nuclear factor-kappaB (NF-kB), heat shock factor-1 (HSF-1)), metalloproteinases
(MMPs), cytokines (interleukin-1 (IL-1), interleukin-6 (IL-6)), reactive oxygen species
(ROS), but also by various cancer therapy approaches [46]. Likewise, changes in
physical and mechanical properties of the surrounding microenvironment, such as
increased tissue stiffness can activate CAFs [76, 77]. CAFs are crucial regulators
within the TME. They secrete soluble factors, such as growth factors, cytokines,
chemokines, and other effector molecules to communicate with the malignant cancer
cells as well as with the other cells of the TME to promote the tumor and the immune
response [46, 78]. Consequently, it has been shown that CAF-mediated secretion if IL-
6 has a beneficial effect on proliferation, migration and drug resistance of bladder and
ovarian cancer cells [79, 80]. Further, paracrine secretion of CAF-TGF( can activate

HOX transcription in breast cancer cells, which induces EMT and promotes breast
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cancer metastasis [81]. A further crucial feature of CAFs during tumor growth is the
remodeling of the ECM. CAFs reshape the ECM by increased production, modification
and degradation of matrix molecules creating an altered microenvironment that favors
the tumor [82]. Enhanced expression and activation of MMPs allows CAFs to
specifically degrade parts of the ECM to clear paths that facilitate tumor cell migration
and invasion into the surrounding tissue [83, 84]. However, while CAFs have been
predominantly considered to have a tumor-supportive role in the past, some recent
studies have also shown a tumor-suppressive effect of specific CAF subpopulations
demonstrating their heterogeneity [46, 85].

1.2 Extracellular matrix

The ECM represents the non-cellular compartment of the microenvironment in all
tissues and organs that serves as a scaffold rendering structure and stability [86]. It
consists of a variety of extracellular molecules, like collagen, glycoproteins (such as
fibronectin and tenascins), proteoglycans (such as heparan sulphate proteoglycans,
versican and hyaluronan) and glycosaminoglycans that are secreted by resident cells
and, whose composition and organization differs dependently from tissue and
condition [87]. As a highly dynamic network, the ECM molecules undergo permanent
enzymatic and non-enzymatic remodeling as well as posttranslational modification
[88]. Besides its supportive role, the ECM also has mechanical properties, like
elasticity, tensile strength and tissue stiffness. This in turn can regulate cellular
functions, such as proliferation, apoptosis, migration and differentiation in normal skin
homeostasis and under pathological conditions [87, 88].

Collagen type I, not only accounting for the major part of the ECM, is also one of the
best documented components of the peritumoral matrix of many cancers being
involved in regulation of tumor growth [86, 89, 90]. Therefore, the following

subparagraph will concentrate on the description of collagens.

1.2.1 Collagens

Collagens are a large superfamily of extracellular proteins comprising 29 different
types that can be divided into different classes dependent on their structure [91].
Namely the fibrillar (types I, II, I, V, XI, XXIV, XXVII), the fibril-associated collagens
with interrupted triple helices (FACITs) (types IX, XIlI, XIV, XVI, XIX, XX, XXI, XXII,
XXVI), the network forming (types IV, VIII, X), the anchoring fibrils (type VII) and the
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transmembrane (types XVII, XXV) collagens [92]. Collagens have been shown to have
a regulatory impact on several cellular processes including proliferation, apoptosis,
differentiation, adhesion, migration and invasion [90, 93-97].

They are the most abundant proteins comprising up to 30% of the ECM in vertebrates
and have a contributing role in a number of functions like in maintaining tissue
structure, stability and mechanical properties [92, 98]. Collagens have a long half-life
with 117 years in cartilage (type Il collagen) and 15 years in skin (type | collagen) [99],
and 74 days in mice skin (type | collagen) [100].

The molecular structure of all members of the collagen family unifies one triple helical
collagenous and two non-helical regions at both ends of the collagen molecule [91]. In
fibril-forming collagens, three a polypeptide chains are arranged in a uniformly shaped
coiled-coil structure to generate the collagen triple helix. This structure can be formed
by either three identical or different left-handed a-chains generating right-handed
homotrimers, such as e.g. collagen type Il and Ill, or heterotrimers, like collagen type
[, Vand IX, respectively [101]. The triple helix sequence contains Gly-X-Y repeats, with
potential interruptions, in which each X and Y can stand for a proline or hydroxyproline
[91, 101]. Interchain hydrogen bonds between two glycines, prolines or
hydroxyprolines, respectively, of adjacent a-chains stabilize the triple helix [101].
Synthesis of collagen starts with the transcription of genes encoding the different a-
chains, for instance COL1Al1 and COL1AZ2 for collagen type I. The collagen mRNA
translocates to the rough endoplasmatic reticulum (rER) where it is translated and the
generated pre-pro-collagen molecule is elongated into the rER lumen with the N-
terminus first (Figure 4) [91, 102]. Simultaneously, the signal peptide is removed and
the nascent, unfolded polypeptide a-chain is posttranslationally modified. These
modifications include proline and lysine hydroxylation by prolyl 3-hydroxylase (3-PH),
prolyl 4-hydroxylase (4-PH), and lysyl hydroxylase (LH), respectively [103]. While prolyl
3-hydroxylation is less prevalent, prolyl 4-hydroxylation occurs more commonly (99%
of proline hydroxylations) and has an important role in hydrogen bond formation and
triple helix stability [103]. Hydroxyproline comprises about 10% of the amino acids in
collagen and is commonly present at the Y position of Gly-X-Y repeats, which makes
it a marker for collagen [91]. Specific hydroxylysines can be a target for additional
modification via O-linked glycosylation. In this process, which is catalyzed by
hydroxylyl galactosyltransferases (GT) and galactosylhydroxylysyl
glucosyltransferases (GGT), galactose and glucose are added to the 5-hydroxyl group
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generating galactosylhydroxylysine (G-Hyl) and glucosylgalactosylhydroxylysine (GG-
Hyl) [102, 104]. Following this, three a-chains align at the C-terminal pro-peptide of
each polypeptide chain and form a triple helix from the C-terminus to the N-terminus
through a zipper-like folding mechanism that requires approximately 14 minutes of time
to fold the whole procollagen molecule [91, 105]. In the case of collagen type I, during
translation the pre-pro-collagen polypeptide chains arrange in so-called
collagenosomes, which are distinct disk-shaped structures, sized 0.5-1 uM in diameter
and 200-400 nm in thickness, at the ER membrane [106]. As procollagen folding takes
place in the collagenosome center, proper formation and organization of this structure
is essential [106]. Since unlike collagen biosynthesis, which starts at the N-terminus,
triple helix formation is initiated at the C-terminus, several chaperone proteins, such as
prolyl 4-hydroxylase (P4-H), peptidyl prolyl cis-trans isomerases (PPlases), protein
disulfide isomerase (PDI) and heat shock protein 47 (hsp47), among others, prevent
the a-chains from associating with each other before completion of the translation
process [107, 108]. The procollagen molecule generated this way, translocates from
the ER to the Golgi apparatus and is then secreted into the extracellular space.
Afterwards, the procollagen C- and N-terminal pro-peptides are shed by a disintegrin
and metalloproteinase with thrombospondin motifs (ADAMTS), bone morphogenic
protein 1 (BMP1)/Tolloid-like proteinases and Meprins, generating a mature collagen
molecule that spontaneously arrange in parallel and longitudinal structures building
collagen fibrils [104, 109].

Specific proline and lysine residues of the C- and N-terminal telopeptides, which are
disclosed upon removal of the pro-peptides at both termini, undergo oxidative
deamination by lysyl oxidase (LOX). This results in generation of Lys?? (a-aminoadipic
acid-5-semialdehyde) and Hylad (5-hydroxy, a-aminoadipic acid-3-semialdehyde), the
respective aldehyde form, that is necessary for the formation of covalent inter- and
intramolecular cross-links during collagen fibril synthesis [104]. Depending on their
composition and formation, different types of crosslinks can be distinguished that
specifically occur in certain tissues. They are generated in the telopeptides of collagen
molecules in pathways originating either from Hyl29, being predominant for stiff tissues,
such as bone, cartilage and fibrotic tissue, or Lys?d, found in soft tissues like skin
(Figure 5) [110].
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Figure 4. Collagen biosynthesis.

Collagen mRNA is translated at the endoplasmatic reticulum (ER) with simultaneously
removing the signal peptide and hydroxylation of lysine- and proline residues. Afterwards chain
folding occurs by three a-chains fold in a zipper-like manner from the C- to the N-terminus and
following triple helix formation. The generated procollagen molecule is released into the
extracellular space where both propeptides are removed and the mature collagen molecule
assembles into a collagen fibril and cross linking takes place [104].

One Hyl?d can react with the g-amino group of an hydroxylysine residue that is located
within the helical part of an adjacent collagen molecule generating an intermolecular
deH-DHLNL (dehydro-dihydroxylysinonorleucine) crosslink, referred to as almidine
crosslink [104]. This crosslink is a divalent and immature type that can be reduced
again by reducing agents and can act as a marker for newly synthesized collagen [104,
111]. Condensation of two deH-DHLNL crosslinks with each other, releases one helical
hydroxylysine residue and results in the formation of a stable, trivalent Pyr
(pyridinoline) crosslink, which can link two or three collagen molecules [112, 113].
Further trivalent end products being formed in this pathway, but less commonly are d-
Pyr (deoxypyridinoline) crosslinks (two telopeptidyl Hyl2d and one helical lysine) , Prl
(pyrrole) crosslinks (one telopeptidyl Hyl@d and Lys?d each, and one helical
hydroxylysine) and d-Prl (deoxypyrrole) crosslinks (one telopeptidyl Hyl?d and Lys?d

each, and one helical lysine) [114-116].
15



In soft tissues, such as the skin, the telopeptidyl Lys?? reacts with a helical
hydroxylysine residue from a juxtaposed collagen molecule, generating the divalent
deH-HLNL (dehydro-hydroxylysinonorleucine) crosslink. By reacting with a helical
histidine residue, the divalent deH-HLNL crosslink can mature into the trivalent HHL
(histidinohydroxylysinonorleucine) crosslink, which resistant against UV light and
therefore the prevalent collagen crosslink type in skin and cornea [117, 118]. Another
predominant crosslink in soft tissues, which is present especially in the skin [119, 120],
is the deH-HHMD (dehydro-histidinohydroxymerodesmosine) crosslink, formed by two
telopeptidyl Lys9, one helical histidine and a helical hydroxylysine residue, making it

the only tetravalent crosslink having the most complex structure [104, 121].
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Figure 5. Pathways of LOX-mediated collagen cross-linking.

The scheme displays initiation and maturation of immature divalent cross-links into mature
trivalent (or tetravalent) cross-links. t, telopeptidyl; hel, helical; ald, aldehyde; d-, deoxyde-; H,
dehydro. Modified from [104].

1.2.2 ECM in cancer

The ECM is a major component of the TME and a critical regulator of tumor growth. In
cancer ECM synthesis, modification and degradation dynamics are deregulated
leading to different composition, density and mechanical properties compared to
physiological ECM [122]. As tumors often are desmoplastic, their fibrotic
microenvironment is designated by increased deposition, altered organization,

reduced turnover, altered force-mediated remodeling, and enhanced post-translational
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modifications of matrix molecules [88, 122]. Many cells of the TME may contribute to
production and deposition of matrix proteins, however the main producer of the ECM
are fibroblasts that produce massive amounts of the ECM [123]. Tumor cells also
exhibit altered expression of matrix proteins, such as collagen types | and lll, and
matrix modifying enzymes like lysyl oxidases (LOX) and LOX-like proteins (LOXL) [86,
124, 125]. Although, several studies described the tumor promoting role of fibroplasia
and stiffening of tumor matrix [126-129], ECM proteins can have either tumor-
suppressing or tumor-promoting properties. The best-known alteration in tumor ECM
is the abnormal accumulation of fibrillar collagen accompanied by increased numbers
of crosslinks and stiffness [89]. Increased remodeling of matrix molecules leads to
reorganized collagen arrangement being characterized by packed and linearized
interstitial collagen fibers at the tumor invasive front [130]. This cancer-specific pattern,
referred to as tumor-associated collagen signature (TACS) [131], has tumor-supportive
effects, especially concerning cell proliferation, migration, metastasis, and responses
to treatments [130, 132]. Indeed, increased fibrillar collagens orientation accompanied
by increased stiffness has been detected at the invasive front of human breast cancer
[133]. In addition, extensive deposition of fibronectin, hyaluronic acid (HA) and tenascin
C resembles a desmoplastic fibrotic phenotype attributed to many cancers with poor
prognosis [134, 135].

ECM proteins' posttranslational modifications (PTMs) control their arrangement and
localization and regulate processes, such as interactions with other molecules and
cellular receptors, trafficking and degradation [136]. Deregulation of these PTMs during
tumor growth can result in morphological and functional changes of the ECM. Under
physiological conditions enzymes like PLOD and LOX are involved in the proper folding
and crosslinking of collagen fibers. Tissue transglutaminase 2 (TG2) catalyzes
crosslinks in fibronectin, heparan sulfate proteoglycan (HSPG), fibrinogen and
collagen type IV. These enzymes are often upregulated in cancer, leading to increased
crosslinking and linearization of ECM molecules [137]. Further, HSPG is modified by
endosulphatases that are upregulated in many cancers. Altering of the sulfation pattern
of HSPG can lead to differential regulation of various receptor tyrosine kinase signaling
pathways resulting in impaired or extensive growth factor release [138].

A different way to modify the tumor ECM is proteolytic processing by several enzymes,
including MMPs, ADAMs, ADAMTS and specific serine- and cysteine proteases [139].
Processing of the ECM can have tumor-promoting or tumor-antagonizing effects [140,
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141]. Matrix degradation by MMP8 for instance has been shown to be tumor supportive
in ovarian cancer and hepatocellular carcinoma [142, 143]. In contrast, low MMP8
expression correlated with worse prognosis in tongue squamous cell carcinoma
patients, and in vitro, MMP8 acted anti-invasive by impairing VEGF-C expression
[144]. However, most matrix-degrading events support tumor progression by leaving
space for the deposition of the new tumor-derived matrix and facilitating tumor cell
migration and invasion [145]. Further, the processing of matrix proteins can generate
bioactive fragments, called matrikines, such as endostatin, the NC1 piece of type XIX
collagen, or those derived from elastin act in a tumor-promoting or suppressing way
[146-148].

1.3. MMPs

1.3.1 Structure

The matrix metalloproteinases (MMPSs), also called matrixins, are a family of calcium
(Ca?*)-dependent zinc (Zn?*)-containing endopeptidases. They belong to the
superfamily of metzincins, including astacins, serralysins, pappalysins, adamalysins
(ADAMs and ADAMTS having, in addition, thrombospondin-like motifs) [149, 150].
Based on their structure and substrate specificity, the MMPs can be classified into six
major subgroups: collagenases (MMP1, MMP8, MMP13); gelatinases (MMP2, MMP9);
stromelysins (MMP3, MMP10, MMP11); matrilysins (MMP7, MMP26); membrane-type
MMPs (MMP14, MMP15, MMP16, MMP24) and other unspecified MMPs (Figure 6)
[151]. These proteases are composed of multiple domains, including a signal peptide,
the pro-peptide domain, the catalytic domain, the hinge region, and the hemopexin
domain (PEX). The signal peptide, comprising 17-19 amino acids, is located at the N-
terminus of the MMPs and is responsible for the translocation up to the cell membrane
or secretion into the extracellular space. The pro-peptide domain (consisting of 77-87
amino acids) contains a consensus cysteine-switch sequence PRCGXPD, which binds
the Zn?* of the catalytic domain keeping the protease inactive [152]. The highest
homology among all MMPs shows the 170 amino acid sized catalytic domain,
containing the conserved Zn?* binding motif HEXXHXXGXXH and methionine, which
forms a ‘Met-turn’ [151]. The proline-rich hinge region is a highly motile element
responsible for protein flexibility, and the hemopexin domain regulates protein binding
[153, 154]. Collagenases share this general domain structure. They degrade fibrillar
collagen types I, Il, and Il by binding them with the hemopexin domain and cleaving
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with the catalytic domain. This cleavage event occurs in the triple-helical part of the
collagen molecule three-fourth from the N-terminus, generating the typical N-terminal
three quarter and C-terminal one quarter fragments [151]. In contrast, both gelatinases
(MMP2 and MMP9) contain three unique fibronectin type Il modules in their catalytic
domain that allows them to degrade denaturated collagens [149]. MMP7 and MMP26
representing the matrilysins, lack the hemopexin domain but nevertheless degrade

collagens and other ECM proteins [155].
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Figure 6. The family of matrix metalloproteinases.
These proteases are grouped into collagenases, gelatinases, stromelysins, matrilysins,
membrane-type MMPs and others, unspecified (not included in this figure).

1.3.2 Regulation and activity

MMPs are expressed in several different tissues and cell types time and context-
dependent. MMP synthesis, secretion, and activation are tightly regulated [155-157].
MMPs, are synthesized as pre-proenzyme and are transformed to proMMPs during
the translational process at the ER by removing the signal peptide [158]. ProMMP
latency is maintained by binding the thiol group from the free cysteine in the pro-domain
to the zinc ion (Zn?*) of the catalytic domain, thereby preventing substrate binding [149,
152]. To activate the proenzyme, this interaction needs to be interrupted, a process
referred to as the “cysteine switch”. The switch can be induced by reducing the thiol
group with reactive oxygen species (ROS) or non-physiological agents like alkylating
agents such as heavy metal ions and disulfides. These result in autoproteolysis of the
pro-domain [159, 160]. Further, the pro-domain can be directly shed by another
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protease. Allosteric disruption of the pro-domain conformation can impede thiol-Zn2+
interaction and allow a water molecule to bind the zinc ion of active MMPs [152, 160].
Approximately one-third of all MMPs, including MT-MMPs, are activated through
cleavage by the type | membrane subtilisin-like serine protease furin [161]. Furin
recognizes an RXKR or RRKR sequence located between the pro- and the catalytic
domain of the MMPs, whose cleavage leads to the removal of the pro-domain [160].
Being active in the Golgi apparatus, the activation of MMPs mediated by furin occurs
intracellularly and before secretion or assembly into the cell membrane [161, 162]. The
remaining proMMPs are secreted as inactive proenzymes and are activated
extracellularly. Further activation may occur by “mutual MMPs-activation” of MMPs.
For example, MMP3 can activate proMMP1 and proMMP7 [163, 164]. Another best
described proMMP-activation process by another MMP is the MMP14-mediated
proMMP2 activation [165-167]. Thereby, MMP14 activates proMMP2 in a cooperative
action with the tissue inhibitor of metalloproteinase 2 (TIMP2) at the cell surface. To
initiate this activation mechanism, C-terminal TIMP2 tightly interacts with MMP2 by
binding to its C-terminal hemopexin domain. This leaves the inhibitory N-terminal part
of TIMP2 free to bind the catalytic domain of MMP14 rendering it inactive [158, 168].
Afterwards, this generated ternary complex formed in a stoichiometric ratio of 1:1:1,
directs the pro-domain of proMMP2 to another active MMP14 that clusters in this
complex, and activates the proenzyme [158]. This activation mechanism occurs in the
presence of low concentrations of TIMPZ2, but high TIMP2 concentrations impede the
second MMP14 to activate MMP2 [169, 170].

1.3.3 MMPs role in physiology and pathology

MMPs' primary function was limited to the degradation of ECM proteins. However,
studies with mice harboring full-body deletions of distinct MMPs show that these
proteases are involved in processing a variety of additional proteins. For example, cell
surface receptor and growth factors proteolytic activation lead to the modulation of
various developmental processes, including angiogenesis, wound healing, and
immune response [171-178]. Despite their multiple roles, knock-out mice exhibit only
mild phenotypes and are viable with few exceptions.

In bone development, MMPs are involved in matrix turnover during the two main bone
ossification processes, the endochondral and intramembranous. Deletion of MMP2,
MMP9, MMP13, and MMP14, led to impaired bone growth because of irregularities in
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development and vascularization of growth plates, which resulted in diminished bone
growth and body size [172, 179-181]. MMP14 deficient mice, in contrast to the other
MMP knock-out models, show a very severe phenotype resulting in the early death of
mice [172].

Deregulation of these proteases in various organs implicated them across multiple
disease processes. In cardiovascular diseases, MMP1 MMP2, MMP9, and MMP12
contribute to myocardial fibrosis, atherosclerotic vascular wall thickening, and plaque
fracture [182-186]. MMPs are essential contributors in degrading the atherosclerotic
plaque, mainly consisting of collagen types | and lll. The resulting plague rupture can
lead to coronary artery diseases, venous thromboembolism, and stroke [187, 188]. In
contrast, another study showed that MMP3 and MMP9 inhibit atherosclerotic plaque
growth, counteracting the pathological state [184].

In addition, MMP2, MMP3, MMP9, among others, are upregulated in arthritis, where
they impair standard joint functionality by cleaving the non-collagenous ECM of the
joints [189]. In addition to this, uncontrolled MMP expression and activity have been
associated with various cancer types [190, 191]. For instance, metastasis to distant
organs in breast cancer patients has been correlated to upregulated MMP1, MMP2,
MMP7, MMP9, MMP11, and MMP13 [192, 193]. Further, MMP12 and MMP13 are
increased in mouse lung tumors [194]. Moreover, increased MMP9 levels have been
linked to poor patients’ outcomes in breast, lung, colon, gastric, pancreas, and prostate
cancers [195-199]. By degrading the ECM, generating bioactive fragments, and
releasing growth factors, MMPs play an essential role in tumor growth, metastasis, and
invasion [200]. The tumor surrounding ECM represents a physical barrier that must be
overcome by the tumor cells during expansion, invasion, and metastasis. To promote
the tumor cells’ invasion to adjacent tissues, MT-MMPs, such as MMP14, localize at
the cells’ invading front in structures named invadopodia, where focalized proteolysis
takes place [201]. Apart from that, activated secreted MMPs, including MMP2 and
MMP9, degrade matrix proteins and facilitate invasion [201, 202]. On the contrary,
some MMPs can have a tumor counteracting effect. Mice deficient for MMP8 are more
susceptible to the development of papilloma tumors [203], but in breast cancer, its
overexpression decreases the metastatic potential [204]. Moreover, in the absence of
MMP9 in bone-marrow cells, mice develop epithelial tumors in which keratinocyte

differentiation is greatly diminished by the lack of keratin 10 (K10) suppressing keratin
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intermediate filaments and increasing vimentin to a more aggressive and higher-grade
tumor [205].

1.4 MMP14

1.4.1 Structure and functions

MMP14 is the first described MT-MMP and was identified as a cellular receptor and
activator for pro-MMP2 [206]. MMP14 consists of multiple domains, highly conserved
within this proteinase family, and contains a transmembrane domain and a
cytoplasmatic tail (Figure 6). Activation of MMP14 is a two-step process. Besides the
furin recognition site, RRKR, a further cleavage event within the pro-domain of MMP14
iS necessary to generate an active enzyme [207, 208]. The MMP14 pro-domain
consists of three-helix bundled structures and a “bait” loop region that links the first two
helices [207]. Furin cleavage alone is not sufficient to activate MMP14 since the intact
pro-domain still is an efficient inhibitor of MMP14 [207]. Intradomain cleavage of either
the PGDL or PQSL sequence, or both, within the pro-domain “bait” loop region starts
the MMP14 activation process [207]. This cleavage event can be performed by various
MMPs, including MMP2, MMP9, MMP14 (autoproteolysis), MMP15, MMP16, MMP24,
and MMP25 generates the activation intermediate [208]. Moreover, also trypsin can
activate MMP14 in vitro [209].

The transmembrane domain anchors the enzyme to the cell membrane, and together
with the hemopexin, allows protein homodimerization [210]. MMP14 homodimer
formation is important for MMP2 activation [158, 211] and cleavage pericellular
collagen types I, 1l, and Il at the cell surface [212]. Besides collagen, several other
proteins are among MMP14 substrates, although mostly demonstrated in vitro and only
partly in vivo. These include other ECM proteins (fibronectin, vitronectin, laminins 1, -
2/4, -5, perlecan, fibrinogen), enzymes and proenzymes (proMMP2, proMMP13 and
ADAM9), receptors (CD44, ICAM-I, EphA2, LRP1), cytokines (IL-8, SDF-1, MCP-3)
and growth factors (CTGF, HB-EGF) [210, 213-215]. MMP14 controls many cellular
processes, including proliferation, migration, invasion, and differentiation in
physiological and pathological conditions [213-216]. However, apart from its proteolytic
properties, MMP14 is capable of acting in a proteolysis-independent manner. For
example, forming a complex with TIMP-1, MMP14, through its cytoplasmatic tail can
activate ERK1/2, leading to upregulation of cell proliferation and migration in breast
cancer cells independently of proteolysis [217]. Moreover, through either activity of the
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cytoplasmic domain or trafficking to the nuclear compartment, MMP14 initiates the
activation of a phosphoinositide 3-kinase & (PI3Kd)/Akt/GSK3[B signaling cascade
[218, 219] and controls motility and inflammatory response of macrophages
independently of protease-activity. In addition, MMP14 has been shown to control
transcription of target genes, including vascular endothelial growth factor A (VEGF-A)
by forming a complex with VEGFR-2 and Src to phosphorylate Akt and mTOR [225]. It
is also implicated in the transcription of several cytokines, such as interleukin-6 (IL-6),
-12 (IL-12), and -33 (IL-33) [220, 221].

1.4.2 MMP14 knock-out models

1.4.2.1 Complete knock-out models

Mice carrying a full-body deletion of this protease suffer from severe defects in
connective tissues, organs, and bone development that lead to early death [172, 222,
223]. In the first available MMP14 knockout mouse model, gene deletion was achieved
by replacing the first half of 3’ exon 1 to the 3’ end of exon 5 with a PGK controlled
HPRT minigene [172]. The resulting protein lacked the amino acid residues 6-274,
including five pro-domain residues and eight catalytic domain residues, generating an
inactive polypeptide [172]. Almost simultaneously, another MMP14 knockout mouse
model was described. In this case, MMP14 deletion was performed by partly removing
exon four and replacing it with a neomycin cassette with the pgkl promoter [222].
Because both generated MMP14 deletion mice developed similar severe skeletal and
vascular phenotypes, they will be described together [172, 222]. Mice with MMP14
deletion exhibited no obvious phenotype directly after birth, but body weight and size
were reduced five days after delivery, and one-third died before weaning [172]. They
develop severe skeletal dysplasia with impaired long bone formation. They have
delayed growth and vascularization of the unmineralized epiphyseal cartilage resulting
from disturbed ossification and replenishment of progenitor cells, critical for bone
growth [172, 222].

Further, loss of MMP14 dependent remodeling leads to progressive osteopenia and
arthritis due to extensive overgrowth in the whole skeleton. It is most severe in joints,
ligaments, tendons, synovial capsules, and articular cartilage, where bones are
associated with soft tissues [172, 222]. Another characteristic of the MMP14 deletion
is cranial dysmorphism that develops early after birth. Because of the lack of MMP14

collagenolytic activity, the embryonic cranial cartilage, which usually is removed shortly
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after delivery, stays in place. Moreover, ligaments and sutures are not correctly
remodeled, leading to disturbed cartilage dissolution, increased bone degradation, and
reduced bone formation affecting cranial morphogenesis [172, 222]. In mice that lived
longer than three months, loss of collagenolytic activity of fibroblasts led to fibrosis of
soft tissues [172, 222].

In a third, more recent, MMP14 knockout model, exons 4 and 5, which code for the
catalytic domain, were removed [223]. Apart from the earlier mentioned abnormalities,
these mice exhibit cardiac defects, including a thickened muscular wall of the right
ventricle, ventricular septum hypertrophy, and extensive collagen type | accumulation
in heart tissue. However, these mice also newly show upregulation of the senescence
markers pl6 and p2l leading to enhanced senescence in the heart, kidney, and
adipose tissue [223]. On a cellular level, loss of MMP14 altered nuclear and
cytoskeletal morphology, resulting in impaired organization and connectivity between
nuclear envelope and cytoskeleton that was further dependent on the surrounding
ECM [223]. These characteristics have also been found in aging diseases, rendering
a link to the found senescence phenotype [223-225]. Moreover, metabolic changes
were detected as a result of the deletion of MMP14 [223, 226]. In the absence of
MMP14 tissue glygogen and lipid levels [226], and systemic blood sugar levels were
markedly lower, accompanied by reduced levels of insulin-like growth factor 1 (IGF-1),
increased circulating growth hormone (GH) [223] and decreased triglyceride levels in
blood plasma [226].

1.4.2.2 Tissue-specific knock-out models

Because of the early death of mice with constitutive and complete deletion of MMP14,
its functional role could be analyzed predominantly during embryonic or early postnatal
development. Generation of tissue-specific deletion of MMP14 allowed to circumvent
premature death and investigate the distinct functions of this protease also in
adulthood.

The contribution of MMP14 to skin repair during wound healing was investigated by a
specific deletion in the epidermis [227]. In these mice, floxed exons 2-4 of the MMP14
gene were removed by the Cre-recombinase controlled by the keratin 14 promotor.
These mice did not display any overt phenotype, and when challenged by skin
excisional wounding, they could restore tissue integrity completely [233]. However,
they showed a transitory phenotype with reduced vascular regression due to impaired
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keratinocytes-mediated proteolytic release of endostatin from collagen type XVIii
[227]. These data highlighted the critical role of MMP14 expression in keratinocytes for
epidermal-dermal crosstalk in the regulation of vascular homeostasis [227]. MMP14
deficiency in macrophages (using the LysM-Cre driven deletion) results in increased
corneal vascularization by lymphatic vessels [228], but this deletion did not affect either
skin development or repair [229]. However, when exposed to skin irritants, the influx of
monocytes, macrophages, and T-cells in treated skin was reduced without
macrophage-MMP14. This process was accompanied by reduced levels of several
proinflammatory cytokines, such as IL-1f3, IL-2, IL-6, IL-9, IFN-y, MIG, and MIP-2.
In vitro, MMP14-deficient macrophage migration on fibronectin was significantly
decreased [229]. In hearts after myocardial infarction (MI), macrophage-specific
MMP14 (LysM-Cre driven) deletion results in attenuated post-MI cardiac dysfunction,
accompanied by reduced fibrosis and preserved cardiac capillary network [230].
In vitro, the ability of MMP14-deficient macrophages to induce endothelial to
mesenchymal transition (EndMT) in co-cultured endothelial cells (EC) was diminished,
which correlates with reduced numbers of cells undergoing EndMT in heart post-Ml
[230].

Specific deletion of MMP14 in endothelial cells (EC) using the Tie2-Cre driven deletion,
results in a mild cranial dysmorphia with slightly delayed suture closure. Still, long bone
development, ossification, and skin development were not altered [231]. Tendon-
specific deletion of MMP14 (Scx-Cre driven) leads to a limb phenotype with dorsiflexion
of the paws, a dome-shaped skull and, impairment of skeletal and cranial growth [232].
Moreover, these mice exhibited smaller tail and Achilles tendon size with accumulated
fibronectin but not collagen type |, pointing to altered tendon development. This was
due to impaired collagen fibril release from the plasma membrane fibripositors where
fibrils are anchored by fibronectin to a cell-surface receptor whose identity is unclear
[232].

Further, mice lacking MMP14 in the dermal fibroblasts display a fibrosis-like skin
phenotype and formation of fibrotic tendons as a result of impaired collagenolysis
[233]. Induction of fibrosis by bleomycin injections in the skin was not altered, but the
resolution of fibrotic lesions was reduced by the absence of fibroblast-MMP14. This,
together with the lack of fibrillar collagen type | degradation by MMP14-deleted
fibroblasts in vitro, shows the importance of MMP14 as a collagenolytic enzyme in skin
homeostatic remodeling [233]. Another model emphasizing the essential role of the
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collagenolytic function of MMP14 in tissue remodeling was produced by Sftpc-Cre
driven alveolar epithelial cell-specific deletion of MMP14 to investigate idiopathic
pulmonary fibrosis (IPF) [234]. In this study, MMP14-alveolar epithelial deletion led to
more severe bleomycin-induced lung fibrosis and delayed resolution, corroborating the
findings in mice harboring the fibroblast-specific deletion of MMP14 [233, 234].

1.4.3 MMP14 in cancer

MMP14, is often upregulated in many different cancer types [235]. In patients who have
lung cancer, breast cancer, gastric cancer, esophageal cancer, colorectal cancer,
ovarian cancer, Merkel cell carcinoma, pleural mesotheliomas, and glioma, high
MMP14 expression has been correlated with poor prognosis [236]. The activity of this
protease in breast and gastric cancer cells and stroma promotes its progression by
regulating cellular processes like proliferation, migration, metastasis, and invasion
[237-239]. During tumor growth, MMP14 can act in different ways to support the tumor:
(I) cleavage of the ECM to either release bioactive fragments for activation of signaling
pathways or for cell migration, (II) binding of signaling molecules on the cell surface
leading to interaction with other cell-surface proteins or initiation of intracellular
signaling via the cytoplasmatic domain, (lll) intracellular proteolysis and (IV) by
regulating transcription of other genes [240].

MMP14 is critical for proteolytic cleavage of interstitial ECM during cellular migration
of tumor cells, endothelial cells and fibroblasts [241-243]. The mesenchymal migration
mode is the most common way for movement used by cells. It is mediated by p1
integrin-dependent substrate binding, ECM degradation, and the formation of actin-
rich protrusions called invadopodia [244, 245]. Invadopodia are formed in a Racl-
dependent manner and represent the leading edge of the moving cell [246]. MMP14
forms a complex with B1-integrins enabling directional cell traction and ECM
degradation to drive cell motility [245]. In this way, through degradation and
reorganization of the collagen fibers within the pericellular ECM, the cell builds paths,
which can be used and expanded by other cells [247]. Focal adhesions connecting
cytoskeleton and ECM also contain active MMP14 [248]. a2B1 integrins bind intact
collagen fibers, but collagen processing into gelatin exposes cryptic RGD sites that are
recognized and bound by avp3 integrins [249, 250]. This shift in the integrin-based
binding of collagen from a2p31- to avB3 results in FAK phosphorylation at Tyr576 and
Tyr577, followed by ERK activation through c-Src, and promotes tumor cell migration
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and proliferation [248, 249]. Further, MMP14 processes the laminin 332 (laminin 5) y2
chain in tumors but not quiescent tissues [251]. The released cleavage fragments,
detected in malignant melanoma and gastric cancer cells, bind to the epidermal growth
factor (EGF) receptor to enhance cell adhesion, migration, and vascular tube formation
in vivo and in vitro [252-254]. Independently of expression in tumor cells, stromal cells
expressing MMP14 can induce tumor cell invasion and metastasis through paracrine
signal transduction. MMP14 activates transforming growth factor-B (TGF-B) and
releases it by proteolytically processing the latent TGF- binding protein (LTBP-1)
[255, 256]. In turn, activation of TGF- B signaling induces CULT1 and subsequently
Wnt5, which leads to EMT, causing prostate cancer cells to adopt a metastatic
phenotype [255].

MMP14 is expressed in melanoma already in the early transformation from nevi to
malignant cells and continuously increases during melanoma development [257]. In
highly invasive melanoma, MMP14 expression is required for tumor cell invasion [257,
258]. Accordingly, MMP14 activity has been linked to a cooperative invasion process
that allows poorly invasive melanoma cells to co-invade with highly invasive melanoma
cells [259]. Thereby, the invasive cells degrade and remodel the ECM, and deposit
collagen and fibronectin to build supportive tracks that facilitate the poorly invasive
melanoma cells to move [257]. Another signaling molecule that is described to be
strongly reactivated in melanoma and controlling tumor growth is Notchl [260], and
MMP14 has been shown to process and activate Notchl leading to sustained

melanoma growth [261].
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1.5 Aim of the project

The ECM is a significant component of the TME that plays an essential role in
regulating tumor growth. In cancer, deposition, remodeling, and degradation of matrix
proteins are highly deregulated due to altered expression or to proteolytic activities,
well know from MMPs. MMP14 is considered a major modifier of the ECM during
cancer growth and progression for many types of tumors. In melanoma, MMP14 is
highly expressed and active at the tumor-stroma border, in both tumor and stromal
cells, with supporting functions for growth and invasion [241, 267-269]. Indeed, the
expression of MMP14 in tumors is often associated with poor patients’ survival.

We could previously show that the expression of MMP14 in fibroblasts has a crucial
role in collagen homeostasis in the skin in vivo [233]. In particular, lack of collagen
processing by MMP14 in fibroblasts led to collagen accumulation and tissue stiffness,
which are two tissue features frequently observed in tumors. In breast, lung, and
colorectal cancer, desmoplasia is strongly linked to the tumor's aggressiveness [262].
In contrast, in melanoma, a desmoplastic response around tumors is not prominent
(apart from a specific subtype with better prognosis [263]) and a clear link to
progression was not established.

Using the mouse model with deletion of MMP14 in fibroblasts, the overall aim of this
work was to investigate the cell-specific role for MMP14, collagen accumulation, and

tissue tension in melanoma growth.

For this, we used murine melanoma cells and monitored, as a function of time, the
growth of grafted tumor cells in vivo in mice lacking MMP14 in dermal fibroblasts
(MMP145%-), Tumor specimens were analyzed for processes and features essential in
tumorigenesis and possibly altered upon MMP14 deletion. These included fibroblast
activation, tumor cell proliferation, apoptosis, vascularization, and inflammatory
response. These were investigated by immunofluorescence staining and relative
guantification.

To identify alterations in collagens in the peritumoral tissues, hydroxyproline (content),
cross-linkage (content and pattern), and fibrils structures (picrosirius red staining) were
investigated. Collagen fiber structure and organization were analyzed by second
harmonic generation (SHG) microscopy, and mechanical properties were studied by
atomic force microscopy (AFM). Furthermore, the peritumoral matrix composition was

investigated using proteome analysis as an unbiased approach.
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The distinct effect of MMP14-modified ECM structure and composition on melanoma
invasion was investigated using ex vivo invasion assays with decellularized and
devitalized skin composites. In addition, by proteome-, western blot- and protein array
analysis the MMP14-dependent fibroblast matrix and media composition alterations
were investigated. Last, using primary fibroblasts from control and MMP145%-mice skin
and murine melanoma cell lines, in vitro culture systems were used to investigate
whether and how fibroblast matrix and conditioned medium, or identified altered
matrices, affect on a cellular level melanoma cells proliferation, apoptosis, cell

adhesion, and migration.
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2 Material and Methods

2.1 Materials

2.1.1 Chemicals

All chemicals, unless otherwise indicated, were purchased in analytical grade from
Merck (Darmstadt, Germany), Carl Roth (Karlsruhe, Germany), Merck (Darmstadt,
Germany), Gibco (Karlsruhe, Germany), Serva (Heidelberg, Germany), TH Geyer
GmbH (Lohmar, Germany), Biochrom (Berlin, Germany), and Riedel-de Haén (Seelze,
Germany).

2.1.2 Cell culture material

Plastic equipment for cell culture was purchased from Greiner AG (Kremsmiunster,
Austria) and BD Biosciences (Heidelberg, Germany). Tissue culture plates with defined
stiffness grade were from lbidi (Gréafelfing, Germany). DMEM (Dulbecco's Modified
Eagle Medium) cell culture medium was purchased from Gibco (Karlsruhe, Germany),
antibiotics (penicillin/streptomycin), L-glutamine and EDTA
(ethylenediaminetetraacetic acid) were from Biochrom Merck (Berlin, Germany).
Trypsin was from Thermo Fisher (Darmstadt, Germany). FCS (fetal calf serum) was
from PAA (Cdlbe, Germany) and ascorbate from Sigma (Taufkirchen, Germany).
Human recombinant fibronectin was from Roche GmbH (Mannheim, Germany),
Matrigel (Growth Factor reduced MatrigelTM Matrix) was purchased from BD
Bioscience (Heidelberg, Germany), acid extracted bovine collagen type | was from
Curacyte Discovery GmbH (Leipzig, Germany). Collagen type XIV was provided by
Prof. Manuel Koch (Institute for Dental Research and Oral Musculoskeletal Biology
and Center for Biochemistry, University of Cologne, Germany). Dispase Il and DNase
| were purchased from Roche GmbH (Mannheim, Germany), collagenase type | from
Worthington Biochemical Corporation (Lakewood, NJ, USA), mitomycin-c was from

Sigma-Aldrich (Schnelldorf, Germany).

2.1.3 Consumable materials

1.5% agar Noble: BD Biosciences (Heidelberg, Germany)
10xPCR Buffer +Mg: Applied Biosystems (California, US)
Agarose: Bio-Budget (Krefeld, Germany)

Betaisodona: Mundipharma GmbH (Limburg, Germany)

Bleomycin: Medac GmbH (Wedel, Germany)
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CAA (chloroacetamide): Merck (Darmstadt, Germany)

Chemiluminescence Reagent ECL: Thermo Scientific (Asbach, Germany)
cisplatin (cis-Diammineplatinum (1) dichloride): Merck (Darmstadt, Germany)
CL-XPosureTM Film: Thermo Fisher (Karlsruhe, Germany)

Cover glasses: TH-Geyer GmbH (Lohmar, Germany)

Cryomolds (standard, intermediate): Sakura (Zoeterwoude, Netherlands)
CXR Reference Dye (30um): Promega GmbH (Mannheim, Germany)

dNTP Mix (10mM): Fermentas (Sankt Leon-Roth, Germany)

DTT (dithiothreitol): Thermo Scientific (Asbach, Germany)

Embedding cassettes: VWR (Pennsylvania, US)

Endopeptidase Lys-C: Thermo Fisher (Karlsruhe, Germany)

Eppendorf tubes (1.5 ml, 2 ml): Eppendorf (Hamburg, Germany)

Falcon tubes 15ml, 50ml: BD Bioscience (Heidelberg, Germany)

Filter 0,2um: Pall Corporation (Dreieich, Germany)

GeneRulerTM 1kb DNA Ladder: Thermo Fisher (Karlsruhe, Germany)

Glas pipettes: TH Geyer GmbH (Lohmar, Germany)

GLC™ Mounting Medium: Sakura (Zoeterwoude, Netherlands)

GoTag® gPCR Master Mix (2X): Promega (Walldorf, Germany)
Immu-mount: Thermo Scientific (Asbach, Germany)

Microscope Polysine slides: Thermo Scientific (Asbach, Germany)
Nitrocellulose western blotting Membrane AmershamTM Protran® (& 0.45 ym; & 0.2
pMm): Merck (Darmstadt, Germany)

Normal goat serum: Dako Agilent (Waldbronn, Germany)

NuPAGE® Antioxidant: Thermo Fisher (Karlsruhe, Germany)

NuPAGE® Bis-Tris Mini Gels (4-12%): Thermo Fisher (Karlsruhe, Germany)
NuPAGE® MES running buffer: Thermo Fisher (Karlsruhe, Germany)

Oligo d(T)16 50um: Thermo Fisher (Karlsruhe, Germany)

PageRulerTM Plus Prestained Proteinladder: Thermo Fisher (Karlsruhe, Germany)
PageRulerTM Unstained: Thermo Fisher (Karlsruhe, Germany)

Paraffin (Paraplast Tissue Embedding Medium): McCormick Scientific (Maarn,
Netherlands)

PBS Dulbecco w/o Ca?* w/o Mg?*: Biochrom GmbH (Berlin, Germany)

PCR tubes (0.5 ml): Peqglab Biotechnologie GmbH (Erlangen, Germany)
Pipette tips: Sarstaedt (NUmbrecht, Germany)
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Ponceau Red Solution: Merck (Darmstadt, Germany)

Protein G SepharoseTM 4 Fast Flow: GE Healthcare Bio-Sciences AB (Uppsala,
Sweden)

Proteinase K: Thermo Fisher (Karlsruhe, Germany)

Proteinladder: Thermo Fisher (Karlsruhe, Germany)

RedSafeTM: iINtRON Biotechnology (South Korea)

REDTag® ReadyMix™: Merck (Darmstadt, Germany)

Reverse Transcriptase MuL V (50U/ul): Applied Biosystems (California, US)
RNase Inhibitor (20U/ul): Thermo Fisher (Karlsruhe, Germany)

RNAzol™ B: Wak-Chemie Medical GmbH (Steinbach, Germany)

Sirius Red F3B: Merck (Darmstadt, Germany)

Syringes and needls: BD Biosciences (Heidelberg, Germany)

Tamoxifen pellets: Harlan laboratories (Venray, Netherlands)

TEAB (Triethylammonium bicarbonate): Thermo Fisher (Karlsruhe, Germany)
Tween ®: Merck (Darmstadt, Germany)

Weigert’s iron hematoxylin: Waldeck GmbH (Mlnster, Germany)

Whatman paper: VWR (Bruchsal, Germany)

2.1.4 Buffers and reagents

Running buffer (10X) pH 8.3: SDS (35mM), Trizma® base (250nM), Glycine (1.92M)
(PAGE)

Anode buffer | pH 10.2: Trizma® base (300mM), 20% methanol

Anode buffer 1l pH 10.4: Trizma® base (25mM), 20% methanol

Cathode buffer pH 7.6: Amoinocaproic acid (40mM), 20% methanol

Coomassie Destain solution: 10% methanol, 10% acetic acid

Coomassie Stain 2.5%: Coomassie® briliant blue G250, 45% methanol, 10% acetic
acid

crystal violet stain: 0.5% crystal violet, 20% methanol

DNA loading buffer (6X): 30% glycerol, 0.25% bromophenol blue, 0.25% Xylol Cyanole
DNA lysis buffer: 0.1 M Tris/HCI pH 8.5, 5mM EDTA, 0.2% SDS, 0.2M NacCl

Cell removal Buffer: 20mM NH4OH, 0.5% TritonX-100 in PBS

Formaldehyde fixation solution: 4% Paraformaldehyde, PBS, HCI/NaOH pH 7.4
Laemmli buffer (5X): Trizma® HCI (60mM) pH 6.8, 25% glycerol, 2% SDS, 2-
Mercaptothanol (14.4M), 0.1% Bromophenol blue
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Extraction buffer: 8M Urea, 0.2% SDS, 0.5M TEAB, 5mM TCEP

RIPA buffer pH 7.4: Trizma® base (50mM), NaCl (150nM), 1% NP-40, 2% Deoxycholic
Acid, 1%SDS

TBE buffer pH 8: Trizma® base (90mM), boric acid (90mM), EDTA (20mM)

TBS (10X) pH 7.6: Trizma® HCI (50mM), Trizma® base (20mM), NaCl (150mM)
TBST: TBS (1x), 0.5% Tween®20

TE-Buffer: Trizma® base (10mM) pH 7.2, 1ImM EDTA

PBST: PBS + Tween® 20 0.5 % (v/v)

PBS: 136 mM NaCl; 2.6 mM KCI; 10nM Na2HPOg4; 1.5 mM KH2POg; pH 7.4

2.1.5 Kits

Table 1. Kits for cell- and protein analysis.

Kit Cat No/Company
Cell Proliferation ELISA, BrdU (colorimetric) kit 11 647229 001, Roche (Mannheim,
Germany)
Cell Death Detection ELISA Plus Kit 11774 425 001, Roche (Mannheim,
Germany)

Proteome Profiler — Mouse XL Cytokine Array |ARY028, R&D Systems (Wiesbaden,
Kit Germany)

PierceTM BCA Protein Assay Kit 23227, Thermo Fisher Scientific
(Schwerte, Germany)

2.1.6 Antibodies

Table 2. Mouse antibodies used for immunofluorescence stainings.

Antibody

Cat. No
BD Biosciences ]
CD16/32 553141 (Heidelberg, Germany) 1:200

Antigen Source Dilution

BD Biosciences
CD31 557355 (Heidelberg, Germany) 1:1000
Bio-Rad AbD Serotec
CD45 MCA1388 GmbH (Puchheim, 1:250
Germany)

Bio-Rad AbD Serotec
CD68 MCA1957GA | GmbH (Puchheim, 1:60
Germany)

Cell Signaling (Frankfurt,

cleaved caspase 3 |9661-S 1:200

Germany)

Collagen type XIV |clone KR47 |Manuel Koch, Biochemie 1:5000

Keratin 6 PRB-160p | SOvance (Munster, 1:1000
Germany)

Ki67 M7249 Dako Agilent (Waldbronn, 1:100
Germany)
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Biolegend (Amsterdam, .

Ly6G 127625 Netherlands) 1:200

LYVE-1 ab14917 Abcam (Berlin, Germany) 1:1000

PDGFRa AFE1062 R&D Systems (Wiesbaden, 1:100
Germany)

TRP-2 sc-10451 Santa Cruz Biotechnology | ;.14
(Heidelberg, Germany)

aSMA Cy3 C6198 Merck (Darmstadt, 1:200
Germany)
Thermo Fisher Scientific .

goat 488nm A11055 (Schwerte, Germany) 1:1000

rabbit 488 A11034 Thermo Fisher Scientific 1:1000
(Schwerte, Germany)

rabbit 594nm A11037 Thermo Fisher Scientific | 4.1 459
(Schwerte, Germany)

rat 488 A11006 Thermo Fisher Scientific 1:1000
(Schwerte, Germany)

rat 594 A11007 Thermo Fisher Scientific 1:1000
(Schwerte, Germany)

Table 3. Mouse antibodies used for immunoblot analysis.

. Antibody L
Antigen Cat. No Source Dilution
Actin #9928H MPBiomedicals (Eschwege, 1:2000

Germany)
Collagen type | 2031503505 | Quartett (Berlin, Germany) 1:500
Raimund Wagener, )
Collagen type VI - Biochemie 1:500
clone KR33 . . )
Collagen type XIlI (KV137) Manuel Koch, Biochemie 1:2000
Collagen type XIV |clone KR47 | Manuel Koch, Biochemie 1:2000
PCNA #133900 Thermo Fisher Scientific 1:1000
(Schwerte, Germany)
mouse HRP P0260 Dako Agilent (Waldbronn, 1:2000
Germany)
rabbit HRP P0217 Dako Agilent (Waldbronn, 1:2000
Germany)

2.1.7 Laboratory equipment

Bio Photometer: Eppendorf (Hamburg, Germany)

Cell culture incubator HERA cell 150i CO2: Thermo Fisher Scientific (Karlsruhe,
Germany)

Cryostat Microm HM 560: Thermo Scientific (Asbach, Germany)

Eppendorf Centrifuge 5415 R or C: Eppendorf (Hamburg, Germany)

Fluorescence Microscope Keyence BZ-9000: Keyence (Osaka, Japan)

34



GelDoc power supply Easy-Cast Electrophoresis System Model 2B, Owl Scientific
Model 40-0911: Thermo Scientific (Asbach, Germany)

Heraeus® Megafuge® 1.0 R: Heraeus GmbH (Hanau, Germany)

JPK NanoWizard4 atomic force microscope: Bruker Nano GmbH (Karlsruhe,
Germany)

KY-F75U camera: JVC (Wayne, USA)

Megafuge ST Plus Series Centrifuge: Thermo Scientific (Asbach, Germany)
Microscope Leica DM 4000 B: Leica (Wetzlar, Germany)

Microtome Epredia™ Shandon™ Finesse™ 325: Thermo Scientific (Asbach,
Germany)

Migration microscope Olympus XM10 camera: Olympus (Tokyo, Japan)

Mixer Mill MM3000: Retsch (Haan, Germany)

Nanodrop 2000 Spectrometer: Thermo Scientific (Asbach, Germany)
Neubauer-counting chamber: BRAND GmbH (Wertheim, Germany)

Nikon Eclipse TS100: Nikon (Tokyo, Japan)

Nikon Eclipse TS2: Nikon (Tokyo, Japan)

PCR Thermocycler T3000: Biometra (Gottingen, Germany)

pH-meter InoCG710: Schott (Mainz, Germany)

Photometer Eppendorf Bio: Eppendorf (Hamburg, Germany)

Pipette boy accu-jet® pro: BRAND GmbH (Wertheim, Germany)

Pipettes 10ul: Eppendorf (Hamburg, Germany)

Pipettes, 20, 200, 1000pl: GILSON (Hessen, Germany)

Precision caliper: Mitutoyo (Neuss, Germany)

Real-time PCR Step One Plus Real-time PCR System, with the StepOneTM Software
v2.1: Thermo Fisher (Karlsruhe, Germany)

Rotator Stuart SB2: VWR (Bruchsal, Germany)

Semi-dry transfer system: Merck (Darmstadt, Germany)

Shaker IKA HS250 basic: IKA Werke GmbH (Breisgau, Germany)

upright multiphoton microscope (TCS SP8 MP-OPO): Leica (Wetzlar, Germany)
Victor3TM Multilabel plate reader: Perkin Elmer (Wellesley, MA, USA)

Vortex-Genie 2™: Bender & Hobein GmbH (Hanfréste, Germany)

Waterbath Julabo-SW20: Julabo (Seelbach, Germany)

Western blot Curix 60 developing machine: AGFA (Mortsel, Belgium)

Western blot Dual Gel Caster Chamber SE245: Hoefer Inc. (Massachusetts, USA)
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Western blot vertical electrophorese system mighty small SE250/SE260: Hoefer Inc.
(Massachusetts, USA)
X-ray detection cassettes (Cronex Quanta lll); Heinrich Faust GmbH (Cologne,

Germany)

2.2 Methods

2.2.1 Cell Culture

B16F0 [264], B16F1 (CRL-6323, ATCC®, Wesel, Germany), HCmell2 [265] and
BDVII [266] cells and primary isolated fibroblasts were grown DMEM medium (+4.5 g/l
D-Glucose, L-Glutamine) supplemented with 10% FCS, 2 mM L-glutamine, 100 U/m|
penicillin and 100 pg/ml streptomycin, and 0.05 g/l L-ascorbic acid was added to the
fibroblast's media. Cells were grown at 37°C, 5% CO:2 and passaged every 2-3 days
after washing with Dulbecco’s PBS (1x) and treated with 0.02% Trypsin/ 0.1% EDTA.
Cells were counted using a Neubauer chamber. For coating tissue culture plates,
recombinant collagen type | or collagen type XIV were diluted in PBS, and fibronectin
in PBS containing 0.1 M CacClz, and incubated o/n at 4°C. Afterwards, plates were
rinsed with PBS and free uncoated surfaces blocked with 1% heat-inactivated BSA for
1h at RT. For analysis of melanoma apoptosis in fibroblast c.m. 100ng/ml recombinant
GROa (ab202817, Abcam) was added to MMP145™** ¢.m., and either 13uM MMP3
inhibitor (MMP3i) (444225, Merck) or 1ug/ml of a neutralizing antibody against GROa
(a-GROa) (MAB453-100, R&D Systems) was added to MMP14S%- ¢c.m.

2.2.1.1 Isolation of primary fibroblasts

After adult mice were sacrificed, their back skin shaved and dissected with a scalpel.
Following washes in PBS and disinfection in betaisodona for 2 min, in 70% EtOH for 1
min and twice in PBS for 1 min, the skin was placed (dermis downside) in a P5 petri
dish on top of 5 ml dispase Il (5 mg/ml in serum free DMEM) and incubated overnight
(o/n) at 4°C. Afterwards, the skin was washed with serum-free DMEM and the
epidermis was removed from the dermis. After shredding the dermis into small pieces,
it was transferred into a falcon containing sterile 400 U/ml collagenase type | in serum-
free DMEM and stirred for 90 min at 37°C. The solution was centrifuged at 315 x g for
5 min at RT and supernatant was removed. The pellet was resuspended in 10 ml
complete DMEM containing 20% FCS and AA (antibiotic and antifungal), and seeded
into a P10 petri dish.

36



2.2.1.2 Preparation of fibroblast deposited matrix and conditioned medium
Primary fibroblasts were cultured in complete DMEM with ascorbate for 14 days, the
medium was changed every 2-3 days. Fibroblasts were removed from matrix by adding
20mM NH40H and 0.5% TritonX-100 for 1 min at RT and washed gently with PBS.
The matrix was visualized by staining with 0.25 % Coomassie Brilliant blue for 10 min
at RT, washed with PBS and photos recorded using a light microscope equipped with
DISKUS 4.50.1638 software.

To prepare fibroblasts supernatants, cells were washed twice with PBS and incubated
with serum-free DMEM for 24 h. The medium was collected and spun down for 5 min
at 315 x g to remove cellular debris. Supernatants (= conditioned medium; c.m.) were

used immediately for B16F1 treatment experiments or stored at -20°C for further use.

2.2.1.3 Melanoma spheroids

Spheroids were produced using the liquid overlay method as previously described
[267]. Shortly, 5000 B16F1 cells were seeded in a 96-well plate coated with 1.5% agar
Noble and incubated for 72h at 37°C and 5% COz2, in which cells organized into a three-
dimensional structure. Spheroids were harvested using a pipette and placed into an
Eppendorf tube. The medium was removed, and spheroids were transferred into a
solution of bovine collagen type | containing 1M NaOH, 175mM NaHCOs, 3% FCS,
2mM L-glutamine, 100U/ml penicillin, and 100ug/ml streptomycin. After incubation at

37°C for 1h, polymerized collagen gels were covered with complete DMEM.

2.2.1.4 Colony outgrowth assay

B16F1 cells were washed twice with PBS and treated with 0.1% FCS DMEM with 1.6
pg/ml mitomycin-C in 0.1% FCS DMEM for 2 h at 37°C to inhibit cell growth. A metal
ring (diameter: 0.5 cm?) was placed on the fibroblast matrix or recombinant protein
coating. B16F1 cells were washed with PBS, trypsinized and counted. 200.000 cells
were seeded in the metal rings and let adhere for 3 h. After removal of the ring,
suspended cells were removed by washing with PBS and serum-free DMEM was
added. Two positions per well were chosen to monitor cell migration and pictures were
taken every 30 min. Pictures were analysed using ImageJ software
(http://rsb.info.nih.gov/ij; version ImageJ 1.53a), by measuring the surface covered by
cells at selected time points. Migrated surface was calculated by subtracting the cell-
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covered surface at the beginning (time point 0) from cell-covered surface at selected

time points (covered surface at x h — covered surface at 0 h = migrated surface).

2.2.1.5 Proliferation assay

B16F1 cells were starved in serum-free DMEM for 24 h before treating them with
fibroblast conditioned medium (2.2.1.3) or seeding them in tissue culture plates coated
with recombinant collagen type I, type XIV, or fibroblast-deposited matrix. BL6F1 cells
were seeded in a density of 40.000 cells/cm? into the wells of a 96-well plate and let
adhere o/n at 37 °C and 5 % COa. Cell proliferation was analysed using the Cell
Proliferation ELISA ® Kit according to the manufacturer’s instructions. Briefly, B16F1
cells were labelled with BrdU labelling reagent (10uM final concentration per well) for
4 h at 37 °C and then lysed with 200 pl “FixDenat” for 30 min at RT. After removing the
solution thoroughly, 100 ul of the anti-BrdU-peroxidase conjugated antibody was
added for 1.5 h at RT. After washing, 100 ul substrate solution was added and
incubated for approximately 25 min at RT until color development was sufficient for
photometric detection. The color development was blocked by addition of 25 pl 1 M
H2S04 and measured at 450 nm using Victors™ 1420 Multilabel Counter.

2.2.1.6 Cell death assay

B16F1 cells were seeded in a density of 40.000 cells/cm? into the wells of a 96-well
plate and incubated O/N at 37 °C and 5 % COz. Cells were either seeded directly on
coated wells or treated with fibroblast c.m. after adhesion. B16F1 cells irradiated with
0.1 J/cm? UV-B were used as positive control. Cell death was analysed with Cell Death
Detection ELISA Plus Kit according to the manufacturer’s instructions. Briefly, B16F1
cells were lysed with 200 pl lysis buffer for 30 min at RT and then labelled with an
immunoreagent containing an anti-histone-biotin and an anti-DNA-peroxidase
conjugated antibody for 2 h at RT while shaking at 300 rpm. “ABTS substrate solution”
was added to the wells and incubated for approximately 20 min at RT until color
development was sufficient for photometric detection. The process was stopped by
addition of “ABTS stop solution” and color development was measured at 405 nm

(reference wavelength 490 nm) using Victor3™ 1420 Multilabel Counter.
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2.2.1.7 Adhesion assay

B16F1 adhesion assays were performed as previously described [268]. Briefly, cells
were seeded (60.000 cells/ cm?) in protein coated 96-well plates and incubated 2 h at
37°C, 5% CO2. Afterwards, wells were rinsed with PBS to removed not adhered cells
and remaining cells were fixed with 4% paraformaldehyde (PFA) for 10 min at RT. After
washing, the fixed cells were stained with crystal violet (0.5% Crystal Violet in 20%
MetOH) for 15 min at RT. Crystal violet stain was removed and after washing with PBS
the retained stain was eluted from the cells by addition of 0.1M sodium citrate and
measured at 595nm using Victor®™ 1420 Multilabel Counter.

2.2.1.8 Ex vivo invasion assays

Mouse back skin punch biopsies (8 mm) were incubated in 5mg/ml dispase Il in serum-
free DMEM o/n at 4 °C to remove the epidermis and basement membrane. Afterwards,
skins were washed in PBS and epidermis was removed. To devitalize deepidermized
skin biopsies, they were frozen at -80 °C for 30 min and thawed in the water bath at
37 °C in three cycles. For decellularization of skin biopsies we used a published
procedure [269]. Skin biopsies were incubated in 0.1 % Triton X-100 for 1 h for cell
lysis, then they were incubated in 2 % sodium deoxycholate for 24 h, to solubilize
cellular and membrane components. Afterwards biopsies were washed in 1M NacCl for
1h and incubated in 1.3 mM MgSO4, 2 mM CaClz, 30 ug/ml DNase | for 1 h to remove
nuclear parts of the dermal cells. All incubation steps of the decellularization process
were performed at 4°C, with stirring and with addition of 100 U/ml penicillin and 100
png/ml streptomycin. The devitalized and decellularized skin biopsies were placed on a
metal net in a 6-well plate, and 1 x 10° B16F1 cells were seeded on the dermis (Figure
7). The specimens were incubated at the air-liquid surface for 3 weeks at 37 °C and
5 % CO2 and medium was renewed every 2-3 days. For further analysis, one half on
each skin biopsy was embedded in Tissue-Tek ® and frozen on dry ice, and the other
half was fixed in 4 % PFA for 1h at 4 °C and embedded in paraffin. Sections were
stained with hematoxylin and eosin (H&E) and distance invaded or tumor load of
B16F1 cells into the skin composites were quantified.
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Figure 7. Skin biopsies and ex vivo invasion assay.

(a) H&E staining of native and decellularized skin sections. Immunofluoresence staining for
laminin 332 (LN5). (b) Assembly of a skin composite on the metal net within a tissue culture
well filled with medium. Melanoma cells were seeded on top of the skin composite. H&E,
hematoxylin & eosin; LN5, laminin 332; DDS, de-epidermized devitalized skin; Decell. dermis,
decellularized dermis.

2.2.2 Protein Analysis

2.2.2.1 SDS PAGE and Western Blot

Cell lysates were prepared using the RIPA extraction buffer supplemented with
protease inhibitor. Fibroblast matrix was solubilized in 8 M Urea supplemented with
protease inhibitor after cells were removed using 20 mM NH4+OH and 0.5 % TritonX-
100 for 1 min at RT followed by washes in PBS. All collected lysates were
homogenized using Mixer Mill at 30 Hz for 2 min. Protein concentration was determined
by Pierce® BCA protein assay, according to the manufacturer’s instructions, or, for
matrix lysates, by measuring the optical density using the Nanodrop 2000
Spectrometer. Equal amounts of protein (10-20 pg) were separated under reducing
conditions by SDS-PAGE using an 8 % (for matrix lysates and supernatants) or 10 %
(for cell lysates) polyacrylamide gel. Separated proteins were transferred to a
nitrocellulose membrane by semi-dry blotting system. Transfer efficiency was
confirmed by Ponceau S staining. The membrane was blocked in PBST containing
5 % milk powder for 1 h at RT and incubated with the primary antibody O/N at 4°C.
After washing three times for 5 min at RT in PBST, the membrane was incubated for
1 h at RT with the HRP-conjugated secondary antibody. After extensive washing with
PBST, membrane was incubated in Chemiluminescence Reagent ECL for 1 min at RT
and bound antibodies were visualized in a x-ray detection cassette. Detected protein

were normalized to the corresponding Ponceau S staining.
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2.2.2.2 Proteome analysis

Peritumoral tissue was macrodissected from cryosections (400 um), lysed in a tube
containing 0.1% Triton X-100 with protease inhibitors and homogenized using Mixer
Mill MM3000 at 30 Hz for 2 min. Further decellularization of the tissue was performed
as for skin biopsies (2.2.1.9) [269]. After a final centrifugation step, ECM proteins were
extracted from the pellet with 8M Urea, 0.2% SDS, 0.5M TEAB, 5mM TCEP, or from
fibroblast matrix after removal of fibroblasts (2.2.1.2.). Afterward, samples were
precipitated with acetone and resuspended in 8M urea. Samples were reduced with 5
mM DTT (dithiothreitol) for 1 h at 37 °C and alkylated with 40 mM CAA
(chloroacetamide) at RT in the dark for 30 min. 1 pg endopeptidase Lys-C was added
and incubated at 37 °C for 4 h. Samples were diluted with 50 mM TEAB until the urea
concentration reached 2 M. Trypsin was added in an enzyme-protein ratio of 1:75 (w/w)
and incubated o/n at 37 °C. Salts and impurities were removed by stage tip purification
and samples were analyzed by HPLC mass spectrometry. This analysis was
performed with the support of the Proteomics Facility of the CECAD at the University
of Cologne.

2.2.2.3 Mouse XL Cytokine Array Kit

Fibroblast conditioned medium was prepared and collected as previously described
(2.2.1.3). For analysis of a number of 111 secreted soluble factors the Proteome
Profiler™ - Mouse XL Cytokine Array Kit was used according to the manufacturer’s
instructions. Shortly, the nitrocellulose membrane with bound antibodies against
selected cytokines was blocked in “Array Buffer 6” for 1 h at RT while shaking.
Fibroblast conditioned media were mixed to half volume of “Array Buffer 4” and
incubated with the nitrocellulose membrane o/n at 4 °C on a shaker. Afterwards, the
nitrocellulose membrane was washed 3 x 10 min in 1 x wash buffer to remove unbound
soluble factors and incubated with a cocktail of biotinylated detection antibodies for 1 h
at RT while shaking. After removing unbound antibodies by washing 3 x 10 min in 1 x
wash buffer, the membrane was incubated in 1 x Streptavidin - HRP on a shaker for
30 min at RT and washed again. Membrane was placed in an x-ray detection cassette
and incubated with the chemiluminescent detection reagent for 1 min. The signal
corresponding to protein amount bound to each capture spot on the membrane was
visualized in an x-ray detection cassette using enhanced chemiluminescence and

guantified by  densitometric measurement  using ImageJ software
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(http://rsb.info.nih.gov/ij; version ImageJ 1.53a). Reference dots for positive and

negative (background) controls are on the membrane.

2.2.3 Analysis of nucleid acids

2.2.3.1 DNA isolation and genotyping

Mouse tail tips were lysed in 300 pl DNA lysis buffer + 1 pl Proteinase K at 56 °C while
shaking on 300 rpm o/n. Lysates were centrifuged at 16.000 x g for 10 min at RT to
remove hairs and undigested tissue. The supernatant was transferred into a new tube,
DNA was precipitated by addition of 300 ul 100 % EtOH and centrifuged at 16.000 x g
for 10 min at RT. DNA pellet was washed with 70 % EtOH twice, let dry with open lid
for 10 min at RT and solved in TE-buffer. Genotyping of mice was perfomed in a total
volume of 25 pl including 1 pl genomic DNA, 12.5 pl RedTaq, 0.5 pl forward primer,

0.5 pl reverse primer and 10.5 pl H20. Primers used for genotyping are listed in table 4.

Table 4. Primers used for mouse genotyping.

Primer Sequence Tm |No. of |Product size (bp)
(5' - 3'; f, forward; r, reverse) (°C) | cycles

1314 30 f GAG GCA GAG GCA GAA CAAGC 60 35 MMP14fl/wt: 165

1314 31 r GAG CAT CAG AAA GTT GAG AGG MMP141l/fl: 285,

SC1(+) fGTC CAATTT ACT GACCGTACAC | 50 35 cre-recombinase:

SC 3(-) r CTG TCA CTT GGT CGT GGC AGC 350

1314 30 f GAG GCA GAG GCA GAA CAAGC 60 35 deletion: 400

revl r CCA CCA AGA AGATGT CAT TCC

2.2.3.2 RNA isolation

Sub confluent (70-80 %) primary fibroblasts were washed with PBS and lysed with
RNAzol™ B for 5 min on ice. Afterwards, lysates were collected by scraping and
transferred into a tube. RNA was extracted by addition of 1/5 volume of chloroform,
inverting for 15 sec and incubation on ice for 3 min. Samples were centrifuged at
16.000 x g for 15 min at 4°C. The upper, colorless phase was transferred into a new
tube and RNA was precipitated by addition of 1 volume isopropanol o/n at -80 °C. After
centrifugation at 16.000 x g for 10 min at 4°C, the RNA pellet was washed twice with
70 % EtOH, dried on ice and solved in 30yl RNase-free H20. The quality of RNA was
analysed by electrophoresis on a 1% agarose-TBE gel and concentration was
determined by optical density measurement at 260 nm and 280 nm via NanoDrop 2000

Spectrometer.
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2.2.3.3 Reverse transcription - polymerase chain reaction (RT-PCR)

1 ug RNA was reverse transcribed into cDNA using dNTPs (10 mM), oligo dT 16
primers (50 uM), RNase inhibitor 20 U/ul, reverse transcriptase 50 U/ul and 10 X PCR
buffer 1 containing 15 mM MgCl2. Reverse transcription was performed using the
following conditions: 21 °C 10 min; 42 °C 30 min; 99 °C 5 min. The house keeping
gene, S26, used as control, was amplified using 1 pl cDNA, 12.5 pl REDTag®
ReadyMix™ with MgClz, and 10 mM forward (5’ — 3": AATGTGCAGCCCATTCGCTG)
and reverse (5 — 3: CTTCCGTCCTTACAAAACGG) primers. PCR reaction was
performed using the following conditions: 94 °C 1 min (denaturation), 56 °C 1 min
(annealing), 72 °C 1 min (elongation), 72 °C 10 min (final extension) for 30 cycles of
amplification. The PCR product was mixed with DNA loading buffer and separated on

1.8 % TBE agarose gel via electrophoresis.

2.2.3.4 Quantitative real-time PCR

For quantitative real-time PCR 1 yl cDNA was amplified with GoTag® qPCR Master
Mix (2 X), forward and reverse primers (10 mM) and CxR Reference Dye in triplicates
and 20 pl total volume each. The amplification reaction and quantitative measurement
was performed using the StepOnePlus Real-Time PCR system with the StepOne™
Software v2.1 from Applied Biosystems. The specificity of the PCR products was
confirmed with melting curve analysis. The expression levels were normalized to the
house keeping gene, S26, and quantified by calculating the fold induction by the

comparative AACt method [270]. Primers used for analysis are listed in table 5.

Table 5. Primers used for quantitative real-time PCR.

Gene Sequence Tm (°C) |No. of
(5'- 3 f, forward; r, reverse) cycles
COL6A1 f GATGAGGGTGAAGTGGGAGA 60 40
r CAGCACGAAGAGGATGTAGTCAA
COL12A1 f AGACATTGTGTTGCTGGTGGA 60 40
r GAGAAATGAAGCTTCGCACAGT
COL14A1 f TGGTGGAGAGCCTGACCCGG 60 40
r GCATCCCACCTGACGCGCAT
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2.2.4 In vivo experiments

2.2.4.1 Animal housing

Mice were kept in the animal facility of the Institute for Pharmacology of the University
of Cologne in cages covered with air filters and continuous ventilation system under
pathogen-free conditions with 12 h light-dark cycle and access to food and water ad
libitum. All animal experiments were performed in compliance with German
Regulations for Welfare of Laboratory Animals and were approved by the
Regierungsprasidium Koln, Germany (NRW authorization 50.203.2-K 37a; 84-
02.04.2016.A012; 84-02.04.2016.A013; 84-02.05.40.17.073).

2.2.4.2 Tumor grafting and skin treatment

Mice with the inducible fibroblast-specific deletion of MMP14 were generated by
crossing mice with the floxed MMP14 gene (exons 2 - 4) to mice expressing a fusion
protein with the catalytic subunit of the cre recombinase fused to the estrogen receptor
domain under control of a fibroblast-specific regulatory fragment of the pro - a2 (1)
collagen gene [227, 271]. To induce the fibroblast-specific deletion of MMP14, the
offspring of these mice, at 4 weeks of age, was fed with tamoxifen (400 mg/ml pellets)
for five weeks and the phenotype was allowed to develop for further five weeks. To
induce skin fibrosis control mice were treated with intradermal injections of 100ug
bleomycin, or NaCl for control mice, five days a week over a period of four weeks.
Afterwards, 0.5 x 10% B16F1 cells were injected intradermally into the flank of mice and
tumor growth was followed and documented over time.

For chemotherapeutic treatment, mice received a single intraperitoneal injection with
cisplatin (10 mg/kg), or NaCl as control, at day 5 after B16F1 cell injection. Tumor sizes
(height, width and length) were measured using a precision caliper. When tumors
reached a maximal allowed size, mice were sacrificed by cervical dislocation, and
tumors and selected organs were collected and stored appropriately for further

analysis.

2.2.5 Tissue Analysis

2.2.5.1 Hematoxylin and Eosin (H&E) staining

Paraffin sections of B16F1 tumors (2.2.4.2) and ex vivo invasion assays (2.2.1.9) were
deparaffinized in xylol for 20 min, followed by a graded alcohol series for 1 min each,
isopropanol, 96 % EtOH, 75 % EtOH, aqua bidest. Afterwards, deparaffinized sections
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were stained for 5 min in hematoxylin solution and rinsed three times with lukewarm
H20. After staining for 5 sec in eosin sections were rinsed with H20. Sections were

dehydrated by ascending alcohol series and mounted in GLC™ Mounting Medium.

2.2.5.2 Immunofluorescence staining

Cryosections were fixed with 1 % PFA for 8 min at RT and washed with PBS. Then
permeabilized with ice-cold acetone (-20 °C) for 5min, dried, and blocked with 10 %
NGS in PBS at RT for 30min. Primary antibody diluted in 1% BSA in PBS was added
to the sections and incubated in a humidified chamber o/n at 4°C. After washing three
times with PBS, sections were incubated in secondary antibody in 1% BSA in PBS in
a humidified chamber for 1h at RT. After washing three times with PBS, sections were
mounted with Immumount and stored at 4°C. For quantifications of fluorescence
intensities and number of positive cells, we used ImageJ software. The numbers of
Ki67 and cleaved (cl.) caspase 3 positive cells were quantified in the central section of
different tumor specimens or within invaded tumor nests (invasion assays) as
percentage of the total numbers of nuclei stained by DAPI. For quantification of the
intensity of expression of CD31, LYVE-1, CD45, Collagen type XIV, aSMA, PDGFRa
the percentage of signal area within the peritumoral tissue (100 pum radius from tumor)

relative to tissue area was determined.

2.2.5.3 Picrosirius red staining

Sections were deparaffinized, stained in Weigert’'s iron hematoxylin for 5min, and
rinsed several times with fresh and lukewarm water. Sections were differentiated in
1 % HCI in 70% ethanol until the cytoplasm was destained and rinsed several times in
warm water. Sections were stained in 0.5% PicroSirius red staining solution (Sirius
Red F3B in saturated picric acid) for 1h and rinsed twice with 0.5 % acetic acid. Then
sections were dehydrated three times with isopropanol, dipped twice in xylol, and

embedded in a xylol- based GLC mounting medium.

2.2.5.4 Atomic Force Microscopy (AFM)

For this analysis freshly cut 20um cryosections using a JPK NanoWizard4 atomic force
microscope mounted on a Zeiss Axio observer Z1 widefield fluorescence microscope
and operated via JPK SPMControl Software v.6. Cryosections were equilibrated in

PBS supplemented with protease inhibitors, and measurements were performed within
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20 min after sectioning the samples. For micromechanical measurements, spherical
silicon dioxide beads with a diameter of 3.5 um glued onto tip-less silicon nitride
cantilevers (CP-PNPLSIO-B-5, NanoAndMore GmbH, Wetzlar, Germany) with a
nominal spring constant of 0.08 Nm-1 were used. Measurements were performed
using the Quantitative Imaging (QI) Mode with a pixel time of 500 ms (approach and
retraction), ensuring detection of elastic properties only. Forces of up to 2 nN were
applied. The AFM measurements and following quantification were performed by
Matthias Rubsam (CECAD) at the University of Cologne. For each biological replicate,
we analyzed 50-200 force curves of various dermal and peritumoral locations. All
analyses were performed with JPK Data Processing Software (Bruker Nano GmbH,
Herzogenrath, Germany). Prior to fitting the Hertz model corrected by the tip geometry
to obtain Young’'s Modulus (Poisson’s ratio of 0.5), the offset was removed from the
baseline, contact point was identified, and cantilever bending was subtracted from all

force curves.

2.2.5.5 Second Harmonic Generation (SHG)

Deparaffinized tissue sections of 6 um thickness were analysed using an upright
multiphoton microscope (TCS SP8 MP-OPO, Leica), equipped with a Ti:Sa laser
(Chame-leon Vision II; Coherent) tuned to 1050 nm. For acquisition of the pictures
LAS X software (Leica Microsystems) was used. Collagen fiber alignment and
waviness were quantified using ImageJ software as previously described [272, 273].
SHG analysis was performed in the Imaging facility of the CECAD at the University of

Cologne.

2.2.6 Statistics

Statistical analysis was performed using GraphPad Prism version 7.05 for Windows
(GraphPad Software, La Jolla, CA, USA, www.praphpad.com). Student’s t-test was
used for data analysis, with p<0.05 considered to be statistically significant.

Kolmogorov-Smirnov test was used for AFM analysis.
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3 Results

3.1 Role of stromal MMP14 in melanoma growth

3.1.1 B16F1 tumor growth is reduced in MMP145%-skin

Altered expression of MMPs, including that of MMP14, was demonstrated in several
types of cancer, including melanoma [235, 240, 274, 275]. Besides in cancer cells,
MMP14 is expressed by stromal cells, mainly by fibroblasts that are considered the
most effective regulators of dermal matrix remodeling [276]. Mice lacking MMP14
specifically in fibroblast display thickened skin, enhanced collagen accumulation, and
increased tissue stiffness, all ascribed to impaired collagen degradation [233]. A
comparable altered environment is found around tumors, contributing to tumor
progression [126, 129]. However, the role of these alterations during melanoma
development and progression has been controversial [277-279]. Using the MMP14-
fibroblast deficiency model, we aimed to address the role of collagen and stiffness
increase in melanoma growth.

To this end, B16F1 melanoma cells were injected intradermally into the flank of
MMP145%- and control mice, and tumor growth was followed over time. Melanoma
growth was reduced in MMP 145" compared to control mice as detected by measuring
tumor size and analyzing tumor cross-sections until the last experimental day (at this
time, tumor size in control reached the maximal ethical accepted size for these
experiments). Tumor sections showed a more prominent matrix accumulation around
the melanomas developed in MMP145%-compared to control mice as detected by H&E
and by Sirius red staining observed with polarized light (Figure 8a). The latter showed
increased accumulation of fibrillar collagen in MMP145%- compared to control mice, as
shown earlier in the skin (Figure 8a) [280]. Six days after cell injection, tumor size
displayed measurable differences with an average tumor size of 29.83 mm? in
MMP145*- mice and 63.95 mm? in controls (Figure 8b). With exception of the final day,
at each documented time-point throughout the experiment, tumor growth in MMP 145"
mice was reduced, although not significantly, compared to control. On day 13, the
difference in tumor size was significant, with an average number of 362.60 mm? in
MMP145*- and 925.10 mm3 in control littermates (Figure 8b). Despite the different
tumor sizes, the number of metastasis in lung, liver, and lymph nodes of MMP 145
versus controls were not altered (Figure 8c). Moreover, the ratio of proliferating cells
within the tumor, counted after immunofluorescence staining with the proliferation

marker Ki67, was decreased in MMP145"- compared to control littermates (Figure 8d).
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This indicates that the reduced melanoma growth might result from diminished cellular

proliferation.
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Figure 8. B16F1 melanoma growth in MMP145% and control mice.

(a) H&E and Picrosirius red staining of sections from B16F1 tumors. (b) Time-course of B16F1
growth. (c) The ratio of organs with metastasis was determined by PCR amplification of GFP
expressed by melanoma cells (lower). (d) Percentage of Ki67 positive melanoma cells within
the tumor. Mean +/- SEM; MMP145** (WT; control) n=6; MMP145" (SF") n=8; *p<0.05;
**p<0.01.

3.1.1.1 Reduced vascularization in MMP145™"- peritumoral tissue

During tumor growth, angiogenesis and lymph angiogenesis are critical processes that
supply nutrients, oxygen, and inflammatory cells to the growing tumor [281]. To
investigate if in the absence of stromal MMP14 vascularization is altered, thus leading
to reduced melanoma growth in MMP 145 mice, we performed immunofluorescence
staining and quantification of blood and lymphatic vessels in B16F1 tumors of control
and MMP145%-mice. Analysis of the endothelial cell marker, PECAM/CD31, showed a
significant reduction in the percentage of blood vessels in the tumor of MMP14S*-mice
compared to controls (Figure 9a). In addition, hypoxia, analyzed by carbonic
anhydrase IX (CAIX) detection, was lower in tumors from MMP14S%- mice compared
to controls (Figure 9b). No differences in the amounts of alpha SMA-positive cells were

detected around the vessels and the tumors (Figure 9a). On the contrary, lymph
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vessels, analyzed using LYVE-1, were comparable in both mouse genotypes (Figure
9a). When analyzing tumors of a similar size, regardless of of the genotype and time-

point, vascularization was not changed in both genotypes.
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Figure 9. Analysis of vascularization and hypoxia in BL6F1 melanoma of MMP145%- and control

mice.

(@) Immunofluorescence staining for CD31 (green) and LYVE-1 (red), and (b) carbonic
anhydrase 9 (CAIX) (red) in tumor-sections. The graphs are depicting the average positive
cells as percentages. Mean +/- SEM; MMP145** (WT; control) n= 4-5; MMP145* (SF'") n=7;
t= tumor; s= stroma; e= epidermis; **p<0.01; scale: 100um.

3.1.1.2 Decreased amounts of inflammatory cells in MMP145™- peritumoral tissue
Tumor-infiltrating immune cells are a crucial part of the tumor microenvironment.
During early tumorigenesis, tumor-antagonizing immune cells being part of the innate
and adaptive immune system, detect and kill tumor cells. As tumor growth progresses,
the tumor can escape immune surveillance by mutations in gene expression and
infiltration of tumor-promoting immune cells [282, 283]. Of importance, changes in the
ECM during aging, including decreased collagen density and increased collagen fiber
alignment leading to altered tissue mechanics, promote tumor cell growth and
metastasis but impaired T-cell motility [284]. The immune cells of the tumor
microenvironment include T cells (CD8* cytotoxic, CD4* effector T cells, regulatory T
cells), natural killer (NK) cells, macrophages (M1/M2), neutrophils (N1/N2), dendritic

cells (DCs) and myeloid-derived suppressor cells (MDSCs). These cells can act in a
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tumor-suppressing or -promoting way dependent on immune cell polarization,
activation state, and stage of tumor growth [283, 285].

To analyze if fibroblast-MMP14 has a role in the immune cell response during
melanoma growth, we analyzed the leukocyte marker CD45 (hematopoietic cells, e.qg.
T-cells, B-cells, neutrophils). In tumor sections of MMP14S™- mice, CD45 levels were
significantly reduced compared to tumor tissue of control mice (Figure 10a). In addition,
we investigated CD16/32 expression as a marker for NK cells that are cytotoxic
lymphocytes and have been shown to have an anti-tumor effect [286-288]. Further, we
analyzed macrophages (CD68) and neutrophils (Ly6G) which can affect the tumor
either positively or negatively depending on the polarization state [64, 285]. The
expression of these immune cell markers was comparable in tumor sections of both
genotypes. Together, these data indicate that fibroblast-MMP14, although it may affect
recruitment of leukocytes, is not involved in the recruitment of macrophages,

neutrophils, and NK cells to melanoma tumors (Figure 10b).
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Figure 10. Analysis of immune cells in B16F1 tumors.

(a) Representative pictures of CD45 immunofluorescence staining (left) and quantification
(right). The tumor-stroma border is visualized by the dashed line. (b) Immunofluorescence
staining for macrophages (CD68, red), neutrophils (Ly6G, green) and NK cells (CD16/32,
green) of tumor-stromal tissue. Mean +/- SEM; MMP145*"* (WT; control) n= 4-6; MMP 145"
(SF") n=5-7; t= tumor; s= stroma; e= epidermis; **p<0.01; scale: 100um.
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3.1.2 B16F1 invasion in ex vivo skin composites

To investigate if the altered composition and modification of the extracellular
environment in the skin of MMP145%- mice is sufficient to affect melanoma growth
independently of active cellular crosstalk between melanoma and stromal cells, we
used two ex vivo invasion systems. In these approaches, skin biopsies of MMP14S+-
and control mice were, after removal of the epidermis by dispase Il treatment, either
devitalized or chemically decellularized to inactivate or altogether remove resident cells
from the tissue. In the devitalization process by freeze-thaw cycles, cells are destroyed
by filling with frozen water crystals, which cause them to burst [289]. With this method,
the skin composite retains the fibrillar microstructure of the ECM and the mechanical
properties of the tissue [289, 290]. However, cellular content, including the cell
membrane, cellular proteins, and a significant part of DNA, remain in the tissue [289].
This approach allowed us to analyze melanoma-ECM crosstalk within an almost intact
tissue structure without active cellular crosstalk; remaining cellular content can
potentially still influence melanoma cells. Thus, tissues were decellularized with
Triton-X 100 and sodium deoxycholate to remove cellular components from the tissue
[291]. However, the skin ultrastructure is disrupted using this method, including partly
damaged collagen, and mechanical properties are altered [291-293].

Once both skin biopsies were either devitalized by three repeating freeze-thaw cycles
or chemically decellularized, melanoma cells were seeded on top of the epidermis-free
side. After three weeks of incubation, melanoma cells grew on the surface and invaded
into the devitalized dermis of both mouse skin genotypes, as visible by H&E and TRP1
staining (Figure 11a). However, in MMP145*- composites, cells form smaller tumor
nests (marked by dotted lines and indicated by white arrowheads) compared to
controls (Figure 11a). Analysis of the proliferation marker Ki67 and the apoptosis
marker cleaved (cl.) caspase 3, showed tendentially decreased cell proliferation, but
not apoptosis in the tumor nests of MMP14S*- skin composites when compared to
control (Figure 11b).

To verify that this is an effect of the altered matrix and exclude the possibility of
potential crosstalk of melanoma cells with remaining cellular components still present
in this system, we decellularized the tissues. Afterwards, melanoma cells were seeded

on control and MMP145%- decellularized biopsies and incubated for three weeks.
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Figure 11. Ex vivo DDS assay with B16F1 cells.

(a) H&E and TRP1 (tyrosinase-related protein 1 used as marker for melanoma cells) staining
of skin sections after three weeks of melanoma cell invasion (left), repeated four times in
independent experiments. The dashed black line marks the border between melanoma cells
and dermis, and invading tumor nests (white arrowhead) in the dermis are marked by a dotted
line. The graph (right) depicts the size of tumor nests in um? per um? skin. (b) Ki67 and cleaved
(cl.) caspase 3 immunofluorescence staining of DDS assay skin sections (left). Quantification
of the average ratio of positive cells (right). Mean +/- SEM; MMP14S*"* (WT; control) n=4;
MMP14S™- (SF") n=4; DDS=de-epidermized devitalized skin; t=tumor; d=dermis; *p<0.05;
scale: 100um.

We detected growth of melanoma cells on the surface and invasion into the skin of
both mouse genotypes (Figure 12a). As observed with the previous approach, tumor
nests formed within the biopsies were smaller in MMP145™- skin than in control.
Moreover, cellular proliferation was significantly decreased in tumor nests, and
apoptosis was increased in MMP14S+- skin composites compared to control skin
(Figure 12b). This indicates that the matrix environment resulting from loss of
fibroblast-MMP14 negatively affects melanoma growth independent of cellular

crosstalk by regulating melanoma cell proliferation and apoptosis.
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Figure 12. Ex vivo Decellularized skin assay with B16F1 cells.

(a) H&E and TRP1 (tyrosinase-related protein 1) staining of skin sections after three weeks of
melanoma cell invasion (left), repeated four times in independent experiments. The border
between melanoma cells and dermis is marked by the dashed black line and invading tumor
nests (white arrowhead) in the dermis are marked by a dotted line. The graph (right) depicts
the size of tumor nests in pm? per um? skin. (b) Ki67 and cleaved (cl.) caspase 3
immunofluorescence staining of composites sections (left) and quantification of the average
ratio of positive cells (right). Mean +/- SEM; MMP14S™** (WT; control) n=6; MMP145"- (SF')
n=4; t=tumor; d=dermis; **p<0.01; ***p<0.001; scale: 100um.

3.2 Analysis of peritumoral tissue in MMP145- mice

The ECM, patrticularly its most abundant component, collagen, represents a significant
part, the structural one, of the tumor microenvironment (TME). Collagen fibers can
affect tumor cells in a biochemical and biophysical way to promote tumor growth [138,
294-296]. Collagen remodeling, fiber structure and altered organization, provide a TME
that influences cellular processes like proliferation, adhesion, and migration [296]. An
important marker for tumor progression is the specific remodeling of collagen leading
to a particular pattern of fiber alignment, referred to as tumor-associated collagen

signatures [131, 297]. In agreement with these published data, besides altered
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collagen type | content in the peritumoral tissue and skin of MMP145"- mice compared
to control, we wanted to address possible changes in collagen fiber architecture.

We used Second Harmonic Generation (SHG) analysis to visualize collagen fibers in
3-dimensions and detected increased collagen fiber alignment, measured by a
coherency parameter, in peritumoral tissue compared to normal skin independent of
genotypes (Figure 13). Thereby, collagen fibers were mainly arranged parallel to the
tumor. Moreover, fiber waviness was decreased in peritumoral tissue compared to the
skin but comparable in MMP14S%- and control (Figure 13). This indicates that although
the absence of MMP14 in fibroblasts leads to collagen accumulation around the grown
melanomas, these collagen fibrils’ structure and arrangement are comparable to

control mice tumors.
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Figure 13. Second Harmonics Generation of skin and peritumoral tissue.

Second Harmonics Generation (SGH) analysis of skin and peritumoral tissue of grafted B16F1
melanoma in MMP145"** (WT; control) and MMP145"- (SF) mice (upper). Graphs depicting
collagen fiber alignment and waviness determined by coherency (alignment) and a
straightness parameter (waviness) (lower). The tumor-stroma border is visualized by the
dashed line. Mean +/- SEM; peritumoral tissue (peritumoral); MMP14S** (WT; control) n=8;
MMP14S- (SF') n=8; e= epidermis; s= stroma; t= tumor; *p<0.05; **p<0.01; scale: 100um.
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Apart from collagen fiber arrangements, similar to what was previously seen by
Picrosirius red staining, also SHG displayed increased overall collagen in the skin of
MMP145%- mice compared to control. Although to a reduced extent, this was also
visible around melanomas. Consequently, we wanted to investigate if collagen
accumulated in the peritumoral tissue of fibroblast-MMP14 deficient mice. For this, we
removed the tumor and quantified the amount of hydroxyproline in the skin and
peritumoral tissue. Both tissues exhibited increased collagen content in the absence
of fibroblast-MMP14 compared to control (Figure 14a). On the contrary, non-
collagenous proteins were not altered in both skin and peritumoral tissue of either

genotype (Figure 14b).
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Figure 14. Analysis of protein content in skin and peritumoral tissue.

(a) Analysis of collagen amounts by hydroxyproline gquantification, and (b) non-collagenous
proteins via ELISA and photometric measurement. MMP145%* (WT; control); MMP145% (SF);
****n<(0.0001.

In further investigations, analysis of collagen cross-links was performed in cooperation
with Prof. Jirgen Brinckmann from the University of Libeck. These analyses showed
no alteration in the amount of the divalent immature collagen cross-links DHLNL, which
are predominant in stiff tissues, and HLNL, typical for soft tissues, in both genotypes
when normalized to the number of collagen molecules (Figure 15a). Moreover, being
a marker for newly synthesized collagen [111], these two types of collagen cross-links
show that overall collagen synthesis is not altered due to the deletion of fibroblast-
MMP14. Besides HLNL, HHMD cross-links, another collagen cross-link type that is
lysine aldehyde-derived and occurs in soft tissues, was increased in peritumoral tissue
of MMP145%-mice when compared to control and normalized to total collagen (Figure
15a). Moreover, hydroxylysine-derived collagen (hyl) cross-links, when normalized to
the total amount of cross-links, were only slightly increased in the skin and peritumoral
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tissue of MMP14S*- mice to control (Figure 15b). The formation of collagen cross-links
is regulated by two families of enzymes, namely the lysyl oxidases (LOXs), which
oxidize the lysine residues of collagen fibrils, and the lysyl hydroxylases (LHs) that
catalyze the hydroxylation of lysine residues of collagen fibrils [298]. In agreement with
the cross-link analysis, transcript levels of LOX and LH2, which are responsible for the
formation and composition of collagen cross-links, were also not significantly changed
in the skin and peritumoral tissue of both genotypes (Figure 15c and d). An increase
in LH2 was detected only in the skin from MMP 145~ mice but not in peritumoral areas;

this increase remains inexplicable since we did not see differences in cross-linkage.
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Figure 15. Analysis of collagen cross-link formation in the skin and peritumoral tissue.

(a) Analysis of collagen cross-links normalized to collagen content. (b) Hydroxylysine (hyl) —
derived collagen cross-links normalized to total cross-links. (c) Transcript levels of LOX and
(d) LH2 quantified by real-time PCR. Each dot represents one specimen per mouse.
MMP14S™*+ (WT; control); MMP145% (SF-; KO); DHLNL= dihydroxylysinonorleucine; HLNL=
hydroxylysinonorleucine; HHMD= histidinohydroxymerodesmosine; *p<0.05.

3.2.1 Analysis of tissue stiffness in the skin and peritumoral tissue
Independently of alterations in collagen cross-linking, enhanced matrix abundance can
cause altered tissue rigidity [299, 300]. Since in the peritumoral tissue of MMP 145"

mice collagen content but not fibril architecture or cross-linkage was different, we
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consequently wanted to address whether the increase in collagen amounts was
sufficient to increase tissue stiffness. To investigate this, we used Atomic Force
Microscopy (AFM), which allowed us to determine and localize the mechanical
properties of healthy skin and peritumoral tissue without affecting the samples by prior
treatment. This analysis showed that MMP145%- skin stiffness, as shown previously
[233], is significantly increased compared to control (Figure 16). In early tumors, six
days after cell injection, the rigidity of peritumoral tissue in MMP145%- mice was still
increased compared to MMP145™* mice (Figure 16).

In contrast, on day 13 these alterations were not detected in peritumoral areas (Figure
16). At this time point, when stiffness dissipated, possible high amounts of collagens

were sufficient to restrain the tumor growth.
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Figure 16. Atomic Force Microscopy of peritumoral tissue and skin.

Atomic Force Microscopy Analysis (AFM) of tissue stiffness, Young’'s Module, peritumoral
tissue of melanomas and corresponding skin at 6 days (50-200 tissue measurements per
mouse; WT n=2; SF’ n=2) and at 13 days (200-500 tissue measurements per mouse; WT
n=7; SF" n=7) after B16F1 intradermal cell injection. Mean +/- SEM; peritumoral tissue
(melanoma); MMP14S™** (WT; control), MMP145" (SF7); ****p<0.0001

3.3 Role for collagen type | on melanoma cell growth

3.3.1 Melanoma proliferation in 2D-culture on fibrillar and monomeric collagen
type |

To further address the restraining role of collagens on melanoma growth, we used an
in vitro approach using surfaces of defined stiffness and coatings of low and high
collagen. We seeded B16F1 melanoma cells on plastic plates (1 GPa) with low
(0.003 mg/ml) and high (0.3 mg/ml) concentrations of monomeric and fibrillar collagen
type I, and FCS used as positive control. Cellular proliferation was analyzed by the
BrdU incorporation method; this showed approximately 50 % fewer proliferating cells

on all collagen type | coatings than FCS control (Figure 17). When plated on
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monomeric type | collagen, melanoma cell proliferation was comparable on both
concentrations. In contrast, the higher fibrillar collagen type | concentration significantly
reduced melanoma cell proliferation, and lower concentrations led to levels of
melanoma proliferation comparable to those detected on monomeric collagen (Figure
17). This indicates that, on high stiffness surfaces, only the native (fibrillar) state of type

| collagen at higher concentrations negatively influences melanoma proliferation.
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To investigate the role of increased fibrillar collagen type | combined with tissue rigidity
on melanoma cells growth, we used an in vitro approach. We seeded melanoma cells
on different stiff-coated surfaces (1.5 kPa, 15 kPa, 1 GPa) with low (0.03 mg/ml) and
high (0.3 mg/ml) concentrations of fibrillar collagen type I, and fibronectin (0.01 mg/ml)
as a positive control (Figure 18a). After 48 hours of culture on these surfaces,
melanoma cells were lysed, proteins resolved, and the expression of the proliferation
marker, PCNA, was analyzed by immunoblotting of cell lysates. On low amounts of
type | collagen, we detected a gradual increase of proliferation from soft (1.5 kPa) to
stiff (1 GPa) coated surfaces, showing a similar tendency also on fibronectin coating
(Figure 18a). However, when cells were grown on high collagen concentrations,
cellular proliferation was inversely correlated to tissue stiffness, showing the lowest
proliferation on rigid surfaces (Figure 18a). Quantification of the average PCNA
expression values of three independent experiments also confirmed these results
(Figure 18a and b). We used another proliferation assay, BrdU incorporation, to
corroborate this data and quantify active proliferation. To this end, we grew melanoma
cells on high stiffness (1 GPa) surfaces coated with low (0.03 mg/ml) and high
(0.3 mg/ml) amounts of collagen type | and FN, used as the positive control. Using this
approach, we detected reduced melanoma cell proliferation on high collagen

concentrations compared to lower collagen or positive control (Figure 18c). This
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indicates that increased fibrillar collagen type | combined with high tissue stiffness,

negatively influenced melanoma proliferation.
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Figure 18. Analysis of B16F1 cell proliferation on stiffness plates coated with collagen type I.
(a) B16F1 melanoma cells cultured on different stiff surfaces (1.5kPa, 15kPa and 1GPa)
coated with low (0.03mg/ml) and high (0.3 mg/ml) concentrations of collagen type | and 0.01
mg/ml fibronectin (FN) for 48 hours (upper). Immunoblot analysis of PCNA levels of B16F1
lysates and density measurement of PCNA signal normalized to actin (lower), and (b) average
PCNA values of three independent experiments. (¢) BrdU incorporation analysis of B16F1 cells
cultured on coated 1GPa tissue culture plates. Mean +/- SEM; *p<0.05; **p<0.001; scale:
100pm.

3.3.2 Melanoma growth in 3D- spheroid culture within fibrillar collagen type | gels
Tumor progression is a complex multicellular process in a three-dimensional system,
comprising cell-cell and cell-matrix interactions [301, 302]. Consequently, we analyzed
how increased fibrillar collagen type | affects melanoma growth in a three-dimensional
culture system. This may likely reflect the situation in the tumors at day 13 post-
injection (Figure 8b and Figure 16). To address this, we generated melanoma cell
spheroids using the liquid overlay method as described in the M&M section (section
2.2.1.4). Once formed, melanoma spheroids were embedded in increasing
concentrations (0.3 mg/ml, 1 mg/ml, 2 mg/ml) of fibrillar collagen type I, with low
stiffnesses of 0.8 Pa, 4 Pa, and 22 Pa [303]. Matrigel was used as the positive control,

and spheroid growth was followed over time (Figure 19). Starting on day 3, the average
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spheroid size in matrigel increased steadily, while spheroids in collagen gels did not
grow noticeably during the first week of culture. After seven days, the average spheroid
size in matrigel (0.21 mm?3) was more than three times larger than at the lowest
collagen concentrations (0.06 mm?3). On day 9, while at the lowest concentration of
collagen in gels, the average spheroid size was 0.09 mm?, in 1 mg/ml and 2 mg/ml
collagen gels, spheroids were about half of the size. On day 11, the average spheroid
sizes grown in gels with the highest collagen concentrations (1 mg/ml; 2 mg/ml)
increased modestly and remained significantly smaller than those grown in low
concentrations (0.3 mg/ml) of collagen or matrigel until termination of the experiment
at day 14. Interestingly, we observed single melanoma cells moving out the spheroid
in matrigel and invading the surrounding tissue. On the contrary, no out-migrating cells
were detected in spheroids growing in collagen type | gels where they were organized
in a compact outer cell layer (Figure 19). Thus, increased fibrillar collagen type | inhibits

melanoma growth in a three-dimensional system.
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Figure 19. Melanoma spheroid growth in fibrillar collagen type | gels.
Mean +/- SEM. The average size of n=5-9 biological replicates of each condition is shown in
the graph. Coll I=collagen type [; ***p<0.001; scale: 500um.

3.4 Melanoma growth in a fibrotic microenvironment

The data above indicated enhanced collagen type | and increased stiffness negatively
affect melanoma cell proliferation in vitro. To address in vivo whether these conditions
inhibit melanoma growth, we undertook an approach where melanoma cells were
grafted in fibrotic lesions rich in collagen and stiff [304-306]. Fibrotic lesions were

generated in mice by daily intradermal bleomycin injections over four weeks, as
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previously described [306, 307]. Bleomycin is a cytostatic drug used for chemotherapy.
It interrupts the cell cycle by binding to the DNA of cancer cells, causing single- and
double-strand breaks in a reactive oxygen species (ROS) dependent way [306, 308].
Overproduction of ROS results in an inflammatory response and subsequently
activation of fibroblasts with an extensive production of collagen, other ECM proteins,
and fibrogenic cytokines leading to fibrosis [304, 308]. The formation of skin fibrotic
lesions was confirmed by microscopical analysis of H&E stained skin sections (Figure
20a). In these lesions and NaCl-treated control skin, melanoma cells were grafted
intradermally, and tumor growth was followed over time. On day 4, after melanoma cell
injection, tumors were visible and palpable only in NaCl-treated control skin. After eight
days, when tumors were detected in both treated mice’ skin, reduced tumor growth
became visible in fibrotic areas compared to NaCl control and was most significant
after day 11 post-injection (Figure 20b).
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Figure 20. B16F1 melanoma growth in bleomycin-induced fibrotic skin.

(a) H&E stainings of representative sections of normal skin and melanoma. (b) Time course of
melanoma growth in bleomycin-treated (Bleo) and control (NaCl) mice overtime. (c) Atomic
Force Microscopy (AFM) to analyze tissue stiffness of skin (skin) and peritumoral tissue
(peritumoral). The dashed line visualizes the tumor-stroma border. Mean +/- SEM; control
(NaCl) n=8; bleomycin treated (Bleo) n=7; e= epidermis; d= dermis; s= stroma; t= tumor;
**p<0.01; ***p<0.001, scale: 100pm.
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The difference in tumor growth remained significant until the experiment was
terminated. AFM analysis of peritumoral areas measured increased stiffness in the skin
and the peritumoral regions of bleomycin-treated mice compared to NaCl control
(Figure 20c). These data indicate that a collagen-rich stiff microenvironment inhibits in
vivo melanoma growth. The data also suggest that the effect of MMP14 deletion in
fibroblasts on melanoma growth is primarily mediated by the reduced collagen turn-

over and accumulation in tissue rather than additional cellular alterations.

3.4.1 Melanoma cell proliferation in tumors developed in fibrotic skin

To investigate if reduced melanoma growth in fibrotic skin might result from altered cell
proliferation or apoptosis, we performed immunofluorescence staining of tumor
sections using Ki67, and cleaved caspase 3. This analysis showed minor changes in
apoptosis but a significant reduction in melanoma cell proliferation in fibrotic skin
compared to control tumors (Figure 21). These data, as also shown above with the
fibroblast-MMP14 deleted mice (Figure 8d), indicated that a matrix-rich stiff

environment inhibits melanoma growth in vivo by decreasing cellular proliferation.
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Figure 21. Ki67 and cleaved Caspase 3 staining in melanoma grown in fibrotic skin.
Immunofluorescence staining of Ki67 and cleaved (cl.) Caspase 3 in B16F1 tumors (upper)

and the average ratio of positive cells (lower). Mean +/- SEM; control (NaCl) n=8; bleomycin
treated (Bleo) n=7; **p<0.01; scale: 100um.
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3.4.2 Inflammatory cells and CAFs in fibrotic peritumoral tissue

Tissue fibrosis and tumor growth are accompanied by increased inflammatory
response [282, 283, 308, 309]. To address if immune cell recruitment is altered during
melanoma growth in fibrotic skin, we carried out an immunofluorescence staining for
CD45. As observed in the MMP145*- mice tumors (Figure 10a), quantification of
peritumoral tissue showed decreased CD45 signal intensity in tumors grown in fibrotic

skin compared to control tumors (Figure 22).
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Figure 22. CD45 immunofluorescence staining of melanoma in fibrotic skin.

Representative pictures of immunofluorescence staining for CD45 in melanoma and
peritumoral tissue (left). Quantification of average signal intensity per area is on the right. The
dashed line visualizes the tumor-stroma border and analyzes peritumoral tissue (100um radius
from the tumor) (p) by the dotted line. Mean +/- SEM; control (NaCl) n=8; bleomycin treated
(Bleo) n=7; t= tumor; p= peritumoral area; s= stroma, e= epidermis; **p<0.01; scale: 100um.

Accumulation of collagen type | in the skin is also accompanied by activation of
fibroblasts and their conversion into the so-called myofibroblasts [96, 310]. CAFs
display markers and biological features of myofibroblasts [311-313].
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Figure 23. Immunofluorescence staining for PDGFRa and aSMA in peritumoral tissue of
melanoma in fibrotic skin.
63



Representative pictures of PDGFRa and aSMA immunofluorescence staining of peritumoral
tissue (left); right, quantification of average signal intensity per area. The dashed line marks
the tumor-stroma border. Mean +/- SEM; control (NaCl) n=8; bleomycin treated (Bleo) n=7; t=
tumor; p= peritumoral area; s= stroma, e= epidermis; ***p<0.001; scale: 100um.

These cells occur around tumors and modulate growth [46, 313]. To analyze if numbers
of fibroblasts (positive for PDGFRa [75] and CAFs (aSMA positive) [314] are altered in
melanomas grown in control and fibrotic lesions, we used immunodetection on tissue
sections. Although we did not detect differences in the amounts of CAFs located in
peritumoral areas (Figure 23), the numbers of fibroblasts were decreased in the
peritumoral regions of bleomycin-treated mice compared to controls (Figure 23).
Moreover, intratumoral numbers of fibroblasts and CAFs were slightly reduced in

melanoma of bleomycin-treated mice but not significantly.

3.5 Efficacy of chemotherapeutic treatment of melanoma in MMP145%- mice

We showed that collagen accumulation and increased tissue stiffness due to the
deletion of fibroblast-MMP14 result in reduced melanoma growth (3.3). Enhanced
collagen accumulation in peritumoral areas affected treatment by acting as a molecular
sieve [90, 138]. The question raised on whether deletion of MMP14 in fibroblasts and
restraining melanoma growth by structural microenvironmental alterations may
synergize with chemotherapeutic treatment. Here we used a generally accepted anti-
tumor drug, cisplatin, as an example. Cisplatin is an available cytostatic drug that
interferes with DNA replication and increases cell death [315]. To address that, we
injected B16F1 cells intradermally into the flank of MMP145"- and control mice. On day
five after melanoma cell injection, when tumors were first detectable, mice were treated
with a single intraperitoneal injection of cisplatin (10mg/kg) and we monitored tumor
growth over time (Figure 24a). Already at day 8, three days after cisplatin treatment,
the average tumor size in treated MMP145%* mice was significantly compared to
untreated MMP14S™* mice, but not in MMP14S™- mice (Figure 24b). This delay of
tumor growth in treated MMP145™* mice compared to untreated MMP145"** mice was
detected until the termination of the experiment at day 13 (Figure 24b and c). However,
in MMP145%- mice, cisplatin treatment did not further inhibit melanoma growth (Figure
24b and c). This indicates no improved chemotherapeutic effect of cisplatin using

MMP14 as an additional target.
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Figure 24. Chemotherapeutic treatment of B16F1 melanoma in MMP145* mice.

(a) Schematic representation of experimental procedure. (b) Time course of melanoma growth
after cisplatin treatment (10mg/kg, i.p.) (upper) and ratio of lungs with metastasis as
determined by PCR amplification of GFP expressed in melanoma cells (lower). (¢) H&E
staining of representative tumors. Mean +/- SEM; MMP145*"* (WT; control) n=6, with cisplatin
n=10; MMP145"" (SF') n=6, with cisplatin n=10; *p<0.05; **p<0.01; scale: 500um.

3.6 Analysis of peritumoral matrix in MMP14S™- mice

3.6.1 Proteome analysis of peritumoral matrix proteins

We undertook a proteomic approach to investigate if apart of collagen type I, other
collagens, or additional structural proteins of the peritumoral extracellular matrix are
altered and contribute to the reduced tumor growth in MMP14S-, The peritumoral
tissue of grafted B16F1 melanoma tumors was macro-dissected (Figure 26a). Proteins
were extracted with either SDS or SDS in urea to obtain proteins of different solubilities.
Extracts were analyzed by mass spectrometry. In both approaches, several cellular
proteins in the peritumoral tissue of MMP14S™- were significantly altered compared to
control mice, but only a few, and not changed considerably, were from the ECM (Figure
25). This was surprising since we previously detected (Figure 14) increased amounts
of collagens in MMP14S%- compared to control by hydroxyproline quantification. In

contrast, non-collagenous proteins were not altered in both genotypes (Figure 14).
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Figure 25. Proteome analysis of B16F1 melanoma peritumoral tissue.
Selected ECM proteins from extraction with SDS (left) and SDS in combination with urea
(right). Mean +/- SD; MMP145™** (WT; control) n=4; MMP145% (SF") n=4.
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As large amounts of cellular proteins were extracted over ECM proteins, a possible
reason for the reduced detection may be a solubility problem. To overcome this, we
established a method to decellularize the tissue by extracting cellular proteins and
enriching and concentrating the extracellular matrix proteins. We based the protocol
on that previously published by Jiang et al. [269]. Efficacy of this method was confirmed
by immunoblot analysis, where successful depletion of cell compartments was verified
in lysates using actin immunodetection and enrichment of matrix proteins by detection
of collagen type | (Figure 26a). Besides the a1 chain (138 kDa) and a2 chain (130 kDa)
of collagen type |, an additional band with an approximate size of 120 kDa was
detected (Figure 26a) that corresponds to isoforms of the a1 and a2 chains of collagen
type I, which are generated by alternative splicing [316, 317]. Afterward, these samples
underwent proteome analysis. This approach identified several differentially expressed
extracellular matrix proteins significantly altered in peritumoral tissue of fibroblast
lacking MMP14 compared to control (Figure 26b). Among these, collagen types I, VI,
XIV, XV, and XVIll increased expression compared to control (Figure 26b). In addition,
biglycan, lumican, podocan, decorin, fibrillin 1 and 2 were up-regulated in MMP14S+-
peritumoral tissue compared to control. In lysates from decellularized peritumoral
tissue, we detected enhanced collagen type | expression in MMP145%- compared to

control (Figure 27a), thus confirming the previous results (Figure 14a).
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Figure 26. Analysis of decellularized B16F1 melanoma peritumoral tissue.

(a) Representative picture of B16F1 melanoma showing the dissected peritumoral tissue in
green (upper). Immunoblot of the protein fractions extracted during decellularization of the
tissue and enrichment of ECM proteins (lower panel). (b) Proteome analysis of B16F1
melanoma peritumoral tissue extracted with urea after decellularization. Significantly altered
proteins are indicated (red star). Mean +/- SD; MMP145*"* (WT; control) n=4; MMP 145" (SF)
n=4.
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Another collagen that was strongly up-regulated in those peritumoral tissues was type
X1V collagen (Figure 26). Collagen type XIV is fibril-associated collagen (FACIT) that
often occurs close to collagen type | fibrils in tissues of high mechanical stress [318].
Moreover, it is expressed in metastatic human melanoma cells, which also have high
levels of collagen type | [319]. Collagen type XIV immunofluorescence staining on
B16F1 tumor sections from control mice displayed strong immunostaining in areas
adjacent to the tumor. At the same time, the remaining dermis was only modestly
stained (Figure 27b). On the contrary, on tumor sections of MMP14S*- mice, we
detected enhanced collagen type XIV staining in the tumor at the periphery, in
peritumoral areas, and beyond. Quantification of staining intensities showed a
significant increase in collagen type XIV signal in peritumoral tissue of MMP145%-
tumor sections compared to control (Figure 27b), confirming the result from the

proteome analysis.
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Figure 27. Collagen type | and XIV expression in BL6F1 peritumoral tissue.

(a) Immunoblot analysis of three (1- 3) independent extracts from peritumoral MMP14S™** (WT)
and MMP145%- (SF) decellularized tissue (M) and control total lysates (C). (b) Representative
pictures of collagen type XIV immunofluorescence staining and quantification of average signal
intensity per peritumoral area (100um radius from tumor) (right). The dashed line marks the
tumor-stroma border. Mean +/- SEM; MMP145*"* (WT; control) n=6; MMP145"" (SF") n=5; t=
tumor; e= epidermis; **p<0.01; scale: 100um.

3.7 Fibroblast proteome in the absence of MMP14

3.7.1 Fibroblast deposited matrix

3.7.1.1 Effect of fibroblast matrix on melanoma proliferation and apoptosis

To investigate the biological significance of matrix alterations induced by the deletion
of MMP14 in fibroblasts on the growth of melanoma cells, we let primary fibroblasts
secrete and deposit their matrix and used it as a growth substrate for B16F0, B16F1,
and HCmell12 cells. For this, MMP14S*- and primary control fibroblasts from 3
independent cell isolates per genotype were cultured for two weeks and allowed to
deposit their matrix (Figure 28a). In the absence of MMP14 in fibroblasts, the produced
fibroblasts matrix appears denser than wild-type cells, as visible by Coomassie blue
staining (Figure 28a). After removing fibroblasts from their matrix, we seeded
melanoma cells and analyzed cell proliferation and apoptosis. On the fibroblast matrix
of both genotypes, cell proliferation of all three melanoma cell lines was significantly
reduced compared to FCS coating used as a positive control, which contains multiple
pro-proliferative growth factors and matrices [320] (Figure 28b). In addition, cell growth
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of B16F0, B16F1, and HCmel12 cells on MMP 145~ fibroblasts’ matrix was significantly
reduced compared to MMP145™** matrix (Figure 28b).
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Figure 28. Analysis of melanoma cell proliferation on fibroblast matrix.

(a) Schematic representation of experimental setting with the fibroblast deposited matrix in the
representative photographs (picture of Coomassie stained matrix after fibroblast removal);
Proliferation assay of (b) B16FO0, (c) B16F1 and (d) HCmell2 cells grown on fibroblast matrix
for 24 hours in 2-5 independent experiments with 4 biological replicates. Mean +/- SEM;
fibroblast-deposited matrix from MMP145** (mWT; control) n=3; fibroblast-deposited matrix
from MMP145*- (mSF”) n=3; ***p<0.001; ***p<0.0001.

On the contrary, apoptosis of B16F1 melanoma cells was not altered on the fibroblast
matrix from both genotypes (Figure 29). Thus, loss of fibroblast-MMP14 results in the
generation of a dense and a differentially modified fibroblast matrix that negatively
affects melanoma cell proliferation but not apoptosis.

E

3 150 ok ke

% 100 —1  Figure 29. Analysis of B16F1 cell apoptosis on fibroblast matrix.
E ?g Apoptosis assay measuring cytoplasmatic nucleosomes in
2 ;_;0 B16F1 cells, performed in two independent experiments with
& 30 ns biological triplicates. Mean +/- SEM,; fibroblast-deposited matrix
% 20{ < from MMP145*"* (mWT; control) n=3; fibroblast-deposited matrix
o 13 - from MMP145%- (mSF") n=3; ***p<0.0001.

"mWT mSF" +UV

69



3.7.1.2 MMP145™ fibroblast matrix does not support melanoma cells migration

The composition and mechanical properties of the extracellular matrix are crucial
characteristics that affect melanoma migration [321]. To analyze how the matrix from
MMP14-deleted fibroblast affects melanoma cells migration, we seeded B16F1 cells
on MMP145*- and control fibroblast matrix and recorded cell migration for 24 hours.
B16F1 cells were previously mitotically inactivated (to eliminate differences due to cell
proliferation). After 4 hours, we detected a modest decrease of melanoma cell
migration on the MMP14S™- fibroblast matrix compared to the MMP145™* matrix
(Figure 30). This delay became more pronounced after 8 hours and remained constant
until 24 hours when melanoma migration on MMP145*- fibroblast matrix was
significantly decreased compared to control. Initial migration relies on substrate
recognition and adhesion. However, the most significant migration changes on the
MMP145%- matrix were detected later, when cells could also secrete factors or matrices

to support migration.
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Figure 30. B16F1 migration on fibroblast deposited matrix.

Colony outgrowth assay showing representative pictures of melanoma migration after 24 hours
on fibroblast matrix (left) and the relative quantification (right). Mean +/- SEM; fibroblast-
deposited matrix from MMP145** (mWT; control, n=3); fibroblast-deposited matrix from
MMP14S*- (mSF’, n=3); continuous line: initial cell front at time 0 hours; dashed line: cell front
at the indicated time-point; *p<0.05.

3.7.2 Proteome analysis of fibroblast matrix and supernatants

To investigate in more detail the deposited and soluble matrices altered in fibroblasts

upon deletion of MMP14, we used an unbiased proteomic approach. For this, we

analyzed fibroblast’s deposited matrix, the matrices, and soluble factors secreted by

MMP145*-and control cell isolations in culture. This would also provide information on
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fibroblasts-specific contribution to the altered peritumoral environment that we
detected in the analyzed dissected tissues in vivo (Figure 25 and Figure 26).

We cultured primary fibroblasts from three MMP145%- and control mice independent
isolations for two weeks and allowed them to deposit their matrix. In addition, serum-
free fibroblast conditioned medium (c.m.) was collected after 24 hours of culture. A
proteomic approach analyzed all samples. Several differentially expressed
extracellular matrix proteins were identified in samples from MMP145"- fibroblasts
compared to control, including several laminin subunits (a-2, a-5, 3-2), fibronectin and
collagen types (I, lll, VI, VIII, X1, XIV, XV, XVI) (Figure 31). As previously shown [233],
collagen type | is increased, although here more modestly, in MMP14S™- fibroblast
lysates and conditioned medium compared to controls (Figure 31). Among additional
altered proteins, only collagen type XIV was significantly increased in all three
independent isolates from MMP 145" fibroblast matrix and conditioned medium.
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Figure 31. Proteome analysis of fibroblast deposited matrix and conditioned medium.

The heat maps show selected matrix proteins that were identified in fibroblast deposited matrix
(matrix) and conditioned medium (c.m.). Significantly altered proteins (p<0.05) are marked with
red stars. MMP14S** (WT; control) matrix n=3, c.m. n=3; MMP145" (SF") matrix n=3,
conditioned medium (c.m.) n=3.

3.7.3 Expression of collagens
Collagen types | and VI belong to the most abundant structural proteins in the skin,

being part of the ECM scaffold [322]. Fibril-forming collagens as type | serve as an
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anchor for FACIT types Xll and XIV, often expressed in differentiated and stiff tissues
[323, 324]. Immunoblot analysis of matrix and conditioned medium from MMP14S+-
and control mice fibroblasts showed increased collagen type | strongly in MMP 145
fibroblast matrix and more modestly in the conditioned medium as compared to control
fibroblasts (Figure 32a), thus confirming the previously published data [233].
Consistent with the proteomic data, collagen type VI was modestly decreased in matrix
from MMP14-deficient fibroblasts while increased in the conditioned medium
compared to controls. In agreement with a net overall comparable amount of collagen
type VI in both fibroblasts’ genotypes, mRNA levels of this collagen were not altered
(Figure 32b). Immunoblot analysis of collagen type Xl showed an apparent increase
in MMP145"- fibroblast matrix compared to control, whereas almost no protein was

detected in soluble form (Figure 32a).
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Figure 32. Analysis of selected types of collagens in fibroblast matrix and conditioned medium.
(a) Immunoblot analysis of collagen type I, VI, XlI, and XIV in fibroblast deposited matrix and
conditioned medium (upper) and densitometry analysis (lower). (b) Transcriptional analysis of
collagen type VI (COL6A1), Xl (COL12A1), and XIV (COL14A1) in fibroblast lysates. Mean
+/- SEM; MMP145*"* (WT; control) n=9; MMP145"" (SF') n=8.

72



This protein increase was likely due to increased de novo protein synthesis (Figure
32b). Further, collagen type XIV was increased in both matrix and conditioned medium
of MMP145%-fibroblasts compared to MMP145%"* fibroblasts.

However, on the transcriptional level, collagen type XIV was not altered, suggesting
that the changes in protein expression may result from an altered posttranslational
event and being MMP14 a proteolytic enzyme, possibly by impaired protein
processing.

In this context, an in vitro cleavage assay with recombinant MMP14 and collagen type
XIV and subsequent fingerprint analysis was performed in our group (Figure 33) [325].
This analysis showed that collagen type XIV is a substrate of MMP14, which cleaves
the protein generating fragments sized between 60 - 85 kDa (Figure 33, black arrows).
Fingerprint analysis points at two potential cleavage sites in the N-terminal, generating
the 72kDa fragment, and at the C-terminal, generating the 80kDa fragment. Since the
antibody we used in the immunoblot analysis binds the N-terminal part of collagen type
XIV, we expected to detect the 72kDa cleavage fragment or a fragment of 121kDa size
in the control medium treated MMP145™* fibroblasts. However, we could not detect
collagen type XIV fragments in fibroblast supernatants, possibly due to the instability
of the generated pieces and, or its fast degradation. More investigations are required

to clear this issue.
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3.7.3.1 Melanoma cell proliferation on collagen type XIV
To investigate the functional biological significance of increased collagen type X1V in
MMP14S*- fibroblast-deposited matrix for melanoma cells, we first addressed its role

in cell proliferation. To address that, we seeded B16F1 melanoma cells on tissue
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culture plates coated with low (1pug/ml) and high (10pug/ml) concentrations of collagen
type XIV and FCS as a positive control.
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Figure 34. Analysis of B16F1 melanoma cell proliferation on collagen type XIV.

Proliferation measured upon B16F1 cell culture on (a) collagen type XIV (CollXIV) coating and
(b) FCS coating in combination with collagen type XIV (1ug/ml; 10ug/ml). Culture on FCS was
the positive control. Mean +/- SEM; *p<0.05; ***p<0.001.

Incorporation of BrdU in B16F1 cells after 24 hours culture was significantly diminished
in both low and high collagen type XIV coating when compared to FCS control (Figure
34a). Moreover, collagen type XIV acted competitively by decreasing dose-

dependently FCS-induced melanoma cell proliferation (Figure 34b).
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Figure 35. Analysis of melanoma cell proliferation on fibroblast matrix.
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Proliferation measured by BrdU incorporation assay in (a) B16FO0, (b) B16F1 and (c) HCmel12
cells cultured on fibroblast deposited matrix in combination with collagen type XIV (1ug/ml;
10pg/ml). Culture on FCS was the positive control. Mean +/- SEM; fibroblast-deposited matrix
from MMP14S** (mWT; control) n=3; fibroblast-deposited matrix from MMP145% (mSF”) n=3;
*p<0.05; **p<0.01; ***p<0.0001.

Comparably, the addition of type XIV collagen to the MMP14S™** matrix led to reduced
proliferation of B16F0, B16F1, and HCmel12 melanoma cells to a similar extent as
observed upon culture on MMP145- fibroblast matrix where this protein is enriched
(Figure 35). This possibly explains the reduced melanoma cell proliferation on the
MMP14S™- fibroblast matrix. These data indicate that collagen type XIV is a matrix
protein that does not support melanoma cell proliferation and can act dose-

dependently as an inhibitory molecule.

3.7.3.2 Collagen type XIV is not pro-migratory for melanoma

To address whether collagen type XIV is a substrate for cell migration, we seeded
mitotically inactivated B16F1 melanoma cells on low (1 pg/ml) and high concentrations
(10 pg/ml) of collagen type XIV and FCS as positive control and monitored cell

migration overtime.
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Figure 36. BL6F1 migration on collagen type XIV coating.

Colony outgrowth assay showing B16F1 cell migration on collagen type XIV (CollXIV) coating
after 8 hours and quantification. Mean +/- SEM; continuous line: cell front after 0 hours; dashed
line: cell front after 8 hours; *p<0.05; scale: 100um.

On both concentrations of collagen type XIV B16F1, cells barely moved, showing a
significant decrease of migration when compared to FCS (Figure 36). However, after
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8 hours, while melanoma cells on low concentration (1 pg/ml) moved a minimal
distance, on higher, 10 pug/ml collagen type XIV, they remained at the initial front
(Figure 36). This indicates that collagen type XIV is not a pro-migratory substrate for
melanoma.

To investigate if reduced melanoma cell migration on MMP14S%- fibroblast matrix
(Figure 30) resulted from the matrix enrichment in collagen type XIV, we added
collagen type XIV (10 pg/ml) to the pro-migratory matrix of MMP14S*"* fibroblasts and
let melanoma cells migrate on it. After 4 hours, we detected a modest decrease in
melanoma cell migration on the MMP145** fibroblast matrix supplemented with
collagen type XIV compared to the untreated control matrix (Figure 37). This difference
was significant after 8 hours and remained up to 24 hours (Figure 37), indicating that
the increased collagen type XIV content in the MMP 145~ fibroblast matrix negatively

affects melanoma cell migration.
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Figure 37. B16F1 migration on MMP145*" fibroblast matrix with collagen type XIV.

Colony outgrowth assay showing B16F1 cell migration on MMP145*"* fibroblast matrix (mwWT)
alone and in combination with 10 pg/ml collagen type XIV (mWT + Collagen type XV).
Representative pictures are shown. In the graph the quantification of the migrated area is
displayed as mean +/- SEM (mWT; control, n=3); (mWT + Collagen type XIV, n=3). The
continuous line marks the initial cell border; The dashed line marks the distance reached by
the cells at the indicated time-point; *p< 0.05; scale: 100um.
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3.7.3.3 Melanoma cell adhesion is reduced by collagen type XIV

One of the reasons why cells do not migrate on a due substrate is the lack of substrate
recognition which is primarily based on cellular interaction mediated by integrin
receptors [326]. We used adhesion assays to address whether melanoma cells can
recognize collagen type XIV. B16F1 melanoma cells were seeded on 1pg/ml and
10pg/ml collagen type XIV and fibronectin coatings; the latter was used as a positive
control. Cells were allowed to adhere for two hours, then fixed and stained with crystal
violet. Retained dye was solubilized and quantified by photometry. Melanoma cell
adhesion was low on both concentrations of collagen type XIV and decreased dose-
dependently with increasing collagen concentration compared to fibronectin control,
where adhesion was very high (Figure 38a). Interestingly, when collagen type XIV was
supplied to the MMP145%* matrix, melanoma cell adhesion was reduced almost to the
level detected on the MMP145%- matrix (Figure 38b). Thus, increased amounts of
collagen type XIV in the MMP14S* fibroblast matrix competes for melanoma cell

adhesion and contributes to reduced cell migration (Figure 37).
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Figure 38. Adhesion assay on collagen type XIV coating and fibroblast-deposited matrix.
B16F1 cell adhesion assay on (a) collagen type XIV coating, (b) fibroblast matrix from
MMP 145"+ (mWT), fibroblast matrix from MMP145*"* in combination with collagen type XIV
and on fibroblast matrix from MMP145" (mSF’). Representative pictures are shown.
Quantification of adhered cells is displayed as mean +/- SEM; (mWT, control, n=3); (mMWT +
Collagen type XIV, n=3); (mSF", n=3); *p< 0.05; ***p<0.0001; scale: 100um.
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3.7.4 Fibroblast secretome

3.7.4.1 Influence of fibroblast secreted factors on melanoma proliferation and
apoptosis

Besides its function in matrix-directed proteolysis, MMP14 also regulates the behavior
of cells by modulating synthesis, release, and processing of soluble factors involved in
the regulation of cell proliferation, survival, and inflammation [210, 327]. Thus, to
address whether, in addition to the matrix, further modifications of soluble factors
secreted or released from fibroblasts' cell surface contribute to modulating melanoma
cell proliferation, we analyzed B16F1 cell proliferation and apoptosis after culturing
them in fibroblast conditioned medium (c.m.). For this, MMP145"- and primary control
fibroblasts were cultured for 24 hours in FCS-free media, c.m. was collected and used
freshly to treat melanoma cells (Figure 39a).
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Figure 39. Analysis of melanoma cell proliferation and apoptosis in fibroblast conditioned
medium.

(a) Schematic representation of experimental settings (MMP145*"* fibroblast media, c.m. WT;
MMP14S fibroblast media, c.m. SF"). (b) Proliferation assay and (c) apoptosis assay of
B16F1 cells grown in fibroblast conditioned medium. Mean +/- SD; Experiments were
performed in triplicates and repeated 5 - 7 times; ****p<0.0001.

After culture in fibroblast c.m. for 24 hours, melanoma cell proliferation was almost
comparable in MMP14S%- and control c.m. (Figure 39b). On the contrary, melanoma
apoptosis was significantly increased when cultured with c.m. from MMP14-deficient

fibroblasts compared to control (Figure 39c). Thus, soluble factors secreted by
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fibroblasts in the absence of MMP14 induce melanoma cell death without affecting

cellular proliferation.

3.7.4.2 Analysis of soluble factors in fibroblast conditioned medium

To identify factors in the fibroblast MMP145™- ¢.m. responsible for the increased cell
death of melanoma cells, we investigated the data obtained from the proteome
analysis of fibroblast matrix and supernatant (section 3.7.1). Several growth factors
were identified, but none displayed significant alterations in fibroblast matrix or c.m. in
the absence of MMP14 (Table 6). However, it is possible that by mass spectrometry,
cytokines present in low quantity and of lower molecular weight compared to other

proteins are not detected [328].

Table 6. Identified growth factors in proteome analysis of fibroblast matrix and conditioned
medium.

matrix conditioned medium

Protein WT SF" p-val WT SF" p-val
angiopioetin 2 - - - 27,11 0 0,01
angiopioetin 4 26,71 27,89 0,48 - - -
cclll/eotaxin - - - 27,24 27,35 0,95
FGF7 - - - 25,78 26,12 0,77
HDGF - - - 29,38 29,45 0,86
HGF 26,62 26,47 0,79 29,49 30,95 0,08
IGFBP2 - - - 31,64 30,54 0,36
IGFBP5 27,43 25,69 0,28 30,83 30,61 0,80
IGFBP6 26,76 26,97 0,73 33,14 32,75 0,28
IGFBP7 28,90 27,33 0,12 33,03 32,49 0,49
MMP3 - - - 30,67 32,08 0,42
PDGF D 27,45 27,66 0,68 27,98 27,96 0,97
TGF B3 - - - 24,29 24,77 0,89
VEGF A - - - 26,01 26,58 0,08
VEGF D - - - 29,36 30,39 0,41
Wisp 1 27,35 25,41 0,09 27,85 27,25 0,28

However, using a mouse cytokine antibody array® for semi-quantitative detection of
111 mouse proteins (Figure 40a), we identified some cytokines that were altered in
MMP145H- compared to control cell media. These include endothelial cell regulators
such as angiopoietin 2, proliferin and CCL11/eotaxin (Figure 40a and b). Moreover,
several proteins promoting cell survival, proliferation, and migration were decreased in
MMP14S*- c.m. compared to control such as IGFBP 5, IGFBP 6, Fetuin-A, and Wisp
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1. In addition, the proinflammatory cytokines CXCL1/GROa, and MMP3, which we
have shown to be increased in the skin of MMP145"- mice in earlier investigations
(unpublished data from the laboratory), were up-regulated in MMP145%- as compared

to control c.m. (Figure 40b).
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Figure 40. Cytokine antibody array.

(a) Arrangement of antibody spots on nitrocellulose membrane. Colored boxes mark highly
regulated proteins on the membrane. (b) Quantified antibody signals from nitrocellulose
membrane for mostly regulated proteins. Colored columns correspond to highly regulated
proteins marked with colored boxes on the membrane.

3.7.4.2.1 GROa and MMP3 in melanoma apoptosis

Both proteins, GROa and MMP3, have been implicated in the regulation of apoptosis
in several cell types [329-332]. Consequently, we wanted to investigate if the
upregulation of those proteins, secreted by MMP14-deficient fibroblast, mediates
increased melanoma cell death (Figure 39).

In preliminary investigations, we used a pharmacological approach, in which we
reduced the -catalytic activity of MMP3 by adding a specific cell-permeable

hydroxamate-based inhibitor (MMP3i) [333] to MMP 145" fibroblast c.m. before B16F1
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melanoma cell treatment. Melanoma cells irradiated with 0.1 J/cm? UV-B, thereby
undergoing apoptosis [334], were used as positive controls. However, the addition of
MMP3i to MMP145%- ¢.m. did not rescue the MMP 145 fibroblast-induced melanoma
cell apoptosis (Figure 41a), indicating that increased activity of MMP3 in the c.m. from

MMP14-deficient fibroblasts does not mediate this process.
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Figure 41. Apoptosis assays of B16F1 cells grown in MMP145* ¢.m. with MMP3i and a-GROa.
B16F1 cells grown in MMP145% fibroblast conditioned medium (c.m. SF) with (a) an inhibitor
for MMP3 (MMP3i), (b) a neutralizing antibody for GROa (a-GROa) and MMP145™** fibroblast
conditioned medium (c.m. WT) with recombinant GROa. Mean +/- SEM. Experiments were
performed in triplicates and repeated 2-3 times. *p< 0.05.

Another possible mediator of apoptosis is GROa. We used two approaches to
investigate GROa implication in the pro-apoptotic effect of MMP145*- ¢.m.. We added
recombinant GROa to c.m. from control fibroblasts in the first one. Secondly, we used
a neutralizing antibody to GROa (a-GROa).

Neutralizing GROa activity in MMP145%- c¢.m. decreased melanoma cell death,
although not significantly. Since a control isotype antibody was not included in these
experiments, excluding an unspecific effect of the a-GROa antibody is impossible.
Furthermore, increasing GROa levels in the MMP145%* ¢.m. did not alter cellular
apoptosis (Figure 41b). These data indicate that GROa in MMP14S™** c.m. is likely
insufficient to increase melanoma apoptosis; possibly additional MMP14S*- fibroblast-
derived factors were produced (pro- or anti-apoptotic) that we have not identified

herein.

3.8 Is deletion of MMP14 in fibroblasts negatively affecting the growth of
epithelial tumors?
Over the last years, growth and progression of many tumors were often associated

with enhanced collagen deposition, altered fiber organization, and the resulting
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increased stiffness [138]. Disorganized collagen and increased tissue stiffness in
breast cancer can trigger tumor transformation, leading to enhanced growth and
invasiveness [126]. Moreover, the effect of collagen on tumor cell proliferation has
been shown for many cancer cells of epithelial origin like prostate, pancreatic cancer,
or squamous cell carcinoma [127-129]. Our experiments with melanoma showed that
all these matrix changes might affect melanoma growth differently. Thus, the question
arose whether the development of the epithelial type of tumors in our mouse model is
also altered due to MMP14 deletion in fibroblasts, the matrix alterations in the
environment, or both. To address that, we used another tumor cell type, namely murine
cutaneous squamous carcinoma cells (BDVII cells [266]), and assessed the effect of
stromal deletion of MMP14 and the derived dermal matrix modification on the growth

of these epithelial tumor cells.

3.8.1 BDVII cell invasion in ex vivo skin composites

To investigate the role of differential matrix modification in MMP 145 mouse skin in
squamous cell carcinoma cell growth, we used ex vivo invasion approaches with
devitalized and decellularized skin biopsies, as described earlier (3.1.2.).

BDVII cells were seeded on the de-epidermized and devitalized skin biopsies (DDS)
of MMP145%- and control mice, and incubated for three weeks. Immunofluorescence
staining for keratin 6, a marker for squamous differentiation [335], shows BDVII cells
on top and within the DDS (Figure 42a, left). Tumor cells could invade the DDS of both
genotypes but formed tendentially larger tumor nests (white arrowhead) in MMP 145"
compared to control biopsies (Figure 42a). However, neither proliferation (Ki67) nor
cell apoptosis (cleaved caspase 3) in these tumor nests were altered in both genotypes
(Figure 42b). Furthermore, proliferation and apoptosis of BDVII cells grown on the
basement membrane site of the DDS composite displayed a tendential but not
significant increase in MMP14S%- compared to control composites. Therefore, the
increased size of BDVII nests within the DDS of MMP145*- mice could result from
enhanced numbers of cells invading the dermis rather than increased cell proliferation
within the tumor nests. The growth of BDVII cells was further investigated using
decellularized skin biopsies of MMP145"- and control mice to exclude the influence of

cellular remains, thus focusing principally on the matrix scaffold.
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Figure 42. Ex vivo DDS assay with BDVII cells.

(a) H&E and Keratin 6 (K6) staining of DDS sections after three weeks of BDVII cell invasion
(left). The dashed black line marks the border between BDVII cells and dermis, and grown
tumor nests (white arrowhead) in the dermis are marked by a dotted line (H&E). The graph
(right) depicts the quantified tumor area in um? per um? specimens. (b) Ki67 and cleaved (cl.)
caspase 3 immunofluorescences staining of tumor-DDS sections (left). Quantification of the
average ratio of positive cells (right). Mean +/- SEM; MMP145*"* (WT; control) n=4; MMP 145"
(SF) n=4; DDS=de-epidermized devitalized skin; t=tumor; d=dermis; scale: 200um.

After incubation of three weeks, DDS of both genotypes were invaded by BDVII tumor
cells that formed larger tumor nests in MMP14S*- compared to control (white
arrowhead; Figure 43a). Cellular proliferation (Ki67) and apoptosis (cleaved caspase
3) within the tumor nests were not altered in both genotypes (Figure 43b).
Unfortunately, quantifying proliferating and apoptotic cells on top of the DDS was
impossible because of technical reasons; during the processing of all specimens, cell
layers of cells grown on top of the basement membrane side were washed out.

However, altogether, these data suggest that the ECM-rich skin of MMP145"- mice

positively affects the growth of squamous carcinoma cells.
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Figure 43. Ex vivo decellularized skin assay with BDVII cells.

(a) H&E and Keratin 6 (K6) staining of skin sections after three weeks of squamous cell
carcinoma cell invasion (left). The dashed black line marks the border between BDVII cells and
dermis, line and invading tumor nests (white arrowhead) in the dermis are marked by a dotted
line. The graph (right) depicts the quantified tumor load in pm? per um? skin. (b) Ki67 and
cleaved (cl.) caspase 3 immunofluorescence staining of decellularized skin assay sections
(left) and quantification of the average ratio of positive cells (right). Mean +/- SEM; MMP 145+
(WT; control) n=6; MMP145""- (SF") n=6; t=tumor; d=dermis; scale: 200um.

3.9 Altered ECM composition of peritumoral tissue due to deletion of ADAM9
During my doctoral work | have also contributed to the work initiated by Anna N. Abety,
a former Ph.D. student of the group, investigating the ADAM9-dependent ECM
modifications in the peritumoral tissue of B16F1 melanomas [336].

The A disintegrin and metalloproteinase 9 (ADAM9) has been described as up-
regulated in several cancers, including melanoma, promoting their progression [337-
341]. Moreover, ADAM9 is strongly expressed in the peritumoral tissue, where it
modulates the expression of signal molecules and cleaves ECM proteins [268, 342,
343]. In this study, | analyzed in vitro in lysates and supernatants of primary fibroblasts
from control and ADAM9-deficient mice the expression of ECM proteins that were
found regulated around the melanomas grown in the ADAM9 deleted mice.
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These ECM molecules included decorin and collagen type | and the collagenolytic
proteases MMP13 and MMP14. The studies were conducted using primary fibroblasts
cultured alone as a monolayer or in indirect co-culture, using conditioned medium
(c.m.) from B16F1 melanoma cells.

The overall results of the entire study showed that ADAM9, modifying the peritumoral
ECM composition, regulates B16F1 melanoma growth [336]. Proteome analysis of the
tumor- stroma revealed 53 differentially expressed proteins, including six strongly
altered ECM proteins exerting at least a two-fold altered expression in ADAM97
fibroblasts compared to control. Among these, collagen type I, collagen type V and
decorin were up-regulated, while collagen type l1ll, XIV, and fibronectin were down-
regulated in ADAM9-- peritumoral tissue compared to control. In healthy skin, these
ECM proteins were not altered in both genotypes. In vitro, in supernatants from
monolayer cultures of ADAM9-deficient and control fibroblasts, immunoblot analysis
identified a low molecular weight form of decorin (40 kDa) that was not present in
lysates. Further, collagen type | levels were increased in ADAM9- fibroblast matrix and
supernatant compared to control. This enhancement was also detected in indirect co-
cultures of fibroblasts and B16F1 melanoma cells c.m.. Interestingly, in supernatants
of untreated control fibroblasts, we noticed a 70 kDa fragment of collagen type | that
was poorly detected in ADAM9 fibroblasts. Using a recombinant approach, collagen
type | was identified as an ADAM9 substrate, with ADAM9 processing collagen type I,
resulting in the generation of a 70 kDa fragment, whose identity was further verified by
peptide mass fingerprint analysis of tryptic fragments. However, ADAM9 did not
degrade collagen type | fragments. The increased collagen type | amounts detected in
ADAM9 fibroblast lysates and supernatants are most likely caused by reduced
collagenolysis by other proteases such as MMP13 and -14 [344]. In support of this, in
ADAMO9-deficient fibroblasts, the expression of MMP13 and MMP14 was reduced
compared to controls. Supplying collagen type | as soluble or immobilized form to
melanoma cells stimulated proliferation when its concentration was at a maximum of
10 pg/ml. At the same time, it reduced cell proliferation continuously when supplied at
higher concentrations. In summary, these data show that ADAM9 regulates melanoma
growth by influencing the composition of the peritumoral ECM and thereby modulating
melanoma cell proliferation. These data further support the negative role of high
collagen on melanoma proliferation that I investigated in my work with the MMP 145+~

mice.
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4 Discussion

4.1 Regulation of melanoma growth by fibroblast-derived MMP14 in vivo
Malignant melanoma is a rare but very severe form among skin cancers. It spreads
rapidly and leads to most skin cancer deaths [3, 345]. Although many different
therapeutic approaches have been developed and applied, they are still not sufficient
to improve the poor survival prognosis of patients [346-348]. In the last years, several
reports highlighted the pivotal role of the tumor microenvironment (TME) in cancer
growth and progression, thus indicating that tumor growth is not a cancer cell-
autonomous mechanism but results from complex interactions with stromal cells of the
TME. Cancer-associated fibroblasts (CAFs) can modulate tumor growth by providing
factors and remodeling the ECM. Depending on tumor type, stage and tissue, CAFs
can either promote tumor growth [46, 78] or suppress it by inhibiting the growth and
metastasis of tumor cells [349]. These cells are the primary producer and modifier of
the extracellular matrix (ECM) in the TME, whose role in tumor progression has been
emphasized over the past years [82, 84]. Increased expression and activation of MMPs
by CAFs allow them to remodel the ECM to promote tumor growth [350, 351].
MMP14 is up-regulated in multiple types of cancer and was associated with tumor
progression and poor patient outcomes [235, 236]. In melanoma, MMP14 is expressed
in the early stages of development and increases progressively with tumor growth [257,
352]. While several studies describe the contribution of melanoma cell-derived MMP14
to cancer development [257, 261, 353], very little is known about the function of
fibroblast-MMP14 in this context. Previous studies of our group showed that fibroblast-
derived MMP14 is critical for adult tissue homeostasis [233]. Specific deletion of
MMP14 in dermal fibroblasts (MMP145) resulted in increased dermis thickness with
enhanced collagen accumulation and tensile strength due to disturbed collagen
degradation [233]. The present work aimed to unravel the cell-specific function of
MMP14 produced by stromal cells and the structural microenvironment generated
upon its loss for development, growth, and metastases formation of melanoma in vivo
and in vitro. Using an in vivo grafting model, we could show that melanoma growth is
reduced in mice's collagen-rich and stiff skin, harboring the fibroblast-specific deletion
of MMP14. Although tumor growth in MMP145%- differed from control animals, numbers
of metastases were not altered compared to control. Even though surprising, these
data could be explained in light of previous studies on human melanoma patients. The

authors demonstrated that melanomas start metastasizing at differing thicknesses,
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depending on their growth rate rather than tumor size [354]. This would suggest that
the growth rate of tumor cells within the tumors in MMP 145~ mice would be similar to
that of controls. However, this was not the case, as melanoma cell proliferation in
MMP145% mice was reduced. One can deduce that fibroblast-MMP14 is either
compensated by the activity of additional stromal proteases or is unnecessary, and the
activity of the melanoma-derived MMP14 is more relevant for metastasis. Indeed,
using a metastasis model, blocking MMP14 in mice using a specific antibody resulted
in reduced formation of melanoma metastases [355]. Reduced melanoma growth in
MMP14S™- mice may result from reduced vascularization of the tumor and the
peritumoral tissue. Decreased intratumoral hypoxia paralleled this. Reduced
melanoma proliferation observed in MMP14S% tumors is possibly the consequence of
reduced hypoxia and vascularization. Indeed, tumor vascularization and hypoxia are
processes that are associated with cancer progression and enhanced to promote
tumor growth [356, 357]. Hypoxia-dependent increase of Hif 1-a induces expression of
VEGF that leads to recruitment of angiogenic cells [358]. In line with those data, loss
of Hif-1 causes reduced vascularisation and tumor growth [358]. In melanoma,
increased tumor cell proliferation was induced by increased Hif 1-a and CD31 levels in
these cells [359-361].

Also, increased matrix density, as observed in peritumoral tissue of MMP145%- mice,
can decrease angiogenesis [362]. In addition, increased matrix stiffness independent
of matrix density results in angiogenic outgrowth, invasion, and neovessel branching
[362]. These data would explain why, at the late point of melanoma growth, when
differences in peritumoral stiffness were comparable in both mice genotypes, we
detected reduced vascularization in the peritumoral areas of MMP145%- mice.
Although CAFs are considered regulators of tumor angiogenesis by secreting growth
factors, such as VEGF [363], they were not altered in MMP145%- peritumoral tissue.
However, CAFs may contribute to tumor angiogenesis by degrading the tumor
surrounding ECM [138] and release thereby activating growth factors embedded in the
ECM, or generate bioactive matrix fragments, matrikins [148, 364], to affect melanoma
proliferation and invasion. Even though we did not detect altered expression of growth
factors in the proteome analysis of peritumoral areas, we cannot completely exclude
the possibility that the release of bound growth factors is altered in MMP145%- and
contribute to reducing the growth of melanoma. However, the ex vivo invasion

experiments with decellularized or devitalized mouse skin further support the
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assumption that structural changes of MMP145%- ECM are critical for reducing
melanoma growth. The dermis of MMP14S*- mice possibly restrains the growing
melanoma nests impeding them from rearranging the adjacent ECM to overcome the
resisting forces of the surrounding matrix. In peritumoral tissues, MMP14 can activate
MMP2 and MMP13, two collagenases that have been associated with melanoma
progression [365-367]. As deletion of MMP14 leads to diminished activity of MMP2
[233] and MMP13 [368], reduced growth and expansion of melanoma nests in
MMP14S™- mice as compared to control is probably the result of decreased local
proteolysis by these enzymes.

4.2 Melanoma growth is modulated by collagen abundance and tissue stiffness
Collagen is a significant component of the TME and influences tumorigenesis on a
molecular and cellular level [90, 295, 369]. In melanoma, the influence of peritumoral
collagen on the tumor is still contradictory. While in some cases, high collagen amounts
are found around the tumor [370], pointing to a tumor-supporting effect, in others, it
seems to have a minor role [371] or has a tumor-suppressive function [122, 321, 372].
This may depend mainly on the properties of collagen, such as density and structural
arrangement, caused by cross-linkage, which may modulate the stiffness of the tissue
[138].

Tightly packed and aligned collagen fibers are found at the invasive front of several
tumors [130, 133]. They can adopt a perpendicular orientation to the tumor, referred to
as tumor-associated collagen signatures (TACS), and facilitate invasion and migration
[131]. Analysis of collagen in MMP14S*- mice peritumoral areas by second harmonics
generation (SHG) showed that collagen fibers were wavy in the skin in peritumoral
tissue of either genotype. They aligned parallel instead of perpendicular to the tumor.
That is consistent with the fact that the number of metastases, thus cellular invasion,
was not altered. Another feature of the TACS is the enhanced accumulation of collagen
[131]. This feature was present in the peritumoral tissue from fibroblast
MMP14-deficient mice. In these tissue areas, transcript levels of the two enzymes
catalyzing collagen cross-linkage and lysyl residue hydroxylation, LOX and LH2, were
not changed, which agrees that numbers and pattern of collagen cross-links were not
altered in either genotype. However, the skin of MMP145*- mice and the peritumoral
areas up to day six post tumor grafting were significantly stiffer than control [233, 280].

Besides enzyme-driven cross-linkage, sugar metabolites can modify collagen fibers,

88



leading to a non-enzymatic cross-linking process called glycation [373]. This
modification usually occurs overtime during the aging process and in a smaller ratio
than crosslinks formed by LOX [104, 373, 374]. Since we used young mice for our
experiments, it is unlikely that glycation is the main reason for the increased tissue
stiffness of MMP145%- mice, but we cannot entirely exclude its contribution. An
additional alternative stimulus leading to tissue stiffening is solid stress resulting from
internal forces of the growing tumor that stretching the ECM enables the tumor to
expand [375, 376]. In melanoma of MMP145*- mice being cell proliferation and
accordingly tumor expansion reduced, the tumor mass may push against the
surrounding tissue with lower force. This leads to minor stretching and to reduced
stiffness in the peritumoral tissue.

The reduced melanoma proliferation was detected in vivo and in vitro in 2D and 3D
cultures. Of note, we did not observe the anti-proliferative effect when melanoma cells
were cultured on monomeric collagen type |, but only when they were cultured on or
embedded in fibrillar collagen, indicating a specific role for fibrillar collagen structure in
this process. Since cell entry into the cell cycle is regulated by cell binding to the ECM
[377, 378], collagen and its conformation may regulate this process differently
depending on the types of cell interactions elicited. Fibrillar collagen type | has been
shown to impair a2B1 integrin-mediated adhesion to the matrix [278]. Moreover, that
interaction reduces cellular proliferation by up-regulating cdk2 and p27XP leading to
arrest of the Go/G1 stage of the cell cycle in arterial smooth muscle, lung mesenchymal,
and malignant melanoma cells [278, 379, 380]. In melanoma cells, the alternative
collagen receptor, discoid domain receptor 2 (DDR2), is responsible for the induction
of cell cycle arrest in the presence of fibrillar collagen. At the same time, its
downregulation allowed cells to proliferate [381]. Integrin receptors also function as
cellular sensors for mechanical changes in their environment. Once engaged, they
lead to intracellular translocation of YAP and TAZ to the nucleus, where transcription
of pro-proliferative genes is initiated [382]. Also, MMP14 by mediated degradation has
been implicated in pathways involving YAP/TAZ molecules. MMP14-mediated
processing of the pericellular matrix was shown to induce changes in cell shape and
to activation of B1-integrin signaling leading to the nuclear localization of YAP and TAZ
in the control of skeletal stem cells commitment [383]. Although we have not analyzed
it, it is possible that in fibroblasts in the absence of MMP14, sensing is disturbed and

leads in vivo to reduced expression of pro-proliferative factors.
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We could envision that melanoma cells in vitro may have reduced expression of (31-
integrins, occurring in other cells when cultured on fibrillar collagen type 1[278], leading
to altered YAP/TAZ translocation to the nucleus. That results in a lack of transcription
of pro-proliferative genes [382] and cell cycle arrest [278], thus inhibiting melanoma
cell proliferation. In addition, in the in vivo situation, it is possible that in control mice,
proteolytic ECM fragments generated by fibroblast-MMP14 co-activate B1-integrin
signaling in melanoma cells to a greater extent than in MMP145™- mice, resulting in
reduced proliferation in MMP145%- mice.

The negative proliferative effect of high collagen in melanoma was substantiated
further by our in vivo experiments showing that melanoma cell growth in induced-
fibrotic skin was most significantly inhibited. The negative impact of increased tissue
rigidity and collagen abundance on melanoma proliferation in mice is also supported
by several observations made in patients. For instance, desmoplastic melanoma,
associated with an extensive fibrous ECM, has a better prognosis than nodular
melanoma exhibiting lower matrix accumulation [384]. Further, 30% of partly or entirely
regressive human melanomas show lymphocyte infiltrates and leave fibrotic, “scar-like”
areas. Whether these result from the regression of melanoma or contribute to it is
unknown [385, 386]. It was also reported that patients with scleroderma, a fibrotic
disease, have a higher risk of developing non-melanoma types of tumors, but not
melanoma [387]. These data point to an antagonistic relationship between melanoma
and fibrotic skin, implying that melanoma growth is not promoted in ECM and collagen-
rich areas.

On the contrary, abnormal deposition and accumulation of collagen combined with
increased tissue stiffness are among the main characteristics of solid tumors, mostly
of epithelial origin with a bad prognosis [89, 138]. In support of this, cutaneous
squamous carcinoma cells grown in collagen-rich areas of the MMP145%- skin
displayed enhanced growth. Comparably, increased collagen stiffness showed a pro-
tumor effect on the proliferation and invasion of oral squamous cell carcinoma cells
[127, 388]. Although our data would suggest that accumulation of collagen in
MMP145H- skin is the primary reason for reduced melanoma growth, we cannot
exclude that the absence of MMP14 may also lead to additional, yet unidentified,

alterations in cells or tissue impacting melanoma growth.
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4.3 Deletion of MMP14 in fibroblast modulates their proteomic profile

4.3.1 Alterations in secreted and deposited matrix

Fibroblasts/CAFs are the primary producers of the ECM and essential regulators of the
TME [46, 75], with MMP14 being a significant protease involved in the degradation and
remodeling of several matrix proteins [210]. We confirmed the essential role of MMP14
as a matrix modifying protease by proteome analysis, showing that in matrix and
supernatant of MMP14 deficient fibroblasts, some ECM proteins were altered. In matrix
and cell supernatants of MMP 145~ fibroblasts, laminin subunits a-2, a-5, and -2 were
significantly downregulated, but no y chains were altered. This was contrary to our
expectations, as some laminins, including laminin-1 a-1, -2/4 a-2, and -5 y-2 [252, 389,
390], are documented substrates of MMP14. The a-2 subunit of the laminin-2/4
complex is cleaved by MMP14 in the basement membrane of skeletal muscle [390].
However, in the skin, while fibroblast-derived laminin 2 (laminin 211) is a component
of the basement membrane of the skin [391], laminin 4 (laminin 221) is not, and it is
not known yet, if laminin 211 singularly is processed by MMP14 as well. In addition,
laminins containing the a-5 subunit are laminins 511, 521, 522, and 523 [392], which
are not documented as MMP14 substrates. Further, laminin 522 is primarily expressed
in bone marrow [393], and laminin 523 in the retina and the central nervous system
[394]. In addition, laminin 511 and 521, although being components of the basement
membrane of the skin [394, 395], are produced either by keratinocytes [391] or human
embryonic stem cells [396]. These notions together explain why we did not detect
macroscopic alterations in the basement membrane of the skin of the MMP 145 mice
in vivo. Possibly, in vivo, the altered expression of those laminin subunits is
compensated by other cells so that no apparent phenotype is generated. Besides
laminins, additional structural proteins altered in matrices and supernatants of MMP14-

deficient fibroblasts were collagens, including types I, 111, VI, VIII, XI, XIV, XV, XVI.

4.3.2 Role for collagens remodeling in melanoma

Collagen type |, which we previously found increased in the MMP14S*- animals [233],
showed only modest and not significant upregulation. A comparable result was
observed in the proteomic analysis of peritumoral tissue. A possible explanation for
these discrepancies is the reduced solubility since several components of the ECM,

and collagen type | is a significant part, are resistant to solubilizing agents such as
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SDS and urea [397]. In support of this, further stepwise solubilization of the insoluble
pelleted fraction with high salt buffers led to enhanced extraction of collagen type I.
Among the up-regulated collagens, we found collagen type XIV. This was increased in
the deposited matrix and the soluble secreted protein fraction from MMP14S+-
fibroblasts. This collagen is fibril-associated with interrupted triple helices (FACIT)
[398]. It occurs in tissues of high mechanical stress where it binds packed collagen
type | fibrils and regulates collagen fiber assembly [318, 324, 399]. While, in cancer,
collagen type | is considered an essential component of the ECM, still very little is
known about the biological role of collagen type XIV in this context. Collagen type XIV
is expressed mainly in differentiated and less proliferative tissues [400, 401], and in
agreement with this, collagen type XIV deficiency leads to increased cardiomyocyte
proliferation [402]. A comparable inhibitory effect on proliferation was detected towards
fibroblasts, vascular smooth muscle cells, and human leukemia and fibrosarcoma cells
[400, 403, 404]. In line with this, we found that collagen type XIV dose-dependently
inhibited melanoma cell proliferation and antagonized the pro-proliferative effect of
FCS or fibroblast-derived matrix. However, the mechanism controlling collagen type
XIV's inhibitory effect towards proliferation is unknown. Besides that, we could also
show that on collagen type XIV, melanoma cell migration is low, and, similarly to
proliferation, it can antagonize melanoma migration on the fibroblast matrix.

One possible reason for the reduced melanoma migration on collagen XIV may be
altered substrate recognition by the cell receptors rather than the availability of binding
sites. In further support of that is the observation that melanoma cells' adhesion to
collagen type XIV coatings was reduced. The cellular receptors for collagen type XIV
are membrane-bound heparan sulfate proteoglycans (HSPGs) [405] and a chondroitin-
dermatan sulfate variant of CD44, expressed mainly by fibroblasts and by
hematopoietic cells [406]. These can bind collagen type XIV at its FN-IlIl domain [407],
and heparin or proteoglycans, such as decorin, can block this binding site preventing
cell adhesion [400, 408]. In our approach, it is unlikely that the collagen type XIV
binding site was blocked because no paralleled altered expression levels of heparin or
decorin were detected in the proteome analysis of the MMP14S"- fibroblast matrix. In
addition, the adhesion of cells to recombinant collagen type XIV alone was also low.
Therefore, it is likely that melanoma cells do not efficiently bind to the substrate rather

than altered availability of the binding site on collagen type XIV.
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Both collagen XIV receptors are expressed by melanoma cells, including in different
variants of B16 cells, and can modulate cellular processes, such as proliferation,
migration, adhesion, and differentiation [409-416]. It is unknown if the expression of
these receptors was altered under the given conditions in the melanoma cells we used
in this work, as we have not addressed this issue in this project. However, it is known
that the interaction of cells with the ECM can influence the localization of HSPGs [412],
as shown for corneal fibroblasts cultured on fibronectin. This interaction, and less that
to collagen type I, led to more HSPGs in the nucleus [417]. Since HSPGs bind both
fibronectin [418, 419] and collagen type XIV [407] through the FN-III domain, it is
possible that nuclear trafficking also occurs when melanoma cells bind to collagen type
XIV. Thereby, in the presence of increased collagen type XIV, as seen in the
MMP14S%- fibroblasts matrix, possibly more nuclear trafficking of HSPG is induced.
This could lead to reduced expression of the receptors at the cell surface and reduced
melanoma cell adhesion. In addition, several specific post-translational modifications
of these receptors that occur during their syntheses, such as glycosylation,
deacetylation, and sulfation, regulate their function and could result in altered tumor
cell proliferation, apoptosis, or differentiation [420, 421]. However, this was not
investigated and could be a perspective for future analysis.

Despite these, migration of melanoma cells into the collagen type XIV enriched skin of
the MMP 145 mice was not altered, pointing to a compensatory effect from additional
proteins present in the complex tumor microenvironment. In vitro in 2D-cultures, cells
predominantly use the mesenchymal migration mode assuming a spindle-shaped
morphology, form lamellipodia and are integrin-dependent [93]. When migrating into
the dermis, cells are embedded in a three-dimensional matrix that can move by the
amoeboid migration mode. This last is characterized by the formation of pseudopodia
and movement independent of binding [422]; cell deformation allows them to move
through even narrow spaces [423]. When using the mesenchymal migration mode,
cells express proteases, such as MMPs, to proteolytically degrade the adjacent matrix,
clear paths, and move through [424, 425]. This work showed that collagen type XIV
could be processed by MMP14 [325], and in its absence, collagen type XIV
accumulates in the MMP145%- fibroblast matrix. Although melanoma cells express
MMP14, this may be insufficient to process the high amounts of collagen and release
cells from its inhibitory effect. In addition, increased amounts of collagen type XIV in
the MMP 145 fibroblast matrix might stabilize the co-expressed collagen type | fibrils,
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impeding melanoma-MMP14 to form paths. In line with this, it has been suggested that
collagen type XIV influences collagen type | deformability leading to inhibition of

fibroblast migration into collagen type | gels [426].

4.3.3 Soluble factors released by fibroblasts modulate melanoma cell survival
CAFs are essential regulators in the TME that promote melanoma growth by
modulating tumor cell proliferation, apoptosis, and motility by secretion of soluble
factors [427-431]. Although MMP14 is known to activate a number of these factors,
including cytokines, chemokines, growth factors, and other proteases [210, 213-215,
432], it is unclear how fibroblast-derived MMP14 modulates the CAF secretome to
regulate melanoma growth. Besides cleavage-mediated activation of factors, MMP14
can regulate the expression of proteins through transcriptional control. Independently
of its protease function, in macrophages or some cancer cells, MMP14 was shown to
translocate to the nucleus and modulate the transcription of target genes that control
invasion, immune response, or feedback to induce transcription [219, 221, 433].
When we treated melanoma cells with media from MMP14-deficient fibroblasts, we
detected enhanced cell apoptosis, thus suggesting that, in normal conditions, either
soluble factors processed by MMP14 have an anti-apoptotic effect or that MMP14
degrades factors with an apoptotic function. We identified several altered proteins with
a putative role in promoting cell survival, proliferation, and migration by antibody array-
based screening. Among those, two proteins, namely GROa (CXCL1) and MMP3 have
functions in the context of apoptosis [329-332, 434, 435]. However, inhibiting MMP3
activity using a hydroxamic acid-based inhibitor [333] failed to rescue the apoptosis
effect on melanoma cells. As a combination of proteolytic activity and nuclear
translocation were shown to be required for MMP3 to induce apoptosis [329], we could
also exclude a possible intracellular activity of MMP3. Although many studies attribute
an apoptosis-inducing effect of MMP3 in the brain [330, 435-437] and cartilage tissue
[438-440], it is possible that its activity for this function is tissue and cell-specific and
does not apply to melanoma. Alternatively, increased secretion of MMP3 together with
IL8 by melanoma cells has been linked to increased tumor cell invasion and metastasis
[441, 442]. Since we have not found IL8 co-regulation, possibly only the combination
may have an effect in these cells. However, it is unlikely that MMP3 and IL-8, when
acting together, lead to apoptosis in melanoma cells, as IL-8 alone has been shown to
promote melanoma growth and metastasis [443, 444].
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Neutralizing of GROa in MMP14S%- media using a neutralizing antibody could partially
decrease apoptosis in melanoma cells. In support of this, it was shown that GROa
could induce apoptosis in arterial chondrocytes, but this process depends on additional
ECM signals [331]. In contrast, the addition of recombinant GROa into MMP145%/+
media did not affect melanoma apoptosis, indicating that GROa alone is insufficient to
induce apoptosis in melanoma cells.

Further downregulated factors in the MMP14S™- media were the insulin-like growth
factor binding protein-5 (IGFBP-5) and proliferin. IGFBP-5 in myoblasts promotes cell
survival by inhibiting intrinsic cell death in an IGF-dependent manner [445]. Blocking
IGFBP-5 results in apoptosis induction in neuroblastoma cells [446]. Proliferin was
shown to have a growth-stimulating function in smooth muscle cells and skeletal
muscle [447, 448]. In addition, secreted proliferin from adipose stromal cells (ASCs)
was shown to induce proliferation in human and mouse prostate cancer cell lines [449].
Therefore, reduced proliferin release by fibroblasts in the absence of MMP14 could
explain the reduced proliferation observed in melanoma in vivo in the MMP14S%- mice.
Although | could not further investigate these molecules during my doctoral work, it
would be interesting to address whether the application of the recombinant protein
could reduce the potential of MMP145*- media to induce melanoma apoptosis. In
addition, it would be essential to analyze the effect of regulating IGFBP-5 and proliferin

as soluble factors on melanoma cells apoptosis and proliferation.

4.4 Therapeutic importance

The differentially modified ECM during cancer development can affect drug
accessibility to the tumor and even lead to therapy resistance [450, 451]. The stiff and
dense peritumoral matrix, building a physical barrier, decreases the drug supply to the
tumor, which occurs mainly by diffusion [450, 451]. Collagen has been documented to
protect many tumors from chemotherapy either directly by forming a shield or
increasing the interstitial pressure [452, 453]. This reduces drug accessibility to cancer
and results in therapy resistance [454]. Moreover, the drug’s ability to reach the tumor
is hampered by matrix density, reducing angiogenesis. Even though it promotes
angiogenesis, matrix stiffness also leads to the contraction of existing blood vessels
[362, 455]. Contrary to our expectations, fibroblast-specific deletion of MMP14 has no
synergistic effect with cisplatin (platinum-based cytostatic drug) in melanoma
treatment. A possible explanation for this is that cisplatin can bind to collagen fibers in
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normal and tumor tissue [456], pointing to a potentially enhanced retention of cisplatin
molecules by the reduced enzymatic processing of collagen accumulates in the skin of
MMP14S5*- mice. However, cisplatin can also slowly be released over time, but it is
unclear if it retains its biological activity [456]. Furthermore, cisplatin is a drug that binds
to DNA, disturbing DNA synthesis and causing DNA damage, which results in impaired
cell growth and cell death of the fastest replicating cells [315]. Thus, we cannot exclude
that since tumor proliferation is reduced in MMP14S™- mice, a reduced proliferative
potential may render cells less sensitive to the treatment. In addition, it is possible that
the impaired vascularization in melanomas of fibroblast MMP14-deficient mice further
reduces the supply of the drug to the tumor. At last, there may be resistance to cisplatin
drug treatment, which has been described for several cancers, such as ovaries, lungs,

stomach, and melanoma [457, 458].
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