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Summary
Summary

The transmembrane matrix metalloproteinase (MMP) 14 is a zinc-dependent endopeptidase
with diverse functions in skin physiology and pathologies. Its pleiotropic functions were
underscored in mice with global deletion which suffered from multiple defects ultimately
leading to death within three weeks after birth. However, in vivo, the function of the protease
in specific cells was only limitedly understood. Although global deletion of MMP 14 displayed
several defects as consequence of altered angiogenesis, whether the defects were due to altered
activity of the protease in endothelial cells or in vascular associated cells remained unclear. To
address the functional relevance of EC-derived MMP14 in vivo in development and pathology,
mice with constitutive MMP14 deletion in endothelial cells (ECs) were generated (MMP14E¢
). These MMP14E“" mice developed and bred normal and showed no obvious phenotype,
including a normal tissue vascularization. In the present work we extended these investigations
and focused on the mechanisms mediated by MMP14 in endothelial cells during pathological
induced angiogenesis. As model we used in vivo grafting of murine melanoma cells, which is
widely used to study melanoma cells growth and metastasis. Analysis of B16F1 melanoma
growth in MMP145¢ mice displayed reduced tumor growth and lung metastasis compared to
controls. Formation and density of the vascular network was normal, but vessels were less
permeable in the MMP 145~ tumors. Among the vessel stabilizing factors, pericytes covering
tumor vessels were increased MMP14E¢ melanoma, but vascular basement membranes
densities and homogeneity appeared comparable to controls. In addition, the EC-specific
junction protein VE-cadherin was upregulated in MMP14-deficient tumor vessels as result of
enhanced transcription. To further contribute to vessel stabilization, we found reduced eNOS
transcription, and as consequence, decreased nitric oxide (NO) production in EC-MMP14-
deficient cells. In vitro siRNA-mediated knockout of MMP14 in HUVECs also decreased
eNOS mRNA expression and in human melanoma specimens, expression of eNOS correlated
with MMP14 intensities. The importance of this study lies in the demonstration that targeting
of MMP14 activity specifically in endothelial cells may be effective in reducing melanoma
metastasis and enhance vessel stabilization. This latter could, as suggested by the literature,
potentially be exploited to improve drug delivery to tumors.

In further investigations we set to understand the functional role of the regulation of MMP3 in
fibroblasts carrying the MMP14 deletion (MMP 1457, MMP 145" mice were shown to develop
a fibrosis-like phenotype due to impaired collagen type I degradation, however cutaneous repair

was normal in these mice. Protein and RNA analysis of the skin and isolated fibroblasts
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Summary

identified upregulated MMP3 expression in MMP 145" mice. To address in vivo the functional
significance for MMP3 in that context, we generated by crossings, mice with the MMP3
deletion in addition to fibroblast-specific loss of MMP14 (MMP3"//MMP145 mice). These
mice displayed a phenotype resembling mice with the single MMP14 deletion in fibroblasts,
with fibrosis of skin and tendons.

In contrast, skin repair, investigated with a model of excisional wounding, displayed a delayed
wound closure and enhanced granulation tissue formation in double deficient mice. Single and
double MMP3”/MMP145 knockout mice developed a myofibroblast phenotype. In single
and double knockout mice, early wound myofibroblast population of the wound tissue was
reduced. But in later wounds, myofibroblasts persisted longer in all knockouts compared to
wild type mice. However, myofibroblasts in scars were most significantly higher in wounds
from double MMP3”/MMP145 knockouts compared to all other mice genotypes. Although
we did not find altered TGFB1 in wound tissue, and isolated skin fibroblasts from all mice
genotypes were functionally able to respond to TGF1 and to mechanical stimuli, we cannot
exclude that in vivo release of ECM-bound TGFB1 in single and double MMP3”/MMP 145"
knockout mice is altered, this needs further investigations. Reduced myofibroblast clearance
from later wounds was accompanied by reduced apoptosis in all knockouts, while in MMP3"
/MMP145 mice wounds we additionally detected enhanced myofibroblast proliferation
possibly contributing to the higher numbers of myofibroblasts detected later on in scar tissue.
These studies provide new cell type-specific regulatory functions of MMP14 and MMP3 in

mediating skin repair through the regulation of myofibroblasts homeostasis in wounds.
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Zusammenfassung
Zusammenfassung

Die transmembrane Matrix Metalloproteinase (MMP) 14 ist eine Zink-abhidngige
Endopeptidase mit diversen Funktionen in Physiologie und Pathologien der Haut. Die
pleiotropischen Aufgaben der Protease wurden besonders in Miusen mit globaler Deletion
deutlich, die aufgrund verschiedener Defekte innerhalb von drei Wochen nach der Geburt
starben. Dennoch war das Wissen iiber die zellspezifischen MMP14 Funktionen weiterhin
limitiert. Zwar wurden in den Mausen mit globaler MMP14 Deletion Defekte beziigliche
angiogener Prozesse deutlich, doch blieb offen, ob dies auf das Fehlen in Endothelzellen (EC)
oder BlutgefaB3-assoziierter Zellen zuriick zu fiithren ist. Um die funktionale Relevanz von EC-
spezifischem MMP14 in vivo in Entwicklung und Pathologien zu untersuchen, wurden Méuse
mit konditioneller Deletion von MMP14 in Endothelzellen generiert (MMP14E¢"). Die Tiere
entwickeln sich normal, haben eine normale Lebensdauer und Zuchtverhalten. Dariiber hinaus
wurde kein deutlicher Phinotyp beobachtet, auch Vaskularisierung der Haut war vergleichbar.
In der vorliegenden Arbeit wurden diese Untersuchen erweitert, wobei der Fokus auf der
Identifikation von Mechanismen in pathologisch-induzierter Angiogenese unter der Kontrolle
von MMP14 in Endothelzellen lag. Dafiir wurde ein in vivo Melanom-Modell genutzt, bei dem
B16F1 Melanom-Zellen in Méuse injiziert wurde, um Melanomwachstum und Metastasierung
zu untersuchen. Dabei wurde im Vergleich zu Kontrolltieren ein reduziertes
Melanomwachstum in MMP14E¢~ Miusen beobachtet. Auch Metastasierung zur Lunge war
reduziert, wihrend die Lymphknoten-Metastasierung unverdndert blieb. Trotz MMP14-
Deletion in Endothelzellen waren auch Formation und Dichte des Blutnetzwerkes in den
Tumoren normal, doch diese zeigten eine reduzierte Permeabilitit in MMP14E¢"~ Miusen.
Verschiedene Faktoren regulieren GefdB3-Permeabilitdt, darunter auch Ummantelung mit

4EC- Mausen erhoht war, wihrend die Gefd3-umfassende

Pericyten, die in Tumoren aus MMP1
Basalmembran unverédndert blieb. Dariiber hinaus wurde auch eine erhohte Expression des
Endothelzell-spezifischen Junction Proteins VE-cadherin detektiert. Dies war eine Konsequenz
hochregulierter Expression. Stabilisierung der Tumor Blutgefd3e wurde zusitzlich durch eine
verringerte Expression von eNOS erreicht, was zu einer reduzierten Produktion von Stickoxid
filhrte, die ebenfalls in Endothelzellen aus MMP14E¢- beobachtet wurde. Knockout von
MMP14 durch siRNA in vitro in HUVECs fiihrte zu einer reduzierten mRNA Expression von
eNOS. Dariiber hinaus wurde in humanen Melanomen eine Korrelation von eNOS und MMP14

in Blutgefden observiert. Daher liefert diese Studie wichtige Information {iber die Rolle von

Endothelzell-spezifischem MMP14 und dem Potential, dieses als Target in Krebstherapien zu

14



Zusammenfassung

nutzen, um moglicherweise Metastasierung von Melanomen zu reduzieren, resultierend aus
einer erhohten Stabilisierung der Tumor Blutgefile. Basierend auf den Ergebnissen
vorangegangener Studien konnte dies zudem einen positiven Effekt auf den Transport von
Medikamenten zu den Tumorzellen haben.

Weitere Untersuchungen wurden durchgefiihrt, um ein besseres Verstindnis der Funktion des
hochregulierten MMP3 in MMP14-defizienten Fibroblasten zu erhalten. Miuse mit
Fibroblasten-spezifischer Deletion (MMP1457) entwickelten einen Fibrose-ihnlichen
Phénotyp, der aus einer gestorten Degradierung von Kollagen Typ I resultierte. Allerdings
zeigten diese Tiere eine normale Wundheilung. Protein und RNA Analyse der Haut und
isolierter Fibroblasten zeigten eine erhohte MMP3 Expression in MMP 145~ Miusen. Um die
in vivo Bedeutung von MMP3 in diesem Zusammenhang zu ergriinden, wurden Tiere mit
Deletion von MMP3 zusitzlich zum Fibroblasten-spezifischen MMP14 Knockout generiert
(MMP3"/MMP1457"). Diese spiegelten den zuvor in MMP145 Miusen observierten
Phénotyp wieder und entwickelten Fibrose in Haut und Sehnen.

Allerdings wurde in doppelt defizienten Méusen eine verzogerte Wundheilung von
Exzisionsbiopsien beobachtet, was von einem vergroferten Granulationsgewebe begleitet
wurde. Méuse mit Einzel- und Doppelknockout von MMP3 und MMP14 zeigten zudem einen
Myofibroblasten-bezogenen Phianotyp. Dabei wurde, im Vergleich zu gefloxten Kontrollen, in
frithen Wunden dieser Tiere eine geringere Myofibroblasten Population identifiziert, wihrend
diese Zellen in spiteren Wunden bestehen blieben. Dieser Unterschied war dabei im
Narbengewebe in doppelt-defizienten Tieren am signifikantesten. Zwar wurde in Wundgewebe
kein Unterschied fiir TGFB1 Mengen gefunden und die Zellen behielten ihre Fahigkeit auf
TGFB1 und mechanische Reize zu reagieren, dennoch kann nicht ausgeschlossen werden, dass
die Freisetzung von Matrix-gebundenem TGFB1 durch den Verlust von MMP3 und/oder
Fibroblasten-spezifischem MMP14 beeinflusst wird. Dies bendtigt weitere Untersuchungen in
der Zukunft. Erhohte Prisenz von Myofibroblasten in spiten MMP3”/MMP1457- und Einzel-
Knockout Wunden resultiert vermutlich aus reduziertem Zelltod durch Apoptose. Dariiber
hinaus wurde in MMP3”//MMP145"- Wunden eine héhere Proliferation von Myofibroblasten
beobachtet, was zu der erhdhten Présenz in Narben beitragen konnte. Somit demonstrieren die
prasentierte Studie neue Zelltyp-spezifischen Funktionen von MMP3 und MMP14 in der
Regulation von Wundheilung durch die Kontrolle von Myofibroblasten in Wunden.
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1. Introduction

1.1. Skin

The skin is the largest organ of our body with multiple roles. Primarily functioning as a
protective barrier, it is divided into three main layers: epidermis, dermis, and hypodermis. The
epidermis is mainly formed by layers of differentiated keratinocytes, becoming at last
corneocytes in the outmost layer. In addition, melanocytes and Merkel cells reside in the
epidermal layer, whose composition is finalized by Langerhans cells [1-3], yd T cells [4] and
resident macrophages [5]. Hemidesmosomes connect the epidermal keratinocytes to the
underlying basement membrane (BM), a 50-100 nm thick layer of extracellular matrix (ECM)
containing laminins, nidogens, collagen type IV and heparin sulfates, among other proteins, and
separates epidermis from dermis [6-14]. The BM functions as barrier between the epidermis
and dermis while simultaneously connecting these two layers. Underneath the BM lies the
dermis composed of a loose network of ECM in the papillary layer right below the BM and a
denser structure in the deeper reticular layer. The ECM mediates mechanical strength and
flexibility aside from providing structure and stability [15] while it undergoes constant
remodeling [16]. Fibroblasts deriving from fibroblast progenitors reside in the upper papillary
and the bottom reticular dermal layer and are the primary producer of dermal ECM proteins
[15]. In the dermis a variety of specialized structures are embedded including sebaceous and
sweat glands, hair follicles, muscles, sensory neurons, macrophages, adipocytes, stem cells,
mast cells, blood and lymphatic vessels [17].

The main component of the dermal ECM are collagens. This family of matrix proteins contains
29 members, divided into five subfamilies [18]: fibrillar collagens (e.g. types I and III), fibril-
associated collagens with interrupted triple helices, short FACITs (e.g. types XII and XIV),
network forming collagens (types IV, VIII, X), anchoring fibrils (type VII) and transmembrane
collagens (types XVII, XXV) [19]. Generally, collagens have a characteristic triple-helical
organization that defines their physical and mechanical properties. They build a-chains of
repeating Gly-X-Y sequences with X and Y representing proline and hydroxyproline [20, 21].
In addition, two non-helical structures form the end of a collagen protein [18]. If three a-chains
of the same type form a collagen bundle the homotrimer is left-handed, which is the case for
collagens type Il and III. Heterotrimers like collagen type I, V, IX on the other hand are right-
handed [22]. All collagen bundles are kept together by hydrogen bonds that form between the
single chains and cross-links [23-25] like histidinohydroxylysinonorleucine (HHL) which is

suggested to be the main form of skin cross-link between collagens [26]. These different
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collagen structures also enable regulation of multiple cellular processes, including proliferation,
apoptosis, differentiation, adhesion, migration and invasion [27, 28].

The predominant collagen in adult skin is collagen type I, making up to 80% [29]. However,
collagen type I only makes up about 20% in the skin during embryonic development, while
collagen type III is the main collagen in embryos with 70%. Latter is then drastically reduced
to 10-15% in adulthood [29, 30]. This inversion of collagen type I/type III amount from
development to adulthood is a perfect example for the dynamic remodeling of dermal ECM that
can occur to meet new requirements like during repair of injuries or to form the tumor
microenvironment (TME). Skin collagens have a long half-life with that of collagen type I in
human skin being estimated to 15 years [31]. In mice and rat collagen type I has a 74-80 day
half-life [32, 33].

These ECM proteins build the core matrisome, which incorporates multiple cytokines and
growth factors bound to the ECM [30, 34]. This storage enables proteins like FGF2, HGF or
TGFB1 [35] to be readily available when needed [36].

1.2. Cutaneous wound healing

Wound healing is a multi-phased process necessary to restore tissue homeostasis after injury,
consisting of 4 main stages: hemostasis, inflammation, proliferation and remodeling [37, 38].
In the first stage, platelets enter the damaged site from the injured vessels [39], and release
fibrin, fibronectin, collagen, and thrombin to form the fibrin clot to close the open wound [39,
40]. Besides, the clot also serves as a source for cytokines and growth factors [39, 41] and a
scaffold for invading cells [42]. The released cytokines including TGFf and PDGF induce
neutrophil and macrophage infiltration [43], whose first task is the removal of pathogens and
debris [41, 44] apart from further releasing additional cytokines and growth factors [45]. MMPs
expressed by neutrophils and macrophages support clearance of the wound site by degrading
damaged ECM [46]. Cytokine secretion leads to the attraction of ECs, keratinocytes and
fibroblasts in order to initiate the second phase, formation of the granulation tissue [41].

Keratinocytes from the epithelial borders migrate across the wound bed. They use the
underlying fibrin network as scaffold in a mechanism involving multiple proteases [43].
Cleavage of collagen type I by MMP1 or syndecan-1 by MMP7 break the migration restraining
activity of ozf; integrin in keratinocytes [40, 47-49], which accumulates at the wound edges,
bound to collagen type I [48, 50]. Both proteases were described as essential for keratinocyte

migration in restoration of the epithelial integrity [40]. Moreover, BM proteins are processed
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during re-epithelialization, by the activity of MMP2, MMP9, and MMP14 from keratinocytes
[40]. Growth factors secreted by neighboring fibroblasts like KGF and IL-6 support
keratinocyte migration and proliferation [51]. VEGF secreted by keratinocytes at the wound
edge promotes EC proliferation and angiogenesis. This is further boosted by the macrophage-

mediated release of VEGF, FGF, and TNFa to attract ECs [41].
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Figure 1: The 4 phases of wound healing: a) Hemostasis, b) Inflammation, ¢) Proliferation and d)
Remodeling. For each phase key regulatory cells and factors involved are displayed. From [37]

The last cell type of the granulation tissue is fibroblasts that mainly enter from the surrounding
tissue [52, 53]. In the second stage of tissue repair, the proliferation phase, fibroblasts are
activated and transform into myofibroblasts, the major cellular component of the granulation
tissue [54, 55]. This conversion is characterized by the formation of stress fiber actin filaments
[56] and expression of aSMA [57, 58] that is incorporated into the actin cytoskeleton [59]. It
enhances fibronexus or 'super mature' adhesion of the filaments to the ECM [52, 60, 61]. These
specialized structures then orchestrate contractile activities leading to wound closure and ECM

secretion [41, 62]. The primary inducer of fibroblast differentiation is TGFB1 [63]. This growth
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factor is secreted as inactive protein in complex with the latency-associated peptide (LAP) [64,
65]. LAP binding to the latent TGFf binding protein 1 (LTBP1) [66] enhances secretion of the
growth factor [67] and enables its binding to the ECM [68-70]. In the ECM TGFf1 remains in
this latent complex, ready to be released when necessary. In wound myofibroblasts, signaling
of activated TGFp1 is associated with two main functions: mediation of wound contraction [71]
and induction of enhanced ECM protein synthesis, especially collagen type I [71, 72].

In the last stage, the remodeling phase, the ECM is degraded by matrix metalloproteinases
(MMPs) and the previously cell-dense granulation tissue is cleared [55]. During earlier stages
of tissue repair cells mainly secrete ECM molecules typically found during development, like
EDA fibronectin and collagen type I1I [43]. Degradation of these and secretion of collagen type
I leads to a more homeostatic ECM consisting of mainly collagen type I and 10-20% collagen
type III [41]. At the end of repair, myofibroblasts and ECs are mainly cleared via apoptosis
[73], but can also become senescent or function as scar-resolving fibroblasts upon deactivation
[55]. However, hair follicles are usually not restored [43], and the dermis often contains a richer
ECM than its uninjured counterparts, the scar tissue. This likely results from fibrosis and scar

formation caused by the cytokines and growth factors active during tissue repair [74, 75].

1.3. Melanoma

1.3.1. Melanoma origin, development and metastasis

Melanoma is the deadliest type of skin cancer, and in 2021 5.6% of new US cancer cases and
1.2% of cancer death were accounted to melanoma (NIH Site Search 2021:
https://seer.cancer.gov/statfacts/html/melan.html.) [76, 77]. Melanoma rise primarily from the
transformation of melanocytes [78, 79]. Melanocytes, the melanin-producing cells, originate
embryonal from neural crest cells [79] that migrate into the skin. These express specific
adherence proteins, namely E-cadherin, P-cadherin and desmoglein, which mediate cell-cell
communication with keratinocytes [78, 80]. This communication enables keratinocytes to
control division, migration and BM-reattachment of melanocytes. In human skin melanocytes
distribute in a ration 1:10 to keratinocytes [80, 81] and maintain skin pigmentation as a
protection against ultraviolet radiation [82]. For this, melanin expressed by melanocytes is
translocated to keratinocytes, which internalize the protein [81]. One melanocyte delivers
melanin to 36 to 40 keratinocytes, an entity known as epidermal melanin unit [83, 84].
However, enhanced melanocyte proliferation leads to increased melanin production and to the

formation of naevi [80].
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Figure 2: Formation of melanoma from melanocytes. a) Normal skin epidermis contains
keratinocytes and melanocytes. b) Melanocyte number increases and (benign) naevi are formed. ¢)
Radial-growth-phase (RGP) of melanoma from benign naevi as first malignant stage. d) Acquiring
malignant potential melanoma enter the vertical-growth-phase (VGP). Tumors become metastatic and
gain high invasive potential. [85]

Multiple mechanisms can drive the development of melanoma either from nevi or also from a
single melanocyte. Genetic predisposition and phenotypical features like light skin, hair and
blue eyes can increase the risk of developing melanoma [86]. Mechanistically, genetic mutation
accumulation is the leading cause of irregular melanocyte proliferation and transformation [87].

FV600E

Some of the best known mutations are in the BRAF gene, e.g. BRA , where glutamic acid

is substituted by valine [88] leading to constitutive ERK phosphorylation, thus enhanced cell
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proliferation among others [89]. Another affected gene, especially in older people, is NRAS
[90] impairing GTPase activity [91], hence continuous NRAS activity. Common mutations
include NRASQR NRAS!IL NRASK or NRASCY!?P [92]. In addition to these changes,
tumor suppressor genes pl6INK4 and pl14ARF are often altered, mediated by mutations in the
CDKN2a gene [93]. Examples of the multiple CDKN2a mutations found in melanoma patients
are insertions into the 5° end coding sequence of 24 bp, missense mutations (CDKN2aR?4",
CDKN2aM>*! and CDKN2a%%®") and a deletion of a 2-bp fragment causing a protein truncation
[94]. However, it is noteworthy that both NRAS and BRAF are MAPKs, and mutations occur
in an exclusive manner, thus never in both at the same time [95-97]. Besides MAPK-related
mutations, cell cycle-related abnormalities make up to 13% of melanoma mutations [98]. Also,
the PI3K pathway is commonly altered [97]. For example PIP3-mdiated AKT inhibition occurs
in 50% of melanoma cells through downregulation of the tumor suppressor PTEN, which is
completely abolished in about 5-15% of melanoma [99, 100]. Altogether, genetic alterations,
altered growth factors and loss of microenvironmental control lead to melanoma development.
For instance, melanocytes expressing E-cadherin are still in contact and under control from
adjacent keratinocytes. Transformation of melanocytes into melanoma cells leads to loss of E-
cadherin expression, thus of keratinocytes control, and to exponential growth within the
epidermis, a process known as radial growth phase [80, 85]. In the following phase, the vertical
growth phase, melanoma cells start expressing proteolytic enzymes, including
metalloproteinases, which degrade the BM and allow their invasion into the dermis [80, 85].
While the E-cadherin expression is lost in melanoma cells, movinh into the dermis, these cells
start to express N-cadherin, which enables melanoma cells to communicate to ECs and dermal
fibroblasts [101]. This mechanism is known as 'cadherin switch'.

Further, melanoma invasion in the dermis, and beyond is enhanced by the expression of ECM
degrading proteases like MMPs [102, 103]. These increase melanoma cell migration, and

generate the paths leading to metastasis by single cells entering the blood vascular network

[104].

1.3.2. Tumor angiogenesis

The formation of an intratumoral vascular network is a crucial element of tumor progression,
as the lack of such restricts tumor growth [105, 106]. This blood system ensures the survival of
the tumor cells as it delivers nutrients and oxygen [107, 108]. Indeed, it was shown that tumor

cells distant to blood vessels proliferate less and are prone to cell death through apoptosis or
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necrosis [109-111]. The first indicator that tumors can induce angiogenic processes to gain
access to the blood vasculature came from studies in corneas. Tumors implanted in corneas in
proximity to vessels could grow, while the ones that were not connected to the vasculature did
not [112]. When close to the vasculature, tumors attracted capillaries, thus entering a growth
state once they had access to the blood system [112]. Analysis in multiple mouse models
cemented the correlation of the formation of a vascular network and its influence on the
progression of tumor growth. For example, transgenic mice expressing the oncogene SV40 T
antigen under the control of the insulin promotor in B-cells developed tumors scattered in
nodules across the pancreas [113]. These started as dysplastic cell clusters that partly became
hyperproliferative [114], and those forming a vascular network (1-2 % ) developed into solid
tumors, demonstrating the importance of tumor angiogenesis for cancer progression [115].
Comparable to development, tumor-induced angiogenesis is the formation of new vessels from
existing ones initiated by the secretion of pro-angiogenic factors by tumor cells [108]. The first
factor identified was VEGF-A, initially described as tumor angiogenesis factor (TAF) [116-
118]. VEGF-A is expressed in multiple tumor types including adenocarcinoma [119], bile duct
carcinomas [120] and melanoma [121]. Other pro-angiogenic factors that can initiate tumor
angiogenesis are VEGF-B [122] or VEGF-C, although this is more involved in lymph
angiogenesis [123-125], aFGF and bFGF [126, 127]. VEGF-A and bFGF are considered the
most potent inducers, demonstrated by lethality of VEGF-A knockout mice due to impaired
angiogenesis [128, 129]. Moreover, in vitro studies showed that combined treatment with
VEGF-A and bFGF lead to EC invasion of three-dimensional collagen gels and tube formation,
but also stimulation with only one of these was sufficient in bovine-derived cells [130, 131].
Important to note is that VEGF-A is specifically acting towards ECs [132].

Upregulated secretion of these pro-angiogenic factors leads to an increased ratio over anti-
angiogenic signals coming from factors like IFN-a [133, 134], CXCL4 [135] and angiostatin
[136]. This excess of pro-angiogenic factors 1s commonly known as angiogenic switch. This
switch then initiates vessel formation in a 3 step process. First, tip cell selection occurs, which
is determined by relative VEGFR1 and VEGFR2 levels, with higher VEGFR2 levels being
favored for selection as tip cells [137]. These receptors mediate VEGF-A signaling and deletion
caused vascular overgrowth and prenatal death in mice [138, 139]. Although VEGF-A binds to
VEGFRI1 with higher affinity than to VEGFR2 [140], the latter plays a crucial role in tip cell
selection [137] and hypoxia-induced angiogenesis via dimeric VEGF-A [141]. Hypoxia is

recognized by tumor-associated macrophages (TAMs), which possibly induce the angiogenic
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switch through VEGF-A release from the matrix via MMP9-mediated ECM degradation [142,
143].

After selection of the migratory leading cell surrounding cells are blocked from taking this role
by lateral inhibition mediated by a downstream actor of VEGF signaling: DIl4 (Delta-like
ligand 4)/Notch signaling [ 144-147]. Among the regulators of this signaling pathway is MMP 14
(more in section 1.5.1) [148]. This negative regulation mechanism ensures a balanced
distribution of tip and stack cells and restricts the number of newly formed sprouts [147].
During sprout extension the tip cell develops multiple filopodia to support cell motility and
invasion [137], and follows a chemotactic path, dependent on a VEGF-A gradient, trailed by
the stalk cells whose proliferation is regulated by VEGF-A concentration [149, 150]. The highly
proliferative stalk cells extend less filopodia, regulated by the ankyrin repeat protein that is
controlled by Notch signaling [151]. In the last step formation of a new vessel is completed by
connecting the luminal space of parent and sprouting vessel [108, 152]. However, multiple

mechanisms are proposed and there is still an ongoing discussion [152].

1.3.1.1. Vessel structure in physiology and tumors

Blood vessels are a multi-level structure, that in healthy tissues is "tight and only very little
permeable [153], conversely in tumors they are highly permeable to provide tumor access to
nutrients and oxygen [107].

The core structure of a vessel is built by ECs that form the vascular tube/capillary wall sitting
on a basement membrane covered by a sheet of pericytes and smooth vascular cells [108, 154,
155]. Pericytes are recruited by multiple mechanisms. For example, pericyte-expressed
angiopoietin [156] signals through the receptor-like tyrosine kinase Tie2 [157] expressed on
ECs [158-160]. Deletion or mutation of Tie2 [161, 162] or angiopoietin-1 (Ang-1) [158, 163]
caused impaired pericyte recruitment to the vascular wall demonstrated through impaired
vascular integrity which lead to oedema, hemorrhage or even embryonal lethality. On the other
hand, Ang-1 overexpression enhanced vascularization in mice [164], paralleled by increased
vessel stability and reduced permeability [165, 166]. Mechanistically, interaction of Ang-1 with
Tie2 leads to the kinase's phosphorylation [157], downstream activation of PI3-kinase [167]
[168], and Akt and Survivin signaling [169, 170]. Akt phosphorylates the transcription factor
FOXO1 [171] driving expression of vessel destabilizing genes [172]. These functions identified
Ang-1 as Tie2 agonistic ligand, while Ang-2 functions as antagonist [173]. In addition, PDGF-
B/PDGFRp signaling also mediates pericytes coverage of blood vessels [174-176] which was
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impaired in PDGF-B or PGDFRp knockout mice [177, 178]. EC-expressed PDGF-B [179]
binds to PDGFRp localized in the pericyte membrane [180], which activates multiple signaling
pathways whose additive effect is the deciding factor on the power of the response, thus pericyte
recruitment [181, 182]. Once recruited, pericytes support production and assembly of the BM
surrounding vessels [183]. In vitro experiments showed that only in pericyte-EC co-cultures
but not mono-cultures secreted and assembled fibronectin, nidogen-1, perlecan and laminin

isoforms together with collagen type IV to a matrix structure [183].
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Figure 3: Blood vessels in physiology and tumors consisting of endothelial cells (EC), basement
membrane (BM), pericytes and regulatory proteins.

Conversely, tumor vessels are torturous, irregularly shaped and leaky displaying poor pericyte
coverage and abnormal basement membrane [184, 185]. Among the factors responsible for such
abnormal structure is the excessive signaling of pro-angiogenic factors [186, 187]. Studies
showed that extended VEGF signaling correlates with enhanced vessel permeability [166].
Altered pericyte coverage, reduced numbers and loose attachment to the vascular wall [188,
189] promotes leakiness [188, 190] and EC proliferation during angiogenesis [191]. For

example, VEGF signaling in tumors mediates reduction of pericyte recruitment by enhancing
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Ang-2 expression in ECs, which then inhibits Tie2 phosphorylation, thus interfering with the
recruitment signaling [192-194]. Analysis of pericytes relies on the use of multiple markers as
some are either not exclusively expressed by pericytes, e.g. PDGFRp also identifies smooth
muscle cells [174] or only expressed in specific organs, like desmin which is not expressed in
heart [195, 196]. Suitable for tumor-associated pericytes are NG2 and PDGFR, which are
known to be expressed in multiple cancer types including melanoma [197-200]. Between
pericytes and endothelial cells is a basement membrane layer which in tumor vessels may be
irregular with heterogeneous distribution, multiple holes of under 2.5 pum diameter and varieties
in thickness [186]. This is primarily consisting of collagen type IV as observed in RIP-Tag2
pancreatic islet tumors, MCa-IC mammary carcinomas and Lewis lung carcinomas [186]. In
addition, also laminin, nidogen and fibronectin were identified in this layer [201]. The
attachment of ECs or pericytes to the BM was described as rather loose [186].

Early studies showed that density of intercellular junctions influence vessel permeability [202].
Those junctions are formed in ECs [203-205] by VE-cadherins (vascular endothelial cadherin)
that was shown to be essential for vessel assembly and angiogenesis [206-208]. VE-cadherin is
a transmembrane glycoprotein that is Ca®"-dependent [209, 210], consisting of a cytoplasmic
tail, a transmembrane domain and five extracellular domains [211, 212]. Binding of the
extracellular domains of two VE-cadherin proteins connects two adjacent cells [211]. The
intracellular domain is linked to a- and B-catenins [213-215] which form the connection to the
actin cytoskeleton [216, 217]. In the case of B-catenin, the connection to the cytoskeleton is
provided by ZO-1 [218-220]. Cleavage of this cytoplasmic tail leads to dissociation of the VE-
cadherin/catenin complex [221], which in turn destabilizes the cell-cell junction, eventually
leading to increased permeability of the vascular tube [222]. Further, VE-cadherin deletion in
embryonic stem cells leads to inhibition of vascular structures formation in embryoid bodies
[206]. Moreover, VE-cadherin knockout in mice impaired vessel maturation during embryonic
development, leading to lethality around E9.5 [207]. This process was accompanied by EC
apoptosis, suggested to be due to the lack of VEGF-A mediated survival signaling via Akt and
Bcl2 [207].

In tumor vessels, formation of the EC-EC junctions is impaired and characterized by poor
connectivity between ECs with average gaps between single cells of 1.7 um and transcellular
holes of 0.6 um in average [223]. This reduces the 'gatekeeper' function of ECs and enhances
plasma, leukocyte, erythrocyte and tumor cell passaging across the vessel wall [186, 224]. One
mechanism leading to reduction of VE-cadherin junctions in vessels is mediated by VEGF

[225]. In melanoma, binding to VEGFR-2 activates the Scr-kinase activity that phosphorylates
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VE-cadherin [224], and leads to disassembly of the VE-cadherin/B-catenin adherence complex
[226-228]. That ultimately causes enhanced vessel permeability and subsequent growth,
aggressiveness and metastasis [228-230]. Moreover, Scr-dependent phosphorylation of Vav2
leads to signaling of the small GTPase Rac and p21-activated kinase (PAK) activation. PAK
then phosphorylates the cytoplasmic tail of VE-cadherin resulting in VE-cadherin
internalization into clathrin-coated vesicle, and disassembly of the junction [225]. In melanoma,
EC-EC junctions were also shown to be disrupted via signaling of the phospholipase C (PLC)
in Ca**-dependency which seems to be important for maintenance of VE-cadherin complex
assembly [231].

Expression and function of VE-cadherin is regulated by nitric oxide (NO) produced by the
endothelial nitric oxide synthase (eNOS) [232]. NO mediates VE-cadherin detachment through
B-catenin S-nitrosylation induced by VEGF which leads to enhanced EC permeability [233].
Further, in HUVECs endothelial permeability was enhanced by NO upregulation leading to
downregulation of VE-cadherin expression [234], thus demonstrating a correlation of the

expression of VE-cadherin and NO/eNOS.

1.4. MMPs

The metalloproteinase superfamily of metzincins comprises multiple subfamilies, including
astacins, serralysins, pappalysins, adamalysins and MMPs [235]. The catalytic functions of
matrix metalloproteinases require a zinc-ion in their catalytic center [236]. MMPs are
proteolytic active in several cells and thereby can control ECM homeostasis and cell behavior

such as migration, chemotaxis and proliferation [236, 237].

1.4.1. MMP structure

Besides the common catalytic zinc MMPs also have a similar domain structure whose basic
components are: signal peptide, pro-peptide domain, catalytic domain, hinge region and
hemopexin domain [238]. Depending on the family member the 17-19 amino acid (aa) long, N-
terminal signal peptide regulates early localization. The pro-peptides (77-87 aa) contain a
conserved PRCGXPD sequence, known as cysteine-switch sequence, that binds to the catalytic
Zn**, thus maintaining MMPs in their inactive pro-form [239]. Main element of MMPs is the
170 aa long catalytic domain. This highly homologous domain contains a
HEBGHXLGLXHSBMXP zinc-binding consensus sequence that binds the catalytic Zn** [240]
and contains a methionine that forms the ‘Met-turn’ supporting the structure around the
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catalytic Zn>". [241]. The basic MMP structure is completed by the proline-rich hinge region
which conciliates protein flexibility, and the hemopexin domain controlling protein binding
[238].

MMPs, 23 family members in human [242], are divided according to structural and functional
differences [243]. The matrilysins MMP7 and MMP26 have a minimal structures lacking the
hemopexin domain [244] and their substrates include fibronectin, proteoglycans, gelatin and
collagens [243, 245]. Fibronectin type II modules in the catalytic domain characterize the
gelatinases MMP2 and MMP9 and enable further processing of denatured and cleaved
collagens in the extracellular environment [235, 246], and possibly intracellular [247].
Interstitial collagens type I, II and III are substrate to collagenases (MMP1, MMPS§ and
MMP13). Collagenases bind to the target proteins via their hemopexin domain, which is
essential for this activity, cleave collagen between Gly775 and Ile776 of the al chain and in
between Gly775 and Leu776 in a2 chains of collagen type I generating the characteristic % (C-
terminal) and % (N-terminal) fragments [241, 248]. In humans MMP1 was the first identified
collagenase [249], but of the mouse homologues MMPla and MMP1b only the first has
collagenolytic activity. However, mice with MMPla deletion did not develop obvious
phenotypes indicating MMP1a collagenolytic activity is of less importance in mice [250]. This
particular processing is also achieved by the transmembrane MMP14 which is an important
collagenase in mice [251-253]. MMP14 belongs to the transmembrane MMPs together with
MMP15, MMP16, MMP17, MMP24 and MMP25. While most have a transmembrane domain,
MMP17 and MMP25 are attached to the plasma membrane (PM) via a GPI anchor [244, 254-
256]. These transmembrane MMPs are further equipped with a cytoplasmic tail, that mediates
intracellular signaling independent of their proteolytic activity as for example observed in breast
cancer cells for MMP14 where the cytoplasmic domain activates ERK1/2 resulting in cell
proliferation and cell migration [257]. Additional MMP subfamilies are stromelysins
comprising of MMP3, MMP10 and MMP11, elastases (MMP12) [243] and the rest is
unspecified [241].

27



Introduction

Matrylins

; -
4

Pro- Catalytic
domain domain

Collagenases and stromelysins

g - m

Hinge Hemopexin
region domain
FN type Il
inserts

Transmembrane MMPs

Furin Transmembrane Cytoplasmic
cleav. site domain tail

Figure 4: Metalloproteinase structure. Domain structure of the different MMP subfamilies (matrylins,
collagenases, stromelysins, gelatinases and transmembrane MMPs).

1.4.2. Regulation of MMP activity

Expression and activity of MMPs underlie strong regulation by transcriptional and several post-
transcriptional mechanisms including pro-enzyme activation, enzyme inhibition and
compartmentalization [258, 259].

First layer of MMP control is regulation of transcription. While during homeostasis expression
1s maintained in basal levels, upon stimuli like cytokines or growth factors, MMP expression is
upregulated. Thereby a common feature are cis elements in MMP promotor regions, which are
suggested to be localized downstream of common signaling pathways [260]. Common MMP
transcription inducing factors are NF-kB, MAPK, members of the Smad family and the AP-1
response element [260]. Some of these are shared transcriptional elements that can cause co-
expression of multiple MMPs at once, while some are distinct to a smaller group of MMPs. For
example, E-cadherin specifically enhances MMP 14 expression in lung cancer cells [261], while
MMP9 and MMP13 gene expression can be induced by the chondrocyte and osteoblast-specific
transcription factor Runx-2 [262, 263].

Being expressed as inactive pro-enzymes MMPs become activated during the transport to the
plasma membrane or once they are secreted out of the cell. Thereby the pro-domain secures

inactivity by a free cysteine protein, whose thiol group binds the catalytic Zn?", preventing
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binding of potential substrates [235, 239]. During MMP activation this interaction is interrupted
through the so-called 'cysteine-switch' and can be induced for example, by ROS (reactive
oxygen species) and alkylating agents like heavy metal ions or disulfides that can reduce the
thiol group thus leading to auto proteolytic removal of the pro domain [238, 259]. Alternatively,
other proteases like the type I membrane subtilisin-like serine protease furin [264] disrupt the
thiol-zinc interaction by cleavage of the RXKR or RRKR sequence between the catalytic and
pro-domain [239, 259]. This mechanism applies to approximately 1/3 of all MMPs that are
substrate to furin-mediated activation during Golgi transport prior incorporation into the plasma
membrane or secretion [256, 264, 265]. MMPs can mutually activate members of the family.
Examples are MMP14 activating MMP2 [266, 267] and MMP13 [268, 269] or MMP3
activating MMP1, MMP7 and MMP13 [270, 271].

Function of MMPs is strongly influenced by their site of action, activation and mode of
trafficking, thus compartmentalization is another way to control protease activity. While several
MMPs reach their final localization in their active form, others are secreted inactive. In the case
of MMP14, after furin-mediated activation during Golgi transport it can be localized to the PM
in two main mechanisms. During clathrin-dependent trafficking MMP 14 interacts with the AP2
protein upon palmitoylation of the C574 in the proteases intracellular domain [272-274]. On
the other hand, internalization of MMP14 with Caveolin-1 is independent from clathrin [274].
Final localization of MMPs then controls substrate preferences. For example, MMPs secretion
to the extracellular space primarily leads to binding to integrins and ECM processing. But when
remaining intracellular or being transported to the nucleus MMPs are involved in the regulation
of chromosome stability, cell invasion, apoptosis and gene transcription [275, 276].

Last instance in MMP regulation is their inhibition by endogenous inhibitors, the tissue
inhibitors of matrix metalloproteinases (TIMPs) [277]. While also involved in the activation
process of some MMPs, as seen for MMP2, their main function in inhibition of MMP activity
by blocking the catalytic center of MMPs. There are different types of TIMPs, 4 of them being
(multi-functional) active towards MMPs (TIMP 1-4) [278-283]. Although TIMPs are the most
known, also other molecules exert inhibitory activity towards MMPs, such as RECK which
inhibits MMP2, MMP9 and MMP14 [284, 285], a2-macroglobulin with inhibitory activity
towards most MMPs [286] or the tissue factor pathway inhibitor II against MMP1 and MMP2
[287].
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1.4.3. MMP dysregulation and function in pathologies

Tissue remodeling occurring in homeostatic conditions ensures continuous renewal and
requires a strict control of MMP activity thus dysregulation of the proteases is strongly
associated with multiple pathologies [276]. Common processes under MMP control during
pathologies include cancer development, angiogenesis, arthritis, repair and immune responses
which have been nicely demonstrated in knockout models [46, 252, 288-292]. In these, MMP
activity towards regulatory proteins like growth factors and receptors is the main source for the
observed effects, in addition to altered ECM processing. For example, in tissue repair,
activation and release of growth factors is also regulated by MMPs and multiple proteases like
MMP2, MMP3, MMP9, MMP12 or MMP14 are upregulated and active in all phases of wound
healing [46]. However, dysregulation is strongly associated with chronic wounds and scarring
due to persistent inflammation, altered re-epithelialization or remodeling [293].

Altered MMP levels, like downregulation of MMP1, and enhanced matrix deposition are
characteristics of fibrotic disease like Systemic Scleroderma (SSc) [294]. Also MMP13 appears
to be downregulated in SSc patient sera, which might further contribute to collagen
accumulation during fibrosis [295, 296]. Lastly, MMP3 was also decreased in SSc fibroblasts
which lead to enhanced ECM deposition [297]. On the other hand, pro-fibrotic function of
MMP2 and MMP9 was suggested upon upregulated levels were detected in blood sera from
SSc patients [298]. MMP2 and MMP13 are essential for the formation of aortic aneurysms
[299] where their upregulation possibly mediates enhanced matrix degradation [300, 301].
Moreover, MMP2 depletion in knockout mice or via treatment with the MMP2-specific
inhibitor TISAM was shown to be protective against cardiac rupture upon myocardial
infarction, by reducing ECM degradation and subsequent macrophage infiltration [302].
Myocardial infarction can be promoted by destabilization of atherosclerotic plaques. This can
be mediated by MMPs-mediated collagen type I and collagen type Il degradation [303].
However, MMP3 and MMP9 were identified to have plaque-protective functions while
MMP12 promotes their destabilization [304].

Last, MMPs are active in multiple cancer types with functions ranging from ECM processing
to bioactive fragment release and growth factor activation [276, 305, 306]. Multiple MMPs are
associated with poor prognosis in cancer, as it has been described for MMP9 in skin, breast,
lung, colon, gastric, pancreatic and prostate cancer [307-311]. Moreover, MMP9 and MMP 14

are connected to increased cancer cell invasion [312, 313]. Also in breast cancer metastasis
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correlated with upregulation of MMPs like MMP1, MMP2, MMP7, MMP9, MMPI11 and
MMP13 [314].

1.5. MMP14

MMP14, also known as MTI1-MMP was discovered as the first transmembrane matrix
metalloproteinase [315]. It is functional in several processes involving its proteolytic activity
including tissue development and remodeling, inflammation and cancer progression [316].
Structurally, MMP14 has a transmembrane domain and a cytoplasmic tail and is furin-activated
during Golgi transport. MMP14 is activated in a two-step process, after the first cut in the
RRKR recognition site (see 1.4.2), a second cleavage occurs at the pro-domain's PGDL or
PQSL sequence within a “bait' region linking the first two helices of a three-helix bundle
structure [317]. The second cleavage is furin-independent and mediated by other MMPs
(MMP2, MMP9, MMP 14, MMP15, MMP24, MMP25 or MMP26) [318]. In vitro full removal
of the pro-domain has also been demonstrated to occur via trypsin [319]. Via the Golgi MMP 14
is transported in vesicles and integrated into the PM [320, 321]. In addition, MMP14 can
undergo autocatalysis which results in a 44 kDa fragment that is also localized at the cell
membrane [322]. Apart from Golgi-mediated transport to the plasma membrane, MMP14 can
also be trafficked in microvesicular exosomes, leading to exosomal secretion and activity at
sites distant from the protease-expressing cell [323].

When MMP14 was identified, it was first suggested to be a cellular receptor needed for the
activation of proMMP2 [266]. Later studies unraveled the complexity of this process, which
requires homodimerization of MMP14 at the cell membrane [266, 324-326]. This dimeric
MMP14 forms a complex with proMMP2 and TIMP2 in a 1:1:1 ratio where the C-terminal
TIMP2 domain binds to the C-terminal hemopexin domain of proMMP2 [266, 324]. The
inhibitory N-terminal part of TIMP2 binds to the catalytic domain of one MMP14 protein,
whereas the other on remains active and is oriented in a way that allows removal of the MMP2
pro-domain [242, 279]. Considering TIMP2 is an MMP inhibitor, balance of its concentration
is an essential factor determining whether proMMP2 activation can occur or whether TIMP2 is
only inhibitory towards MMP14 [327].

Further studies identified multiple other proteins processed by MMP14, many of them being
part of the ECM. The most prominent is collagen type I, whose processing is also enabled by
the transmembrane and hemopexin domain [328], but also other ECM proteins like fibronectin

[329, 330], vitronectin [330], laminins 1, 2/4 and 5 [330, 331], perlecan [329], nidogens [329]
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and fibrinogen [332, 333]. Also other proenzymes like proMMP13 [269] and ADAM9 are
activated by MMP14 [334]. Moreover, the substrate palette of MMP14 further expands to
cytokines (IL-8, SDF-1, MCP-3) [335-337], receptors (CD44, EphA2) [338, 339] and growth
factors (Cyr61, TGFB1) [340-342].

TGFB1 can be released by MMP14 through cleavage of LTBP1 [342] which binds latent TGF1
to the ECM [68, 69]. However, this MMP14-mediated processing and for instance also that of
CD44 have been only shown in in vitro studies so far, so the importance for in vivo processes
is not clear yet. Still, due to this diverse set of substrates MMP14 is a manifold of cellular
processes, including proliferation, migration, invasion, differentiation [343]. Most of these
functions rely on MMP14's proteolytic activity in the extracellular space, however, intracellular
functions of MMP14 were also identified and are independent of its enzyme activity. For
example, nuclear localization initiates MMP14 activity in transcription regulation as observed
for VEGF-A [344], IL-6, IL-12 and IL-33 [345]. Moreover, in breast cancer cells cytoplasmic
MMP14 localization leads to activation of ERK1/2 by the proteases cytoplasmic tail when in
complex with TIMP-1 eventually initiates cell proliferation and migration [346]. In hypoxic
tumors the MMP14 cytoplasmic domain further induces expression of HIF-1 which promotes

tumor [347].

1.5.1. MMP14 in skin tumors

MMP14 is highly active in multiple cancer types including those of the skin like melanoma,
where its expression often correlates with poor prognosis [348-350]. In melanoma MMP14
expression is highly upregulated starting from the nevus-to-primary melanoma transition [351].
In growing melanoma the protease is then highly expressed in the cells forming the invasive
front [352]. Here collagenolytic activity towards collagen type I and type IV is one of the
driving factors as seen in vitro, where silencing of MMP 14 in melanoma cells impaired invasion
of matrigel [353]. Also processing of other ECM molecules like laminin drives melanoma cell
migration and invasiveness [354, 355]. Cleavage of laminin has further been shown to mediate
formation of tumor vessels via vascular mimicry [356]. In epithelial tumors cleavage of the
laminin-332 y chain by MMP14 mediates tumor cell migration and invasion, possibly through
interaction of the resulting fragment with the epidermal growth factor receptor (EGF-R) [357].
Aside from ECM proteolysis MMP 14 drives melanoma growth by processing of growth factors
[358]. Cleavage of Notchl by MMP14 is sufficient to induce melanoma cell proliferation [148].
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Besides progression of the primary tumor, MMP14 also induces metastasis to distant organs
like lung [359]. For example, cleavage of lymphatic endothelial cell-Notch3 by MMP14
activates B1-integrin and subsequently induces formation of invasive sprouts and, eventually,

metastasis [360].

1.5.2. MMP14 in angiogenesis

Multiple studies over the year further highlighted MMP14 activity in angiogenic processes.
First indications of MMP14 functions in angiogenesis came from full knockout mice, were
angiogenesis was among the observed defects angiogenesis [252, 361] as seen for example in
the defective vascularization of bones [252]. Moreover, a corneal micropocket assay
demonstrated impaired angiogenic sprouting upon FGF2 treatment [361]. Further analysis then
revealed MMP14 involvement in EC migration, capillary tube formation and recruitment of
accessory cells [362].

For example, rat aortic ECs without transmembrane localization of MMP14 failed to invade
fibrin-rich matrix, despite maintained fibrinolytic activity, indicating importance of MMP14
localization in the EC membrane during migratory processes [363]. Moreover, in vitro ECs
treated with LEM-2/63, an anti-MMP14 antibody, failed to migrate into matrigel, thus tube
formation by these cells was defective [364]. They further showed that this is likely a result of
impaired CCL2 activation upon MMP14 inhibition [364]. Lung ECs derived from MMP14
knockout mice also failed to invade 3D matrigel matrices, independent from MMP2 activation,
as MMP2-deficient ECs successfully migrated into the matrix [289]. Similar sprouting defects
were also observed in aortic ring explants placed in collagen gels [365]. Aortic rings from mice
with global MMP14 deletion did not form sprouts, while deletion of MMP2 or MMP9 did not
affect neovessel formation indicating dependency of migrating ECs on the collagenolytic
activity of MMP14 [365]. Use of the aortic ring assay as ex vivo model further indicated
MMP14 function in vessel stabilization [366]. Aortas treated with MMP14 neutralizing
antibodies or TIMP-2, TIMP-3 or TIMP-4 showed inhibited angiogenesis while vessels became
more stable [366]. Analysis of corneal sprouting demonstrated that MMP 14 regulates sprouting
through interaction with VEGFRI1 in order to enable VEGF signaling [367]. Thereon, tumor
angiogenesis was inhibited upon treatment with the MMP14 inhibitory antibody DX-2400
[368].

Use of lacZ controlled by the endogenous MMP14 promotor in reporter mice showed strong

expression of MMP14 in the tip cells of newly developing sprouts indicating an important role
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of EC-derived MMP14 during angiogenesis [369]. Low MMP14 expression in quiescent ECs
and strong upregulation upon the cells activation was observed [370].

Prior sprout formation small sub-cellular structures called podosome rosettes form in VEGF-
activated ECs at branching points that are characterized by a high degradative activity. Here,
the degradative activity in mainly dependent on MMP14, which further underscores the
proteases importance for angiogenic sprouting [371]. Moreover, MMP14 regulates formation
of the vascular tube which was abrogated in ECs seeded in 3D collagen matrices upon
application of MMP14-directed inhibitors due to loss of collagenolytic activity of the cells
[372].

Activity of MMP14 in angiogenesis doesn’t end with formation of the vascular tube and the
protease is functional in the recruitment of vessel-associated cells which is part of the process
of vessel maturation. Association of MMP14 with PDGFRJ in vascular smooth muscle cells
(VSMCs) is required for PDGF-B signaling that mediates VSMC recruitment to vessel [373].
All together, these studies demonstrate MMP 14 involvement in various steps from angiogenesis

to vessel maturation.

1.5.3. MMP14 in wound healing

MMP14 is active during multiple phases of cutaneous wound healing, especially during the
proliferation phase. In early wounds, MMP14 is expressed by macrophages mediating their
infiltration to the injured site by BM degradation [374]. Through activation of MMP2 and
induction of EC migration MMP14 promotes wound angiogenesis [364, 365]. This MMP2
activation function might also be important for re-epithelialization. Here, keratinocyte
proliferation and migration is induced by laminin-322 cleavage, which has been shown to be
mediated by MMP2 [375], but also MMP14 itself [331, 376, 377]. The resulting fragment
induces syndecan-1 and CD44 that subsequently activate MMP9 and MMP14 in podosomes.
This further promoted keratinocyte migration [378]. Function of MMP14 in Keratinocyte
migration dependent on BM processing was also indicated in ex vivo skin explants from
MMP14 knockout mice, which demonstrated normal closure after excisional wounding, but
impaired re-epithelialization on membrane substratum [379]. However, keratinocyte
expression of MMP 14 does not appear to be the driving factor as keratinocyte-specific deletion
of the protease has no effect on the overall tissue repair [380]. Instead, MMP14 loss in
keratinocytes caused altered generation of a collagen type XVIlI-derived endostatin-like

fragment that has anti-angiogenic function, which resulted in impaired vascular clearance [380].
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1.6. Mouse models of MMP14 deficiency

1.6.1. Global deletion of MMP14

Around the same time two different mouse lines with global MMP14 deletion were generated
[252, 361]. The first, a PGK controlled HPRT minigene replaced parts of the MMP14 gene,
namely the section between exon 3's first half (3' end) and the 3' end of exon 5 which removes
amino acids 6-274, thus parts of the pro- and catalytic domain leading to an inactive protein
[252]. The second model utilizes a neomycin cassette under control of a pgk1 promotor partially
replacing exon 4 of the MMP14 gene, again producing an inactive protease [361]. Both studies
identified similar defects resulting from the loss of MMP14 activity which culminated in early
lethality of the mice within three weeks after birth [252, 361]. The described defects were
visible postnatal and spanned from skeletal, to angiogenic and soft tissue defects leading to
early death within the first three weeks of birth [252, 361]. However, abnormalities only became
visible a few days after birth, around P5 [252] or after 10 days [361] with knockout mice
remaining smaller and lighter than heterozygous and wildtype littermates [252]. Moreover,
versatile skeletal defects occurred, including skeletal dysplasia, defective long bone formation,
altered growth of unmineralized epiphyseal cartilage due to impaired ossification and
vascularization, deformed skulls with altered suture closure and defective removal of cranial
cartilage that caused cranial dysmorphism. In addition, in regions connecting bones and soft
tissues such as joints, ligaments, tendons, synovial capsules and articular cartilage MMP14
knockout mice developed arthritis and osteopenia while signs of fibrosis developed in a few
mice exceeding the age of three month [252, 361].

More recent MMP14 knockout models also demonstrated the proteases role in the cardiac
system and metabolism [253, 381]. Gutierrez-Fernandez and colleagues obtained deletion by
removal of exon 4 and 5 of the MMP14 gene, thus exclusion of the proteases catalytic domain
[253]. These mice displayed a thickened muscular wall of the right heart ventricle, ventricular
septum hypertrophy and accumulation of collagen type I in heart tissue. This was accompanied
by increased expression of pl6 and p21 in heart, kidney and adipose tissue, thus senescence
[253]. In addition to altered ECM proteolysis, cell connections via the cytoskeleton to the ECM
were impaired [253]. Moreover, analysis of the mammary gland proteome from MMP14
knockout mice showed reduced glycogen in tissue, lipid levels in blood and IGF-1 in the
circulation and in the blood plasma triglyceride was decreased, while growth hormone

circulation was enhanced [381].
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1.6.2. Cell type-specific MMP 14 deletion models

Global deletion of MMP14 in mice highlighted the proteases pleiotropic functions,
predominantly during embryonal and postnatal development. However, these mouse models
could not address in vivo, first the cell specific protease function and secondly, due to early
lethality, the function of MMP14 in adulthood. Therefore, mice with cell-type specific deletion
of MMP14 were generated. Deletion in keratinocytes was performed using the keratin 14
promotor to delete the lox P enclosed exons 2-4 of the MMP14 gene [380]. During development
and adulthood these MMP14%” mice did not display any phenotype. However, when
investigating skin repair, a subtle phenotype with delayed vascular regression in later wound
was detected and consequence of decreased endostatin release from collagen type XVII [380].
Crossing MMP14 floxed mice with mice carrying the Cre-recombinase expression under LysM
control, led to MMP14 deletion in macrophages [382]. These mice developed and repaired skin
normally, but croton oil-induced contact dermatitis resulted in an altered immune response in
the absence of MMP 14 in macrophage, despite ear swelling being comparable to controls [382].
In these mice, decreased infiltration of monocyte, macrophage and T-cell was detected in the
irritated skin, and the reduced monocytes/macrophages influx in the tissue likely resulted from
altered macrophage cell migration in the absence of MMP14 [382].

However, a beneficial effect of MMP14 loss in macrophages using a LysM-Cre recombinase
deletion model was observed by Alonso-Herranz and colleagues [383]. They found mitigated
fibrosis and a preserved cardiac capillary network in tissue upon a post-myocardiac infarction
that was alleviated in these mice [383]. Mechanistically, they ascribed the protective effect of
macrophage-specific MMP14 loss to reduced EndoMT, thus less ECs transforming into
myofibroblast and fibrosis formation, highlighting the proteases role in this process [383].
Another model was generated to investigate the functional significance of MMP14 in lung
epithelial cells, here a doxycycline-induced Cre-recombinase controlled by the SPC gene and
floxed exon 4 and 5 of the MMP14 gene were used [384, 385]. Treatment of the lung with
bleomycin resulted in an increased fibrotic reaction, demonstrating the anti-fibrotic role of
epithelial cell-derived MMP14 [385].

Similar to the observations made in the full knockouts, tendon-specific deletion of MMP14
driven by the Cre recombinase under the control of the Scx promotor lead to several skeletal
defects [386]. In addition, these mice developed a limb phenotype with paw dorsiflexion,
altered tail and Achilles tendon sizes, and accumulated fibronectin. However, collagen type [

was comparable between knockouts and wild types. Further analysis suggested impaired
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collagen fibril release due to lack of FN processing in fibropositors as cause for the impaired
tendon development [386].

In order to further analyze the skeletal defects observed in full knockouts, mice with conditional
deletion of MMP14 in mesenchymal progenitors were generated using the Dermo (Twist2)-
driven Cre recombinase [387]. In these mice, involvement of MMP14 in the regulation of
skeletal stem cell fate was observed as these cells underwent adipo- and chondrogenesis rather
than osteogenesis. The mechanism for the regulation of stem cell fate involved the MMP14
remodeling of the microenvironment as regulator of integrin receptors and intracellularly of the

YAP/TAZ signaling, describing another signaling pathway that is controlled by MMP14 [387].

1.6.2.1. Endothelial cell-specific MMP14 deletion

Although MMP14 regulatory functions in angiogenic processes have been described, the
importance of EC-derived MMP14 in vivo remains unclear. To help identify these functions,
multiple mouse models with Cre-recombinase expression controlled by different promotors
leading to EC-specific MMP14 deletion were generated.

For example, 4-hydroxy-tamoxifen (4-OHT)-inducible deletion specific in ECs was achieved
by CrefRT2.recombinase driven by the cdh5 promotor [388]. This deletion led to the
identification of EC-derived MMP14 as important player in progression of intussusceptive
angiogenesis (IA) in a colitis model. Further analysis showed that loss of EC-MMP 14 impaired
IA by impairing cleavage of TSP1, which lead to reduced NO production [388]. Another model
used the Cre-recombinase expression under control of the Tiel promotor [389]. This study
focused on the effect of the deletion of EC-derived MMP14 on the lymphatic vasculature and
identified LYVE-1 as new substrate [389].

Lastly, we used our floxed mice and paired them with Tie2-Cre mice where Cre expression
underlies the control of the Tie2 promotor [390, 391]. In these MMP 145~ mice, Tie2-driven
Cre expression of the recombinase starts at E13 leading to knockout of MMP14 in all ECs [391,
392]. MMP145¢ were found to breed and develop normal without effects on the mice' life
span. Only minor defects regarding the bone development were identified with mild cranial
dysmorphia and delayed suture closure but long bone development and ossification as well as

skin development were normal [390].
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Figure 5: Skull phenotype in MMP145¢- mice. Analyzed at P7 and P90, skulls of MMP 145" mice
were slightly deformed (bulkier, deviation of snout) and suture closure was delayed. Red stars indicate
the incomplete suture closure at P7 and the distorted snout at P90. Modified from [390].
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Figure 6: Skin vascularization of MMP 145~ mice was comparable to controls. Modified from [390].

1.6.2.2. Fibroblast-specific MMP14 knockout

A cell type-specific knockout model generated by our group was in dermal fibroblasts. Using
the tamoxifen-inducible CRE®RT recombinase under the control of the collagen-o2 type I
promotor that specifically leads to deletion in stromal fibroblasts we have generated a MMP14-
fibroblasts specific line [251, 393, 394]. Deletion was obtained by tamoxifen feeding for a
period of 4 weeks to enable Cre-localization to the cells' nucleus and obtain an efficient deletion
of MMP14 in dermal fibroblasts, 1 week later the feeding protocol was terminated we detected

a skin and tendon phenotype [251]. These MMP 145" mice displayed a fibrosis-like phenotype
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due to collagen type I accumulation in the skin as result of impaired collagen degradation [251].
Additionally, grafting melanoma cells in the flank of these MMP145% mice resulted in
reduction of tumor growth [395]. The stiff and matrix-dense TME negatively influenced tumor
vascularization and melanoma cell proliferation [395]. Moreover, proteome analysis of matrix
derived from MMP145%" fibroblasts lead to the identification of collagen type XIV as new
MMP14 substrate [396]. It's accumulation in the TME of MMP145 further contributed to
reduce melanoma growth, thus identifying another function of fibroblast-derived MMP14
[396].

1.7. MMP3

Other than MMP14, MMP3, also known as stromelysin 1, is a soluble MMP encoded on
chromosome 11 and secreted into the extracellular space [397, 398]. It was first described as a
"proteoglycanase" due to its activity towards proteoglycans isolated from cartilage [399].
Structurally similar to collagenases, MMP3 consists of pro-, catalytic and hemopexin domain
and a hinge region [242].

The catalytic domain exerts its enzymatic activity in a Ca®*-dependent manner with optimal
efficiency obtained at pH 7.5-7.8 [397]. Among the main substrates of this protease are multiple
ECM proteins, including those of the BM like collagen type IV and laminin, as well as
fibronectin, gelatin and proteoglycans like aggrecan [397, 400, 401]. MMP3 does not cleave
interstitial collagens, but can still bind to them, possibly having an influence on interstitial
collagen processing [402-405]. Moreover, it is a known activator of pro-collagenases (MMP13)
which indirectly implicates it in the regulation of interstitial collagens [268, 406, 407]. Besides
ECM proteins, MMP3 processes cell surface proteins like E-cadherin [408], or is involved in
growth factor activation, e.g. of TGFB1 [409]. MMP3 derived from matrix vesicles secreted
from chondrocytes is able to activate latent recombinant TGFB1 from the matrix via LTBP1
cleavage [409].

Activity of MMP3 is inhibited by TIMP1 [410] and TIMP2 [411]. One of the main regulators
of MMP3 expression is AP-1. In the MMP3 promotor region, binding of AP-1 to the conserved
phorbol ester response element (TRE) [412] is essential to induce and maintain the proteases'
expression [413, 414]. However, further studies showed that AP-1 binding is not necessarily
sufficient and activation of NFkB seems to be essential [415].

While in physiology, expression and activity of MMP3 is limited and its function is not fully

understood, multiple roles of MMP3 in disease were identified. In atherosclerosis MMP3 was
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ascribed a protective function and upregulated expression inhibited growth and stability of
plaques [304]. On the other hand, it was shown to be upregulated in the cartilage in theumatoid
arthritis [416, 417] as well as in osteoarthritis where its activity is associated with cartilage
damage [418].

MMP3 is one of the multiple proteases upregulated during cutaneous tissue repair. Studies
identified multiple function of the protease during wound healing which defer depending on the
phase and localization [46]. One of the most important functions for MMP3 in skin repair is
likely to mediate wound contraction [419, 420]. In addition, MMP3 expression in keratinocytes
likely mediates restoring of the epidermal integrity as its keratinocyte expression was
upregulated during re-epithelialization but declined thereafter [421-423]. Upregulation of
MMP3 may promote chronic wounds as it was upregulated in human ulcers. Upon compression
therapy, MMP3 was one of the downregulated proteases, along with MMP1 and MMP2, but

the regulatory mechanisms were not identified [424].

1.7.1. MMP3 global knockout

In order to analyze MMP3 in vivo functions a mouse model with global deletion was generated
[425]. Using a pS1-RV1.1 replacement vector parts of exon 3 and exon 4 that encode for the
MMP3 Zn?*-binding site were replaced by a neomycin expression cassette with antisense
direction [425]. Despite deletion of MMP3, mice developed normal and no phenotype was
detected when analyzing tissue histology, serum chemistry and hematologic characteristics
indicating the proteases dispensability or compensation in development and homeostasis [425].
In support of the latter, analysis of mRNA levels in the MMP3”" mice revealed increased
expression of MMP7 and MMP10, likely taking over functions of MMP3 [426]. However,
multiple pathological conditions suggested MMP3 involvement and functions. For example,
loss of the protease had a protective effect against lung injury induced by LPS or hydrochloride
acid due to a reduced inflammatory response [427]. A similar beneficial effect was observed
towards contact hypersensitivity [428]. MMP3 has also been associated with the ROS-induced
activation of Nox1 (NADPH oxidase 1) leading to death of dopaminergic neurons. Using
MMP3 knockout mice revealed that induction of Nox1 is MMP3-dependent, thus the proteases
activity death of the dopaminergic neurons [429]. Also, increased osteoarthritis was observed
in the knockout animals [418]. However, collagen-induced arthritis was unaltered in MMP3”"

mice, despite upregulated MMP3 levels in patient sera [425]. Moreover, wounding of MMP3™"
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mice resulted in delayed wound closure. Analysis showed, that loss of MMP3 impaired wound

contraction, likely due to defective formation of the fibroblast actin network [419].

1.8. Aim

MMPs are multi-functional players in health and disease, contributing to maintaining tissue
homeostasis or, when deregulated, promoting and sustaining the development of pathologies
like cancer. Among the MMPs, a pivotal role in development was shown for MMP14 as its
global deletion led to early postnatal death [252, 253, 361]. MMP14 enhanced expression also
strongly correlates with tumor progression and is highly upregulated during wound healing,
events that share many biological and molecular features [331, 348-350, 364, 365, 376, 377,
430].

To study the function and cellular source of MMP14 in the skin, our group generated mice with
MMP14 deletion specific to various cells, including dermal fibroblasts and endothelial cells.
Deletion of MMP14 in fibroblasts caused a fibrotic skin phenotype, thus identifying the
protease as the main collagenase in the skin of mice [251]. The skin from the MMP145 mice
analyzed by transcript and protein-based assays displayed upregulated MMP3 expression.
However, the function of this protease in the absence of fibroblasts-MMP14 needed further
investigations.

In addition, another mouse line where MMP14 was deleted in endothelial cells MMP 14E€KO
was generated. Preliminary data revealed that endothelial cells-specific MMP14 deletion results
in almost no apparent developmental alterations in any organ including the skin. In contrast,
growth and metastasis of grafted melanomas were reduced thus identifying a function of EC-
MMP14 in tumor growth and metastasis, but the underlying mechanisms were unknown.

The aims of this study were to identify the molecular events mediated by the MMP14 in
endothelial cells during the growth of melanoma and, secondly, to unravel the function of
MMP3 upregulated in mice skin carrying the MMP14 deletion in dermal fibroblasts for skin
development and repair.

To address the first part of the project mice (controls and MMP145¢”") were grafted with murine
melanoma to follow melanoma development. Tumor growth was monitored as a function of
time, and tumor size, structure, vascularization, and vessel permeability were analyzed and
measured at different time points. /n vitro culture systems using endothelial cells isolated from
MMP14E€ and control mice were used to examine at a molecular level how the expression of

MMP 14 affected the endothelial cell function.
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In the second part of the studies, to investigate the function of MMP3 upregulation in fibroblast-
derived MMP14 mice, we generated mice with a double deficiency of both proteases, MMP14
in fibroblasts and MMP3 as global deletion. Double-deficient mice were generated. The skin
tissue from the MMP3”7/MMP145" mice was characterized by morphology, structure, and
collagen composition. The effects of loss of both proteases were investigated in a tissue repair
model, where wound closure was studied. In this process, several crucial parameters were
investigated over time: inflammatory cell composition, vascularization, myofibroblast
population of the wounds, and re-epithelialization. Last, in vitro assays using primary
fibroblasts extracted from MMP3”/MMP14%7" single knockout, and control mice were
performed to examine whether protease loss affects fibroblasts differentiation in response to

mechanical and growth factor (TGFB1) stimuli.
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2. Materials and Methods

2.1. Materials

2.1.1. General Chemicals & Reagents

All standard chemicals were purchased in analytical grade from Carl Roth (Karlsruhe,
Germany), Sigma-Aldrich (Taufkirchen, Germany), Serva (Heidelberg, Germany), Walter-
CMP (Kiel, Germany) Chemsolute (Renningen, Germany) or Merck (Darmstadt, Germany).

2.1.2. Consumable Materials

General plastic materials including for tissue culture, were purchased from Corning (Karlsruhe,
Germany), Greiner Bio-One (Frickenhausen, Germany), Sarstedt (Niirnbrecht, Germany),
Eppendorf (Hamburg, Germany), Thermo Scientific (Darmstadt, Germany), Life Technologies
(Darmstadt, Germany), Becton Dickinson GmbH (Heidelberg, Germany) and VWR
(Darmstadt, Germany). Whatman® chromatography paper (3 MM) was from Whatman (Dassel,
Germany). Cryomolds and biopsy cassettes for tissue preparation were obtained from Sakura

Finetek (Umkirch, Germany).

2.1.3. Buffers and Solutions

PBS: 136 mM NaCl, 2.6 mM KCI, 10 nM NaoHPOg4, 1.5 mM KH,PO4, pH 7.4
RIPA buffer: 50 mM Tris, 150 mM NacCl, 0.5% DOC, 2% SDS, 1 % , NP40, pH 7.4
TBS (10x): 50 mM Tris-HCL, 20 mM Tris-Base, 150 mM NaCl, pH 7.6

TBE (10x): 500 mM Tris-Base, 10 mM EDTA, 500 mM boric acid, pH 8.1
Separation gel buffer: 1.5 M Tris-HCI, 0.4% SDS, pH 8.8

Stacking gel buffer: 0.5 M Tris-HCl, 0.4% SDS, pH 6.8

Running buffer: 250 mM Trizma® base, 0.2 M Glycin, 1% SDS, pH 8.3

Anode I buffer: 0.3 M Trizma® base, 20% (v/v) Methanol, pH 10.4

Anode II buffer: 25 mM Trizma® base, 20% (v/v) Methanol, pH 10.4

Cathode buffer: 40 mM 6- Aminocaproic acid, 20% (v/v) Methanol, pH 7.6
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2.1.4. Equipment

Blotting systems

Centrifuges:

Cryostat and Microtome

Euthanasia station

Gel Systems

Incubators

Magnetic stirrer

Microscopes

Paraffin station
pH Meter:

Power Supplies

Shakers

Sterile Hood

Vortex
Water Bath

2. Materials and Methods

Semi Dry Electroblotting Unit SV20-SDB (Sigma-Aldrich)
Eppendorf® Microcentrifuge 5415 R

Megafuge ST Plus Series Centrifuge: Thermo Fisher Scientific
RM2255 microtome (Leica, Wetzlar, Germany)

Microm HM 560 Cryostat: Thermo Fisher Scientific
GasDocUnit® ATNG/XJ M (Medres — medical research GmbH,
Koln, Germany)

Hoefer™ Mighty Small™ II Vertical Electrophoresis System
(Hoefer Inc, Holliston, MA, United States)

PerfectBlue™ horizontal gel system (VWR)

Heracell™ 150i CO2 incubator (Thermo Fisher Scientific)
IKA®-combimag RCO (IKA Labortechnik, Staufen, Germany)
Nikon Digital Sight (Nikon, Amsterdam, Netherlands)

Nikon Eclipse TS100

Nikon Eclipse TS2

Nikon SMZ800

Stereoscopic microscope (Nikon)

Light source PHOTONIC PL 2000: Photonic (Vienna, Austria)
Cooling Plate COP 30 (Medite, Burgdorf, Germany)

TES 99 Paraftin Embedding Center (Medite)

Multi-parameter MU 6100 L (VWR)

Power Supply PowerPac™ 300 (Bio-RAD, Feldkirchen,
Germany)

Power Source PS2001-2 (Sigma-Aldrich)

Eppendorf ThermoMixer® 5437

KS250 basic shaker (IKA Labortechnik)

Roller mixer SRT6 (Stuart, Staffordshire, United Kingdom)
Rotator SB2 (Stuart)

Thermo Scientific™ Safe 2020 Class II Biological Safety
Cabinets (Thermo Scientific)

Vortex Genie 2™ (Bender & Hobein, Ziirich, Switzerland)
Julabo® SW-20C Water Bath (Julabo, Seelbach, Germany)
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2.2. Methods

Western Blot detection Curix 60 Processor Developer for Western Blot (AGFA,
Diisseldorf, Germany)
Dupont Cronex Quanta III Intensifying Screens (Heinrich Faust

GmbH, K&ln, Germany)
2.2. Methods

2.2.1. Cell Culture

2.2.1.1. Cell lines

B16F1 melanoma cells (CRL-6323 ATCC®, Wesel, Germany) [431] and human umbilical vein
endothelial cells (HUVECs) (PromoCell) were cultured in melanoma cell medium and EC
growth medium on gelatin coated tissue culture plates, respectively. All cells were cultured at
37°C and 5% COa. Cells were passaged every 2-3 days by washing with PBS (Gibco,
Karlsruhe, Germany) detaching them from plates with 1% (v/v) trypsin/2% (v/v) EDTA at
37°C. Trypsin reactivity was stopped by addition of FCS containing medium and cells collected
in a 15 ml falcon tube, centrifuged (320 x g, RT, 5 min,) and seeded on new plates with new
complete medium. B16F1 melanoma cells were split weekly in a 1:10 ratio, HUVECs were

split in a 1:3 ratio.

Melanoma cell medium:

DMEM (Dulbecco’s Modified Eagle’s Medium, +4.5 g/l D-Glucose, L-Glutamine; Gibco)
100 U/ml penicillin/ 100 pg/ml streptavidin (Sigma-Aldrich)

10% (v/v) fetal calf serum (FCS, Gibco)

2 mM glutamine (Sigma-Aldrich)

EC growth medium:

DMEM (+4.5 g/l D-Glucose, L-Glutamine)

20% (v/v) FCS,

100 U/ml penicillin/ 100 pg/ml streptavidin (Sigma-Aldrich)
1% (v/v) non-essential amino acids (NEAA, Gibco)

1% (v/v) Na-pyruvat (Sigma-Aldrich)

0.2% (v/v) EC growth supplements with heparin (PromoCell)
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Gelatin coating:
1% (v/v) gelatin (Sigma-Aldrich) in PBS
For coating tissue culture plates were incubated with the 1% gelatin at 37 °C for 30 min.

Remaining liquid was removed before seeding the cells.

2.2.1.2. Isolation of mouse lung endothelial cells

To isolate lung endothelial cells mice were sacrificed via cervical dislocation at the age of
5 weeks. The chest was opened and the rib cage was removed. All five lung lobes were carefully
removed and stored in sterile PBS on ice. Under a sterile hood lungs were dissected into small
pieces for 5 min using scalpels (20x blade). Minced lungs were incubated with 400 U/ml
collagenase I at 37 °C for 30 min. The resulting lung suspension was filtered through an
EASYstainer™ 40 um nylon mesh (Greiner Bio-One) into a 50 ml falcon tube carefully
triturating the mass through the filter. Cells were washed with 10 ml DMEM with 10% (v/v)
FCS and filtered a second time to remove cell clumps. Centrifugation (320 x g, RT, 7 min)
followed before suspending the cells in 90 ul MACS buffer per 107 cells. 10 ul CD31
microbeads (130-097-418, Miltenyi Biotec, Bergisch Gladbach, Germany) were added to 107
cells and incubated at 4 °C (fridge) for 12 min. After addition of 1 ml MACS buffer, cells were
centrifuged (320 x g, 10 min), suspended in 500 pl ice cold MACS buffer and loaded onto an
equilibrated MACS® MS column (130-042-201, Miltenyi Biotec). The flow through was
collected as negative fraction containing mainly fibroblasts. Columns were washed with ice
cold MACS buffer and cells were eluted with 1 ml ice cold MACS buffer by removing the
column from the OctoMACS® (130-042-108, Miltenyi Biotec) and pushing through with a
plunger. Eluted cells and negative collection were centrifuged (320 x g, 10 min). Cell were
suspended in EC growth medium and seeded on gelatin coated tissue culture plates. If
necessary, fibroblast contamination in EC cultures were removed by a second sorting after a

few days of culture. Cells were cultured at 37 °C and 5% CO> and passaged in a 1:3 ratio.

MACS buffer:
0.5% (v/v) FCS
2 mM EDTA
pH 7.2, in PBS
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Collagenase I:

400 U/ml Collagenase I (Worthington, Lakewood, NJ, United States)
130 mM NacCl

10 mM Ca-Acetate

20 mM HEPES

0.5% (v/v) BSA

2.2.1.3. Isolation of primary fibroblasts

Dermal fibroblasts were isolated from the back skin of mice as described previously [251].
Shortly, after sacrificing via cervical dislocation back skin was shaved, dissected and
maintained in PBS on ice. The skin was disinfected 2 min in 0.1 g/ml betaisodona iodine
(Mundipharma, Frankfurt am Main, Germany), 1 min in 70% (v/v) ethanol and washed twice
for 1 min in PBS before carefully mincing it into small pieces for several minutes. To release
cells from the ECM the skin fragments were incubated in 400 U/ml collagenase I (see chapter
2.2.1.2) in PBS at 37 °C for 1-2 h. When the solution appeared turbid to block collagenase
activity 5 ml DMEM with 20% (v/v) FCS and 100 U/ml penicillin, 100 pg/ml streptavidin were
added. Cells were centrifuged (320 x g, RT, 5 min) to remove debris and suspended in 10 ml
complete DMEM with 20% (v/v) FCS before seeding on a P10 dish. Cells were cultured in
fibroblast growth medium at 37 °C and 5% CO; and passaged in a 1:3 ratio.

Fibroblast growth medium:

DMEM (+4.5 g/l D-Glucose, L-Glutamine)
10% FCS

100 U/ml penicillin/100 pg/ml streptavidin
2 mM glutamine

0.05 g/l L-ascorbic acid

2.2.1.4. Analysis of nitric oxide production

Nitric oxide production in ECs was analyzed using the cell-permeable fluorescent component

DAF-FM [432-434]. When reacting with NO, DAF-FM transforms into a fluorescent

compound, with fluorescence intensity at 495 nm being directly proportional to NO levels [432-

434]. Therefore, primary ECs were seeded in 96 well plates with 6.25 x 10* cells/cm? and

cultured for 24 h. Then, 20 mM DAF-FM diacetate (D23844, Thermo Fisher Scientific) in Opti-
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MEM (Gibco) were added to the cells and further incubated at 37 °C for 1 h. After incubation
the mix was replaced by fresh Opti-MEM before measuring fluorescence intensity at 495 nm
1,2, 4 and 24 h post-treatment using the Victor® 1420 Multilabel Counter (Perkin Elmer, Turku,
Finland).

2.2.1.5. siRNA transfections

Silencing of MMP14 and eNOS gene expression was performed by transient transfections of
mouse ECs and HUVECs with small interfering RNA (siRNA). Therefore, 8 x 10° cells/cm?
were seeded per well in a 24 multiwell plate and transfected using Lipofectamine™ RNAIMAX
(13778100, Thermo Fisher Scientific) in Opti-MEM (10 pl in 500 pl transfection mix). Human
Mmp14 was silenced in HUVECs using siRNA and mouse ECs with mouse eNOS siRNA.
Scrambled control siRNA transfection was used as control. Concentrations of siRNAs used for
transfections are listed in Table 1. Medium was replaced after 24 h. Samples were collected

after 48 h for protein or RNA analysis.

Table 1: List of used siRNA including concentration, company and order number.

Product Concentration Company Order Number

Ambion, Darmstadt,

Human MMP14 siRNA 10 nM 4390824
Germany
Heidel
Mouse NOS3 siRNA 100 uM Santa Cruz, Heidelberg, o 5504
Germany
i I
Negative Contro 100 uM Ambion 4611G

siRNA

2.2.1.6. Fibroblast activation

Primary fibroblasts were seeded as monolayers (2.6 x 10* cells/cm? in 6 multiwell plates) and
cultured at 37 °C O/N. After 8 h starvation in serum free growth medium cells were treated with
40 ng/ml TGFB1 (5231LF, Cell Signaling, Frankfurt am Main, Germany) in serum free media
for 24 h. Proteins and RNA were isolated and analyzed by immunoblot and real-time PCR.

Alternatively, fibroblasts were cultured in 3D-cultures of collagen, 300.000 fibroblasts/ml were
seeded in 1 mg/ml collagen gel solution (see Table 2). Tethered collagen gels were prepared in
normal tissue culture plates, while free-floating gels were in bacterial dishes. Upon
polymerization 500 pl medium were added and free-floating gels were carefully detached from
the dish walls and gel size was measured over time. To obtain cell extracts, after 24 h culture

cells were extracted from the collagen gel by digestion with 2 ml 400 U/ml collagenase I
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(Worthington) ~20 min. To ensure proper dissolution of the gels, samples were inverted every
few minutes. Extracted cells were centrifuged (320 x g, RT, 5 min), washed twice with PBS
and lysed in RIPA buffer with protease inhibitor at 4 °C O/N.

Table 2: Collagen gels.

. Final concentration
Substance stock concentration

3 mg/ml bovine collagen type 1 (IBFB 1 mg/ml
GmbH, Leipzig, Germany
5x DMEM 1x
0.1 M NaOH 5mM
FCS 10 %
Cell suspension 0.1 ml per 1 ml gel
H>O

5x DMEM:

10x DMEM (Gibco)

2% (w/v) NaHCO;3

H>O

2.2.2. Protein Analysis

2.2.2.1. Protein preparation

Proteins were isolated from cells and tissues. For cell lysates, cells were washed with PBS and
either directly scraped from the plate or suspended in RIPA buffer containing protease
inhibitors (200-664-3, Sigma-Aldrich). After O/N lysis at 4 °C lysates were centrifuged
(16000 x g, 4°C, 10 min). Supernatants were transferred to a new tube and protein
concentration was detected via Pierce® BCA™ Protein assay (23227, Thermo Fisher
Scientific). For concentration determination a BSA standard curve with defined protein
concentrations (0.1-10 pg/ul) was used and extinction was measured at 595 nm in the Victor®
1420 Multilabel Counter (Perkin Elmer). For protein isolation from whole skin and day 5
wounds, biopsies (8 mm diameter) were carefully cut into small pieces on ice. 400 ul PBS
containing protease inhibitor (1 ml inhibitor/ 0.2 g lysates; P2714, Sigma-Aldrich) were added.
Day 14 wound lysates were prepared from 2x 50 pm cryosections in 200 pl extraction buffer |
with protease inhibitors. Metal beads (FR0120, Retsch, Haan, Germany) were added and all
tissues were homogenized in the Mixer Mill MM300 (Retsch) at 30 Hz for 3 min. Triton X-100
was added to final concentration of 1% (v/v). Day 5 samples were frozen at -80 °C for 2 h and
carefully thawed on ice. Day 14 samples were incubated at 4 °C O/N, rotating. Lysates were

49



2.2. Methods

centrifuged (16000 x g, 4 °C, 10 min), supernatants were transferred to a new tube and protein
concentrations determined using Pierce® BCA™,

Proteins were concentrated using the trichloroacetic acid (TCA) method. Triton X-100 was
added to samples to final concentration of 1% (v/v) and 55% (w/v) TCA was added to final
concentration of 10%. Samples were vortexed and incubated on ice. After centrifugation
(16000 x g, 4 °C, 10 min) pellets were washed three times with ice cold acetone. Pellets were
air dried for Smin at RT and suspended in 20 pl 1x Sample Buffer (SB) (with B-
mercaptoethanol if reduction was required). Reduced protein samples were heated at 95 °C for

5 min, centrifuged and kept on ice before use.

5x sample buffer: Extraction buffer I:
60 mM Tris-HCl 150 mM NacCl

25% (v/v) Glycerol 50 mM Tris-Base
2% (w/v) SDS pH 7.4

0.1% (v/v) bromphenol blue
5% (v/v) B-mercaptoethanol)

2.2.2.2. SDS-PAGE and Western Blot

Proteins in supernatants, cell and tissue lysates were resolved by SDS-PAGE and analyzed by
immunoblot. Equal amounts of protein under reducing conditions were loaded onto an 8 or 10%
SDS-PAGE and separated with 30-40 mA per gel (midi gel). Molecular weight markers for
proteins PageRuler™ Plus prestained Protein Ladder (26620) and PageRuler™ Unstained
Protein Ladder (26614) were from Thermo Fisher Scientific (Darmstadt, Germany).
Afterwards, proteins were transferred onto a 0.45 um Hyperbond-C Super™ nitrocellulose
membrane (GE Healthcare, Darmstadt, Germany) in a semi-dry blotting system (30 V, 2 h).
Ponceau S staining (Sigma-Aldrich) was used to control transfer efficiency. After blocking in
5% (w/v) skimmed milk powder in 0.5% (v/v) PBS-Tween® for 1 h membranes were incubated
in primary antibody in blocking buffer O/N at 4 °C. All antibodies used for immunoblot
detection are listed in table 3. Membranes were washed with 0.5% (v/v) PBS-Tween® three
times for 10 min before incubation with secondary HRP-conjugated antibodies (listed in table
3) in blocking buffer at RT for 1 h. After washing, bound antibodies were detected by CL-
Xposure™ Films (34091, Thermo Fisher Scientific) using Pierce™ ECL Western Blotting
Substrate (32106, Thermo Fisher Scientific).
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Table 3: List of primary and secondary antibodies used for detection on immunoblot including dilution,
company and order number

Antibody Dilution Company ;)l:(rlneger
Mouse anti-Actin 1:2000  MP Biomedicals, Eschwege, Germany 2928H
Rabbit anti- mou/hum aSMA  1:2000 Abcam, Berlin, Germany ab5694
Mouse anti-eNOS 1:500 BD Bioscience, Heidelberg, Germany 610297
Rabbit anti-MMP3 1:1000  Abcam ab52915
Goat anti-VE-cadherin 1:1000  R&D Systems AF1002
Rabbit anti-Mouse HRP 1:2000 Dako/Agilent, Waldbronn, Germany P0260
Swine anti-Rab HRP 1:2000  Dako/Agilent P0217
Rabbit anti-Goat HRP 1:2000  Dako/Agilent P0449

2.2.2.3. In vitro enzymatic assays

Cleavage of VE-cadherin by MMP14 and MMP2 was tested in vitro. To this end, 50 ng/ul
recombinant human MMP2 (902-MPN, R&D Systems) were previously activated by
incubation with 1 mM APMA (A9563, Sigma-Aldrich) in MMP?2 activation buffer at 37 °C for
1 h. Recombinant human MMP14 (100 ng/ul) (918-MPN, R&D Systems) was activated with
0.1 pg/ml trypsin in MMP14 activation buffer for 1 h at 37 °C followed by trypsin inactivation
with 1 mM pefablock (31682.01, Serva) for 15 min at RT. Active recombinant MMP14 was
diluted to a working concentration of 50 ng/ul by adding MMP14 assay buffer. Then, 1 ug
recombinant VE-cadherin (1002-VE , R&D Systems) was incubated with 100 ng active MMP2
or MMP14 in the respective assay buffer for 2 h at 37 °C. Samples were separated by SDS-
PAGE and visualized by Pierce™ Silver Stain Kit (24612, Thermo Fisher Scientific) according

to the Kits manual.

MMP?2 activation buffer: MMP?2 assay buffer:
100 mM Tris 50 mM Tris

10 mM CaCl, 10 mM CacCl;

150 mM NacCl 150 mM NacCl
0.05% (w/v) Brij-35 0.05% (v/v) Brij-35
pH 8 pH 7.5
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MMP14 activation buffer: MMP14 assay buffer:
50 mM Tris 50 mM Tris

0.15 M NaCl 3 mM CaCl

10 mM CaCl; 1 uM ZnCl,

5 uM ZnCl,, pH 8.5

0.05% (w/v) Brij-35

pH 7.5

2.2.2.4. TGFpI Quantikine ELISA Kit

Protein lysates (isolation was described in section 2.2.2.1) were analyzed using the TGFp1
Quantikine ELISA Kit (MB100B, R&D Systems). For each sample, 50 pug protein were used
to a final volume of 50 ul with H,O. All TGFB1 was activated by adding 10 pl 1 N HCI and
incubation at RT for 10 min. The acid was neutralized with 10 pul 1.2 N NaOH/0.5 M HEPES
before starting the assay and samples were prepared according to the assay’s manual. The
ELISA signals, detected by the optical density of the HRP reaction were measured at 450 nm
and 570 nm for background corrections using the Victor’ 1420 Multilabel Counter (Perkin
Elmer).

2.2.2.5. Proteome Profiler™ Mouse Angiogenesis Array Kit

Tissue lysates (section 2.2.2.1) were analyzed using the Proteome Profiler™ Mouse
Angiogenesis Array Kit (ARY015, R&D Systems). The Array was performed according to the
assay manual using 100 ug protein of each animal and pooling lysates from three animals per
genotype per membrane. Membrane signals were detected on CL-Xposure™ Films using the

Pierce™ ECL Western Blotting Substrate.

2.2.2.6. Immunodetection on tissue and cells

Tissue preparation

Mouse tissue from tumors, wounds and back skin was previously prepared and either embedded
in optimal-cutting-temperature (OCT) compound (Sakura Finetek) and frozen on dry ice for
cryosections or fixed in 4% PFA at 4 °C O/N and embedded in paraffin. Formalin fixed tissues
were kept in PBS afterwards and dehydrated and stored in liquid paraffin in an automated

tissue-processing machine (Autotechnikon, Shandon, Pittsburgh, PA, United States) in the
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Histology Laboratory of the Dermatology Department. Cryosections were cut at 8§ mm on poly
lysine glass slides (Thermo Scientific), paraffin sections were 6 mm.

Human material was provided by the Central Project (Z4) of the SFB829. Human material was
collected according to the study protocol conformed to the ethical guidelines of the 1975
Declaration of Helsinki and was approved by the Ethics Committee of the Medical Faculty of

the University of Cologne (Registration No. 08-144). Informed consent has been obtained.

Immunohistochemistry

Paraffin sections were fixed with ice cold acetone (8 min), blocked with 5% (w/v) BSA in TBS-
Tween® (0.05% v/v) and incubated with the primary antibodies at 4 °C O/N. Afterwards,
sections were washed with TBS, incubated with a biotinylated secondary antibody (polyLink,
DCS Innovative Diagnostik-Systeme, Hamburg, Germany) for 20 min at RT. Sections were
washed before incubation with an Alkaline Phosphatase polymer conjugate (DCS Innovative
Diagnostik-Systeme) for 20 min at RT. After extensive washes, the phosphatase substrate Fast
Red Substrate chromogene (HK182-5KE, XBioGenex, Fremont, CA, United States) was added.
The reaction was stopped with A. dest. nuclei were stained with hematoxylin and ‘blued’ in
lukewarm water. Sections were covered with glass cover slides using Shandon™ Immu-
Mount™. Immunohistochemistry stainings were analyzed using the Leica DM4000 B
microscope (Leica) equipped with the Diskus software (version 4.50.1638, Diskus,

Konigswinter, Germany).

Immunofluorescence

Cryosections were fixed with ice cold acetone (8 min) or PFA (for 10 min). Cells grown on
coverslips were fixed with ice cold acetone for 5 min (ECs) or ice cold acetone/MeOH (1:1) for
10 min (fibroblasts). After fixing with PFA, sections were permeabilized with 0.05% (v/v) PBS-
Triton X-100 at RT for 15 min. Samples were blocked with 10% (v/v) NGS (X0907,
Dako/Agilent) or 10% (w/v) BSA in 0.05% (v/v) PBS-Tween® at RT for 1 h before adding
primary antibodies (table 4) diluted in 1% blocking solution. Incubation followed at 4 °C O/N
in a humidified chamber. Sections or coverslips were washed with PBS and incubated with
fluorescence-labeled secondary antibodies (table 4) in 1% blocking solution at RT for 1 h. 4,6-
diamidino-2-phenylinodole (DAPI, 1 mg/ml, D9542, Sigma-Aldrich) was used for nuclei
visualization. Sections were washed, covered with glass slides (Thermo Scientific) using
Shandon™ Immu-Mount™ (9990412, Thermo Fisher Scientific) and stored in the dark at 4 °C.

Coverslips were washed and mounted onto microscopy slides with Shandon™ Immu-Mount™,
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Microscopic analysis was performed using the Keyence Microscope BZ-9000 (Keyence, Neu-
Isenburg, Germany) equipped with the BZ-II Analyzer and BZ-II Viewer software (version 2.2,
Keyence) and quantitative analysis followed using the ImageJ software (version 1.53e,

Java/Oracle, Munich, Germany).

Cornea stainings

For staining of corneas mice were sacrificed via cervical dislocation and eyes were removed by
gentle pulling using bent tweezers. Eyes were fixed in ice cold acetone (20 min) and washed
several times with PBS. The cornea was isolated by carefully cutting along the circumference
of the limbus with a microscissor upon punching a small whole into the posterior limbus with
a 20 G cannula. The isolated cornea was permeabilized for 10 min with 0.5% (w/v)
saponin/10% (v/v) NGS in PBS™" before blocking in 2% (w/v) BSA in PBS™" for 2 h.
Incubation with primary antibodies or the DyLight® 594 [ycopersicon esculemtum (tomato)
Lectin (20 pg/ul, Vector Laboratories, Burlingame, CA, United States) was performed in
PBS™* at 4 °C O/N. The cornea was washed 3x with PBS™"" and incubated with the secondary
antibody at RT for 1 h. Afterwards three washes in PBS, cornea were placed on a glass slide

and flattened by making 3 incisions and mounted with Immu-Mount.

Table 4: List of primary and secondary antibodies used for immunofluorescence detection including
dilution and fixative (Ac or PFA), company and order number. Ac: acetone fixation

Antibody Dilution (Fixative) = Company Order Number
aSMA Cy3 1:200 (Ac, 1% PFA)  Sigma-Aldrich C6198

Rabbit anti-CD31 1:1000 (Ac) Abcam ab28364

Rat anti-CD31 1:1000 (Ac) BD Bioscience 557355

Rat anti-CD31 1:150 (cornea, Ac) BD Bioscience 550274

Rabbit anti-c-kit 1:100 (Ac) Cell Signaling DI3A2

Rabbit anti-cleaved
1:100 (1% PFA) Cell Signaling 9661-S
Caspase 3

Cedarlane, BIOZOL
Rabbit anti-Collagen type

v 1:200 (Ac) Diagnostica Vertrieb CL50451AP
GmbH, Eching, Germany

Mouse anti-eNOS 1:100 (Ac) BD Bioscience 610297

Rat anti-F4/80 1:100 (Ac) Serotec/Bio-Rad MCA497R

Rabbit anti-HSP47 1:100 (Ac) Abcam ab109117
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Rabbit anti-K 14
Rabbit anti-Ki67
Rabbit anti-LYVE-1

Rabbit anti-MMP3 AF488
Mouse anti-MMP14 LEM-
2

Rabbit anti-NG2

Rabbit anti-nidogen-1

Rat anti-PDGFRp

Rabbit anti-Perlecan

Rabbit anti-pSmad2
Rat anti-VE-cadherin/
CD144

Rat anti-ZO-1

Alexa Goat anti-Rab 594

Alexa Goat anti-Rat 488
Alexa Goat anti-Rab 488
Alexa Goat anti-Rat 594
Alexa Donkey anti-Goat
594

Alexa Goat anti-Mouse 594

1:1000 (Ac)

1:100 (PFA)
1:1000 (sections);

1:150 (cornea) (Ac)

1:100 (Ac)
1:200 (Ac)
1:200 (Ac)

1:1000 (Ac)

1:100 (Ac)

1:600 (Ac)
1:200 (PFA)

1:100 (Ac)

1:2 (Ac)

1:1000

1:1000
1:1000
1:1000

1:1000

1:1000

Covence/Biolegends,
London, United Kingdom
Abcam

Abcam
Abcam
Chemicon, Merck

Millipore/Merck
Kindly provided by AG
Nischt

eBioscience, Darmstadt,
Germany

Kindly provided by AG
Nischt

Invitrogen
BD Bioscience

Hybridoma, kindly
provided from AG Niessen
Invitrogen, Darmstadt,
Germany

Invitrogen

Invitrogen

Invitrogen
Invitrogen

Invitrogen
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PRB-155P
ab15580
ab14917
ab194980
MAB3328

ABS5320

14-1402

44-244G

555289

A11037

A11006
A11034
A11007

A11058

A11032

PBS™*:

0.2% (v/v) Triton X-100
0.1 mM CaCl,

1 mM MgCh

in PBS
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2.2.2.7. Histochemical stainings

H&E

For analysis of tissue structure and morphology paraffin embedded or cryosections were stained
with hematoxylin and eosin (H&E). Prior staining paraffin sections were dewaxed in xylol for
20 min and rehydrated in a decreasing alcohol row (100% EtOH, 95% (v/v) EtOH and 70%
(v/v) EtOH, 1 min each). Both cryo- and paraffin sections were incubated in Meyers
haematoxylin (3801582E, Leica) for 5 min. Sections were washed 3x with lukewarm tab water
and incubated in eosin (3801590BBE, Leica) for 5 sec. After dehydration in an ascending
alcohol row (70% (v/v) EtOH, 95% (v/v) EtOH, 100% EtOH and 2x xylol for 1 min each)

sections were mounted with GLC™ mounting medium (1408, Sakura Finetek).

Picrosirius red staining

Collagens were visualized by Picrosirius red staining. Therefore, dewaxed paraffin sections
were stained with hematoxylin for 5 min for nuclei visualization. After washing with lukewarm
tab water sections were stained for 1 h in a Picrosirius red solution. Sections were washed twice
with 0.5% (v/v) acetic acid and dehydrated in an ascending alcohol. Sections were mounted in
the xylol-based GLC™ medium. Microscopy was performed using the Leica DM4000 B
microscope. The Picrosirius Red staining was documented by light microscopy and under
polarized light. Image analysis of overall and fibrillary collagen was performed using the
Imagel software. Courtoy et al., described a quantitative analysis method that was used for
analysis of fibrillary collagen in images taken with polarized light [435]. Therefore, picture

were converted into a binary format and percent area was determined.
Picrosirius red solution:

0.1% Direct Red 80 (Sigma-Aldrich, 365548-5Q)
in picric acid solution (Sigma-Aldrich, 197378-100G)

2.2.3. Nucleic acid analysis

2.2.3.1 RNA isolation

RNA was isolated from primary cells or skin tissue. Cells were washed with PBS, RNAzol™

B (18 pl/cm?, WAK-Chemie, Steinbach, Germany) was added and incubated on ice for 5 min.

Cells were scraped, homogenized and DNA sheared through a 26 Gauges needle and transferred

to a tube. RNA was further purified by adding chloroform (1/5 volume), shortly shaking and
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incubating on ice for 3 min followed by centrifugation (16000 x g, 4 °C for 15 min). The
aqueous phase was transferred to a fresh tube, the same volume ice cold isopropanol was added
to precipitate RNA at -20 °C O/N. Precipitated RNA was centrifuged (16000 x g, 4 °C for
10 min), the pellet washed three times with ice cold 70% (v/v) EtOH, air dried on ice and
suspended in nuclease free H>O.

For RNA isolation from mouse tissues, skin, lungs and lymph nodes were stored in RNA
Later™ RNA stabilization Reagent (Qiagen, Hilden, Germany) at -20 °C. For RNA isolation
from mouse skin the Qiagen RNeasy® Fibrous Tissue Mini Kit (74704, Qiagen) was used. Skins
were cut into small pieces using scalpels, transferred into a 2 ml tube and supplemented with
300 ul RLT buffer from the kit with 0.15 M -mercaptoethanol and a sterile metal bead. Tissue
was homogenized in the MixerMill (30 Hz, 3 min), 590 pl RNase free H>O and 10 pl proteinase
K were added, mixed and incubated at 55 °C for 10 min. After centrifugation to remove cell
debris (10.000 x g, 3 min) the supernatant was transferred to a fresh tube and supplemented
with 0.5 volumes 100% EtOH for clearance of the mix. The whole volume was added to an
RNeasy Mini column and further processed according to the Kit’s manual. RNA from organs
was prepared by mincing the tissue with scalpel blades and homogenizing in RNAzol™
(1 ml/2 ml tube) using the Mixer Mill MM 300 (30 Hz, 3 min). Following extraction was via
chloroform precipitation as performed for cells.

Quality of the RNA was controlled by electrophoretic analysis on a 1% (w/v) agarose-TBE gel
with RedSafe™ and concentration was measured using the NanoDrop™ 2000 Spectrometer
(Thermo Scientific) equipped with the NanoDrop 2000 software (version 1.6.198, Thermo

Scientific).

2.2.3.2. Reverse transcription and semi-quantitative PCR

Reverse transcription of RNA into cDNA was performed using the iScript™ cDNA Synthesis
Kit (1708891, Bio-Rad). Reactions were performed using in 20 pl volumes with 1 pg RNA,
4 ul 5xiScript Reaction Mix and 1 pl iScript Reverse Transcriptase. Transcription was
performed using the following protocol: 25 °C for 5 min, 46 °C for 20 min, 95 °C for 1 min.
Quality of cDNA was controlled by amplification of the house keeping gene S26 [436] by semi-
quantitative PCR using 1 pl cDNA. Further, expression of GFP in lung and lymph nodes was
analyzed by semi-quantitative PCR using the T3000 Thermocycler (Biometra, Gottingen,
Germany). Primers and PCR reaction protocols are listed in table 5 and 6, respectively. PCR

products were analyzed by electrophoresis in a 1.8% (w/v) agarose-gel in TBE buffer
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containing RedSafe™ and visualized using Eagle eye UV transillumination. The DNA marker
(100 bp DNA ladder, N3231S) was from New England Biolabs GmbH (Frankfurt am Main,

Germany).

Table 5: List of primers used for semi-quantitative PCR including sequences, annealing temperature,
required PCR cycles and product size.

Primer (forward/reverse) Product size (bp)

Gene

5> AATGTGCAGCCCATTCGCTG 3°
mS26 324
5’ CTTCCGTCCTTACAAAACGG 3’

1S26 5" CCGGTCCGTGCCTCCAAGATGACAA 3’ s
5" CCTTGGGCACGCATCGGGCA 3’

i 5 ACC CCG ACC ACA TGA AGC 3° e
5° CGT TGG GGT CTT TGC TCA GGG 3’

Table 6: PCR programs used for semi-quantitative PCR.

mS26 hS26 GFP

Initial

P 94 °C, 2 min 94 °C, 2 min 94 °C, 2 min
Denaturation 94 °C, 45 sec 94 °C, 45 sec 94 °C, 1 min
Primer annealing 56 °C, 45 sec 67 °C, 45 sec 68 °C, 1 min
Elongation 72 °C, 45 sec 72 °C, 45 sec 72 °C, 1 min
Cycle number 30 30 38
Elongation 72 °C, 5 min 72 °C, 5 min 72 °C, 5 min

2.2.3.3. Quantitative real-time polymerase chain reaction (qPCR)

Expression of various genes was analyzed by quantitative PCR. Each gene (primers and
sequences are listed in table 7) was measured in triplicates per sample including a water control
and S26 as housekeeping gene. Quantification by the comparative 2 **“ method [437] was
performed using a QuantStudio™ 5 Real-Time PCR System equipped with the QuantStudio™
Design & Analysis software (version vl.1.4.3, Applied Biosystems distributed by Thermo

Scientific).

Table 7: List of primer used for qPCR including sequence and product size.

Gene Protein Primer sequence (forward/reverse)
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Human MMP14 MMP14 5> ACCGACAAGATTGATGCTGC ¥’

5’ CATCGCTGCCCATGAATGAC 3’
Human CDH5 VE-cadherin 5" AAGCGTGAGTCGCAAGAATG 3’

5’ TCTCCAGGTTTTCGCCAGTG ¥’
Human §26 S26 5" CCGGTCCGTGCCTCCAAGATGACAA 37

5" CCTTGGGCACGCATCGGGCA 37
Mouse Nos3 eNOS 5 CCTTCCGCTACCAGCCAGA ¥’

5" CAGAGATCTTCACTGCATTGGCTA 3’
Mouse Acta?2 aSMA 5 CAGCGGGCATCCACGAA 3’

5 CCCACCGATCCAGACAGA 3°
Mouse Mmp3 MMP3 5" TCCCAGGAAGATAGCTGAGG 3’

5" CAACTGCGAAGATCCACTGA 3’
Mouse 526 S26 5 AATGTGCAGCCCATTCGCTG 3’

5’ CTTCCGTCCTTACAAAACGG 3°
Mouse Tgfbl TGFp1 5" CAACGCCATCTATGAGAAAACC 3°

5> AAGCCCTGTATTCCGTCTCC 3
Mouse TgfbR1 TGFBR1 5 ATCGGCAATAGCTGGTTTT 3’

5’ GCCATAACCGCACTGTC 3’
Mouse Cdh5 VE-cadherin 5> ACGGACAAGATCAGCTCCTC ¥

5" TCTCTTCATCGATGTGCATT 3’

qPCR mix per reaction:

1 ul cDNA

1 pl forward primer

1 ul reverse primer

10 pl GoTaq® gPCR master mix (A600A, Promega)
0.2 ul C&R Reference Dye (C541A, Promega)

6.8 ul H20
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2.2.3.4. DNA isolation and genotyping PCR
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Figure 7: Schematic representation of the genotyping used to detect deletion of MMP14 and
MMP3. Schematics show gene exons, primer binding sites, inserted LoxP sites in the MMP14 gene and
the NeoM cassette inserted in the MMP3 gene. Primers were used to detect the LoxP sequence (MMP14
primers A & B), the MMP14 deletion (MMP14 primers A & C), the wildtype MMP3 (MMP3 primers
A & B) and the MMP3 knockout (MMP3 primers A & C).

Genomic DNA was isolated from tail or ear biopsies by lysis in 300 pul DNA lysis buffer with
1 ul proteinase K (20 mg/ml, AM2548, Ambion) at 56 °C, shaking at 600 rpm O/N. After
centrifugation (16000 x g, RT, 10 min) supernatants were transferred to a new tube and DNA
precipitated by addition of 500 ul 100% EtOH. DNA was pelleted by centrifugation (16000 x g,
RT, 10 min) and washed twice with 70% (v/v) EtOH, Air dried DNA was suspended in 50 pl
TE (Tris-EDTA) buffer. Genotyping PCR was performed in 25 pl reaction volume using a
REDtag® ReadyMix ™ PCR reaction mix (12.5 pl) (R2523-100RXN, Sigma-Aldrich), forward
and reverse primers (0.5 pl each, 100 ng/ul), H>O and genomic DNA (0.5-1 pl). Primers are
listed in table 8. Tie2-Cre PCR required additional 0.1 mM dNTPs for successful elongation
(Roche, Karlsruhe, Germany). MMP3 genotyping PCR was performed with Promega Master
Mix (2x) (M7502, Promega).

PCR products were analyzed on 1.8% agarose gels (Bio-Budget Technologies GmbH, Krefeld,
Germany) with RedSafe™ (21141, iNtRON, Burlington, MA, United States) in TBE buffer.

Signals were visualized using an Eagle Eye UV transilluminator (Bio-Budget).
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Table 8: Primers used for PCR.

2.2. Methods

Gene Primer (forward/reverse) Product size (bp)

5> GAGGCAGAGGCAGAACAAGC 3’ WT: 165
MMP14 fl/wt PCR

5> GAGCATCAGAAAGTTGAGAGG 3’ KO: 285

5" TAGCGCCGTAAATCAAT 3’
Tie2Cre 400

5> GACCAGGTTCGTTCACTCA 3’

5> GAGGCAGAGGCAGAACAAGC 3’
MMP14Del 400

5" CCACCAAGAAGATGTCATTCC 3°

5" TTGCCAAGACAGAGTGTGGATTC 3° WT- 350
MMP3 5" TTCCTCGTGCTTTACGGTATCG 3’ KO ' 600

5" GTCCATCGTTCATCATCGTCAA 3’ '

5> GTCCAATTTACTGACCGTACAC 3°
02Cre 350

5’ CTGTCACTTGGTCGTGGCAGC 3’

Table 9: PCR programs.
MMP14 fi/wt  Tie2Cre 02Cre MMP14Del MMP3
Initial
; 94 °C, 5 min 94°C,3min 94°C,5min 94 °C,5min 94 °C, 5 min

denaturation
Denaturation 94 °C, 1 min 94°C,1min 94°C, 1 min 94°C,30sec 94 °C, 1 min
Annealing 60 °C, 1 min 50°C, 1min  60°C, 1 min 60°C,30sec 65°C, 1 min
Elongation 72 °C, 1 min 65°C,1min 72°C,1min 72°C,1min 72°C, 1 min
Cycle number 35 30 35 35 35
Final Elongation 72°C,10min 65°C,5min 72°C,5min 72°C,5min 72 °C, 10 min

DNA lysis buffer:

0.2% (w/v) SDS
0.1 M Tris/HCI

0.005 M EDTA
0.2 M Na(Cl

pH 7.5
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2.2.4. Animal work

2.2.4.1. Mouse lines and cell type specific MMP14 deletion

All mouse lines used were on C57BL/6N background and floxed MMP14 gene (MMP1471)
allowing Cre-recombinase mediated deletion of MMP14 exon 2-4 [380]. Tissue specific
inactivation of MMP14 was obtained by crossing mice with the floxed MMP14 gene and mice
carrying the Cre recombinase under the control of cell-specific promoters.

For endothelial cell-specific deletion we used mice in which the Cre-recombinase is expressed
under the control of the Tie2 promotor (Figure 8) [390-392]. For dermal fibroblasts specific
MMP14 inactivation we crossed MMP14 floxed mice with mice carrying the tamoxifen-
inducible Cre—ERT fusion transgene under the control of a minimal collagen a2 type I promoter
and enhancer driving fibroblast-specific and inducible Cre expression (MMP145%") [251, 393,
394] (see section 2.2.4.2).

Double deficiency of MMP3 in addition to fibroblast-specific loss of MMP14 was attained by
crossing MMP145 mice with MMP3”" mice (described by Mudgett et al. [425], kindly
provided by Barbara Fingleton, Vanderbilt University). MMP3 single knockouts were crossed
back to a C57BL/6N background until F7 before generating MMP3”/MMP1457 double

deficient mice.

7 | — — —— T

3 Tie2 Cre* O MMP1471 B 2 Cre
(Constien et al 2001)

(o

MMP14EC--

Figure 8: Generation of MMP14%¢"- mice. a) Breeding scheme for MMP14E“- mice. Tie2-Cre
positive males were paired with MMP14"" females. b) Genotyping PCR of MMP 14" and MMP145¢
" mice detecting floxed MMP14 genes, Tie2-Cre and deletion of MMP14 (MMP144),

Animals were housed under specific pathogen-free conditions in a 12-/12-h light/dark cycle
with free access to food and fresh water ad libitum. All animal experiments were performed in
compliance with German Regulations for Welfare of Laboratory Animals and were approved

by the Regierungsprasidium Ko&ln, Germany (NRW authorization AZ84-02.04.2016.A013,

62



2.2. Methods

AZ84-02.04.2016.A012, AZ84-02.05.40.17.073 and AZ 84-02.05.40.16.039). Male and female
animals were kept separately with 2-5 animals per cage unless in breeding cages. Pups are

weaned, ear marked three weeks after birth.

2.2.4.2. Tamoxifen treatment

Cre-recombinase positive animals and controls were fed with 400 mg/mg tamoxifen pellets
(Haarlan, Venray, Netherlands) starting at P28 for a period of 5 weeks. Additional 5 weeks
were given for full development of a fibrosis-like phenotype [251]. This time point is defined
as T2 and is the starting point for further experiments. The time course of tamoxifen treatment

is shown in Figure 9.

Birth Tamoxifen Wound healing

0 4 9 10 (T1) 14 (T2)
Age (weeks)

Figure 9: Time points of tamoxifen treatment for Col 102 Cre®RT animals. Mice were fed with

tamoxifen pellets from week 4 to week 9 of age. Time point T1 is defined as 1 week after tamoxifen
treatment (10 week old mice). At T2 (14 weeks) mice developed the complete phenotype and had a
complete deletion of MMP14 in isolated fibroblasts [251]. The T2 marked the start of wound healing
experiments.

2.2.4.3. BI6F1 melanoma grafting and cisplatin treatment

To analyze the function of endothelial cell-derived MMP14 in tumor growth melanoma were
grafted in the right flank of MMP 145~ and MMP 14" mice. Mice were used at the age of 8-
10 weeks. Prior melanoma cell injection the right flank was shaved with the Contura HS61
razor (Wella Professionals, Darmstadt, Germany), and 0.5 x 10° B16F1 GFP melanoma cells
[431] in 20 ul PBS were injected intradermal using a G27 (0.45 x 28 mm) cannula. For
treatment with cisplatin [438-440], when first tumors were visible, mice received one-time dose
with 1 mg/100g body weight cisplatin (Sigma-Aldrich) or 0.9% NaCl (2.5 mg/ml stock
solution, Berlin-Chemie AG, Berlin, Germany) as control on day 5 via intra-peritoneal
injection. Tumor growth was followed over time and tumor size measured every other day using
a Caliper (Mitutoyo Corporation, Neuss, Germany). The experiment was terminated when first
tumors appeared to be close to rupturing (Day 11) and 15 min prior death mice received an
intravenous injection of 0.1 ml FITC-dextran (20 kDa) (Fluorescein isothiocyanate-dextran mol

wt 20000, Sigma-Aldrich). Tumors, lung and lymph nodes were isolated, bisected and either
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directly frozen in optimal-cutting-temperature (OCT) compound (Sakura Finetek) on dry ice or

fixed in 4% formalin at 4 °C O/N and later embedded in paraffin.

2.2.4.4. Wound healing

Prior wounding, mice were anesthetized by intra-peritoneal injection with 100 ul/10 g body
weight of Ketavet®/rompun. Eyes were treated with bepanthen créme (Veet, Heidelberg,
Germany) to avoid drying. Backs were shaved and hair completely removed using Veet
depilation créme (Veet). Before wounding the skin was cleaned with PBS. Two 6 mm full-
thickness excision wounds were generated using disposable biopsy punches (6 mm, Pfm
medical AG, Koéln, Germany), removing skin and panniculus carnosus. Wound closure was
recorded over time with camera for analysis of wound closure kinetics. Mice were sacrificed at
different time points using CO2. Wounds were isolated including the epithelial margin, bisected
in caudocranial direction and tissues either fixed in formalin and embedded in paraffin or

embedded in OCT compound and frozen.

Ketavet/rompun:

10% Ketavet® (v/w) (100 mg/ml, Pfizer, Berlin, Germany)

5% (v/w) rompun (2%, Bayer Vital GmbH, Leverkusen, Germany) in
0.9% NaCl

2.2.5. Statistical analysis

All statistical analysis were performed using GraphPad Prism 7 (GraphPad Software, version
7.05, La Jolla, CA, United States). Multiple comparisons were performed using ANOVA, two-
tailed Student t-test was used for other statistical analysis. Significance was regarded for

p<0.05.
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3. Results

3.1. Role of EC-MMP14 in tumor vessels

3.1.1. Corneal vascularization is unaffected by MMP14 loss

Multiple studies including in mice with global MMP14 knockout demonstrated MMP14
function in angiogenic processes [252, 361]. In order to identify the specific role of the protease
in ECs, transgenic mice with MMP14 deletion in ECs were generated. These developed and

bred normally and only minor defects regarding skull shape and suture closure were observed

[390].
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Figure 10: Corneal blood vasculature is normal in MMP145¢" mice. Immunofluorescence staining
for the blood vessel marker CD31 (green) in P18 and P35 corneas of MMP14E“" and control mice.
Vascular density and number of branching points were quantitatively analyzed. White arrows indicate
branching points. Mean + SD; n=3; Scale: 200 pm.

However, the vascular network in the skin was not affected in MMP 145~ mice. But, skin
vasculature was analyzed in adulthood and possible early defects could have been compensated
over time. Indeed, mice with global MMP14 deletion showed angiogenic defects in
development [361]. Aiming to identify EC-MMP14 involvement in development, a study using

a Tiel-Cre-driven deletion model identified defects in corneal blood and lymph vessel
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angiogenesis [389]. Here they identified MMP14 as regulator of lymphatic vasculature through
its proteolytic functions towards LY VE-1 [389].

To investigate whether these alterations also occurred in our Tie2-Cre-driven model, corneas
were isolated from MMP14E¢ and control mice at P18 and P35, as in the study by Wong and
colleagues [389], and stained for the blood vessel marker CD31 (Figure 10). Blood vessel
density (left graph) and number of branching points (right graph) were analyzed, but both were
similar in the two genotypes at both time points. Comparing the two time points showed a
reduction in density and branching points at P35 compared to P18, indicating regression of
vessels as previously described [441, 442]. Thus, loss of EC-derived MMP14 does not affect

corneal blood vessel angiogenesis.
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Figure 11: Lymph vessel density and sprouting in P18 corneas. Immunofluorescence staining for
lymphatic vessels (LYVE-1, green) and nuclei (DAPI, blue) in cornea of P18 mice. Lymphatic density
(left graph), branching points and sprouts (right graph) were analyzed. White arrows indicate branching
points (middle panel) and sprouts (right panel). Mean + SD; n=4; Scale: 200 pm (left pictures), 50 pm
(middle), 20 pm (right).

Additionally, we also analyzed whether lymphatic angiogenesis might be affected in MMP14E¢
"~ mice similar to the observations made in the Tiel-Cre-driven model [389], as Tie2 is also
expressed in lymphatic ECs [443]. Again, P18 and P35 corneas were immunofluorescence

stained for the lymphatic vessel marker LYVE-1. Analysis of P18 eyes showed no difference
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in lymphatic vessel density (Figure 11, left graph) and number of branching points (Figure 11,
right graph). However, although not significant, number of lymphatic sprouts appeared slightly
increased in MMP14EC" sprouts (Figure 11, right graph).

When analyzing P35 corneas no differences in lymphatic vessel density or number of branching
points were observed (Figure 12). These data indicate there might be a minor developmental

phenotype compensated over time.
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Figure 12: Lymph vessel density and sprouting in P35 corneas. Immunofluorescence staining for
lymphatic vessels (LYVE-1, green) and nuclei (DAPI, blue) in cornea of P35 mice. Lymphatic density
(left graph) and branching points (right graph) were analyzed. The white arrows indicate branching
points. Mean + SD; MMP 141 n=8  MMP14E¢ n=6; Scale: 200 pm.

3.1.2. Loss of endothelial MMP14 reduces melanoma growth

After development, tumor progression is one of the major events in adulthood where
angiogenesis is essential and required to establish cell survival and invasion [107, 108]. Even
though developmental angiogenesis is not prominently altered by loss of MMP14, previous
studies showed that blocking MMP14 activity using humanized antibodies resulted in reduced
breast cancer development accompanied by impaired tumor-induced angiogenesis [368]. These

suggest that MMP 14 may mediate preferentially pathological angiogenesis. To directly address
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this, we used an in vivo model of melanoma where B16F1 GFP melanoma cells are grafted by

intradermal injection into the flank of MMP145¢- and MMP 14" control mice.

a 4000, b
= . VMP14T :
™
- 8001 m= mmp14ECH
TS’ 600 %
2 400 o
= =
2 200
0,
Day
c +
Metastasis ﬁJ;_
Genotype -y
Lung Lymph node s
=
MmP14"1 7/9 9/9
MMP 145" 4/9 9/9

Figure 13: B16F1 melanoma growth and lung metastasis are reduced in MMP145¢" mice. a)
Analysis of tumor size over time in MMP14"® and MMP 145~ mice. Mean + SD; *p<0.05; MMP 1471
n=6; MMP145¢" n=7. b) H&E staining of day 11 tumor sections. t: tumor; e: epidermis, d: dermis.
Scale: 1000 um. ¢) B16F1 GFP melanoma cell metastasis to lung and lymph nodes was analyzed by
RNA isolation from the organs, followed by RT-PCR. Number of GFP-positive organs out of the total
number are shown (n=9).

Tumor growth was observed over time with first tumors visible at day 5 (Figure 13a). Until day
eight tumor size was comparable between MMP14EC" and control mice. However, while
tumors in floxed controls continued to grow rapidly reaching an average size of 491.92 mm?® at
day 11, tumors in MMP 145" knockouts remained significantly smaller (293.33 mm?). Day 11
post-injection marked the end-date of the growth as several tumors reached the maximal ethical
accepted size for this type of experiment. Despite size variations, H&E staining of tissue
sections displayed a comparable morphology of tumors and surrounding stroma in MMP 14E¢
/- and MMP14"" control (Figure 13b). However, proliferation analyzed by Ki67 staining was
reduced in MMP 145 tumors while apoptosis remained comparable [390].

To further investigate whether tumor cells spread to distant organs, lungs and lymph nodes were
isolated from mice at day 11 post-injection, RNA was isolated and reverse transcribed. PCR
amplification of GFP that is expressed by the used B16F1 melanoma cells showed GFP
positivity for all analyzed lymph nodes of both genotypes (Figure 13¢). However, metastasis to
lungs was reduced in MMP 145 mice with only 4 out of 9 lungs being positive for GFP, while
7 out of 9 MMP14%"1 [ungs were GFP positive. Therefore, loss of EC-MMP14 leads to reduced

B16F1 growth and metastasis to the lungs melanoma.
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3.1.3. Vascular density is not altered in MMP14EC~ tumors, but permeability is

Blocking of MMP14 using the human inhibitory antibody DX-2400 resulted in reduced tumor
growth and lung metastasis, both likely due to impaired tumor angiogenesis [368]. Therefore,

4FC- mice could

we asked whether reduced melanoma growth and metastasis in the MMP1
result from altered neovascularization of the tumors. However, when analyzing blood vessel
density by CD31 staining in tumor cryosections no difference was found in vascular structure
formed within (t) and outside (p) the melanomas (Figure 14a). These data indicate that loss of

EC-MMP14 does not alter tumor neoangiogenesis.
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Figure 14: Loss of endothelial MMP14 does not alter vascular density. a) Blood vasculature in tumor
sections was analyzed by immunofluorescence staining for the endothelial marker CD31 (green) and
DAPI (blue) to visualize the nuclei. Analysis of fluorescence intensity per tumor area was used for
quantification. The dotted line indicates the border between tumor (t) and peritumoral tissue (p). Mean
+ SD; intratumoral: MMP14"1 n=6, MMP 145"~ n=7; peritumoral: MMP14"% n=5 MMP14E¢- n=6;
Scale: 50 um. b) Analysis of lymphatic vasculature in tumor sections using the marker LYVE-1 (red)
and DAPI (blue) to visualize the nuclei. Fluorescence intensity was analyzed per tumor area. Mean
+ SD; MMP14%% n=5, MMP 145~ n=4; Scale: 50 um.

While blood vasculature mainly regulates ventilation and nutrition of the tumor [107, 108],
fluid homeostasis and immune response regulation are mainly mediated by the lymphatic

vasculature [444]. In addition, lymphatic vasculature is the route taken for metastasis to lymph
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nodes [444]. Thus, we asked whether EC-specific MMP14 loss affects lymphangiogenesis in
tumors. Therefore, MMP145¢ tumor cryosections were stained for the lymphatic vascular
marker LYVE-1, a hyaluronan receptor [445]. Lymph vessel were found primarily around the
tumors and their density was comparable in both mice genotypes (Figure 14b) indicating that
EC-derived MMP14 does not influence lymphatic angiogenesis in melanoma. This is in line

with the unaltered lymph node metastasis detected in MMP 145~ mice.
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Figure 15: Reduced permeability in MMP145" tumor vessels. Pictures of FITC-Dextran (15 mg/ml,
20 kDa) leaked from the intra- and peritumoral vessels. Analysis of fluorescence intensity was performed for
quantification. Mean + SD; ***p<0.0005; intratumoral n=8, peritumoral n=6; Scale: 500 um.
Characteristic of tumor vessels is their tortuosity and hyperpermeablity [185, 446] resulting
from reduced pericyte attachment [188, 190], aberrant basement membrane [186] and
loose/disorganized endothelial connections [223]. All together these vascular properties support
tumor growth and metastasis [447].

To address whether loss of EC-MMP14 influences vessel permeability, mice were
intravenously injected with small molecular weight FITC-Dextran (20 kDa) 30 min prior death.
Spread into the tissue of the fluorescent dextran was analyzed by microscopy of cryosections

and the amount of permeated dextran was analyzed by quantifying signal intensities in the
tumor tissue (Figure 15). While the amount of peritumoral labelled dextran was comparable

between MMP14E¢ and MMP14%1 peritumoral tissue, a significant decrease was detected
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intratumoral in knockouts mice. This indicates that loss of EC-MMP14 reduces intratumoral

permeability of vessels.

3.1.4. Alterations in intratumoral vessel structure in MMP 145 tumors

Vessel permeability is regulated by several factors, external and internal. Pericytes are often
detached from tumor vessels compared to physiological conditions where their attachment is
essential for vessel maturation and thus stabilization [188, 190]. To analyze pericyte coverage
of tumor vessels in MMP14F¢"~ and controls, in tumor sections we used two pericyte markers
since no single markers can distinctly identify pericytes [448]. Thus, we used NG2 and
PDGFRB, both known to be expressed in tumor-associated pericytes [197-200] and performed
co-stainings with the blood vessel marker CD31. Analyzing the percentage of pericyte marker
signals per CD31 positive area in a vessel [449-451] we showed a tendential but not significant
increase for PDGFRP in MMP145¢" tumors (Figure 16a). For NG2, this increase was
significant (Figure 16b) in mice without EC-derived MMP14 compared to floxed controls,
indicating enhanced pericytes intratumoral vessel coverage.
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Figure 16: Increased pericyte coverage of intratumoral MMP14EC" vessels. a) For analysis of
pericyte coverage tumor sections were co-stained for tumor vessels (CD31, green) and the pericyte
marker PDGFRf (red) or b) NG2 (red). DAPI (blue) was used for nuclei visualization. For
quantification, the percent PDGFRf and NG2 positive per CD31 positive area was calculated. White
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arrowheads indicate vessels. Mean £ SD; **p<0.005; PDGFRB: MMP147% n=3 MMP 145~ n=4; NG2:
MMP 14V n=7; MMP14E¢ n=6, Scale: 50 um.

Besides pericyte coverage, structural stability of vessels is also provided by EC attachment to
basement membrane proteins. Several BM proteins are substrate to MMP14 or MMP2 [316,
452]. Therefore, their proteolytic activity might modulate tumor vessel leakiness, which is
known to be influenced by the BM [186]. However, staining and quantification of relative
intensities of collagen type IV, nidogen-1 and perlecan in tissue sections from MMP 14~ and
control tumors displayed no significant differences in the amount and distribution of any of the
analyzed BM proteins (Figure 17). These data suggest that BM arrangement and composition

in mouse melanoma are independent of EC-MMP14.
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Figure 17: Unaltered basement membrane proteins in MMP145¢”- tumors. B16F1 tumor sections
were stained for collagen type IV, nidogen-1 or perlecan (red) and DAPI (blue) for nuclei visualization.
Fluorescence intensity was analyzed and normalized to tumor area. Mean + SD; collagen IV and
perlecan: MMP14"% n=10, MMP 145" n=12; nidogen-1: MMP14"% n=11, MMP 145" n=13; Scale:
100 pm.

3.1.5. EC-derived MMP14 regulates expression of junctional proteins

Apart from adherence to an intact BM and vessel coverage, vessel tightness also requires intact
intercellular connections mediated by the endothelial cells junction proteins as VE-cadherin

[204, 205, 225, 453, 454]. One of the intracellular mediators of VE-cadherin junction
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functionality is ZO-1 which connects to VE-cadherin intracellularly and mediates VE-cadherin
recruitment and assembly [455]. Thus, to analyze, whether loss of EC-MMP 14 alters expression
of these two tight junction proteins in tumor associated vessels in vivo we first co-stained tumor
sections for ZO-1 and ECs (CD31) (Figure 18a). The percentage of ZO-1 expression intensity
per CD31 positive area showed a significant increase in MMP145¢"~ tumors as compared to
floxed controls. Comparably, co-staining and quantification of VE-cadherin per CD31 positive
vessel area also revealed enhanced expression in tumor sections derived from mice lacking EC-
MMP14 compared to controls (Figure 18b). These data indicate that EC-derived MMP14 is a

regulator of ZO-1 and VE-cadherin expression.
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Figure 18: Association of ZO-1 and VE-cadherin with vessels is increased in MMP14*"~ tumors.
a) Tumor sections were co-stained for CD31 (vessels, green) and the junction protein ZO-1 (red). DAPI
(blue) was used for nuclei visualization. The amount of ZO-1 positive was normalized to CD31 positive
area. Mean % SD; ****p<(0.0001; n=9; Scale: 10 um. b) Co-staining of VE-cadherin (red) and CD31
(green) and analysis of VE-cadherin positive area per CD31 (green) positive area on tumor sections.
Mean + SD; *p<0.05; MMP14%1 n=9 MMP 145 n=8; Scale: 10 pm.

To further analyze the EC-intrinsic defect due to MMP14 loss we performed in vitro
experiments using primary ECs isolated from MMP145¢”~ and MMP 14", Cell were grown as

monolayer to confluence to allow establishment of tight cell-cell contacts and VE-cadherin
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expression and localization was investigated by immunofluorescence analysis. These
investigations showed strong increase in VE-cadherin expression in cells derived from
MMP 145" mice compared to controls (Figure 19a, left panel). Although not significant, VE-
cadherin expression at cell-cell interphases was enhanced (Figure 19a, right panel).

The increased VE-cadherin protein in ECs was accompanied by a significantly increased

transcription in MMP14E¢~ ECs as compared to controls (Figure 19b).
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Figure 19: VE-cadherin expression is increased in isolated endothelial cells. a) Primary ECs from
MMPEC" mice and controls were grown as monolayer and stained to detect VE-cadherin (red) and nuclei
(DAPI, blue). Fluorescence intensity was analyzed. White arrowheads indicate analyzed VE-cadherin
at cell-cell intersections. Mean + SD; n=3 mice pooled; Scale: 20 um. b) VE-cadherin transcripts were
quantified from primary ECs grown to tightness in monolayer. S26 was used as control. Mean + SD;
*p<0.05; MMP 14" n=11, MMP14F¢" n=9.

However, to further investigate whether reduced MMP14’s proteolytic function leads to VE-
cadherin increase in ECs lacking the protease, we studied VE-cadherin in primary MMP145¢--
and control ECs in protein lysates and serum free supernatants by immunoblot. VE-cadherin
was found as surface bound (in lysates) and as soluble protein (in supernatants) in ECs of both
genotypes. A reduction in the released soluble protein was detected by MMP14E¢" but that did

not result in a relative increase of the cell membrane form. (Figure 20a).
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Figure 20: MMP14 processes VE-cadherin. a) Immunoblot analysis of MMP14"® (WT) and
MMP 145 (KO) EC cell lysates and supernatants detecting VE-cadherin (full length: 130 kDa, soluble:
90 kDa). Actin (42 kDa) and Ponceau staining were used as loading control. b) /n vitro processing of
recombinant VE-cadherin by active and EDTA-inactivated recombinant human MMP14 and MMP2.
Proteins resolved by SDS-PAGE were visualized by silver staining of the gel. VE-cadherin fragments
generated by MMP14 are indicated by red stars. Blue stars indicate active MMP2, green stars indicate
active MMP14. Based on fingerprint analysis the potential cleavage site (indicated by scissor symbol)
was located in the first extracellular domain of VE-cadherin as shown in the scheme.

As MMP14 often acts indirectly through MMP2 activation, the question remained open,
whether VE-cadherin processing is directly or indirectly mediated by MMP14. Therefore,
recombinant VE-cadherin was incubated with active and inactive recombinant MMP2 and
MMP14 in vitro. The proteins and possible degradation fragments were analyzed by SDS-
PAGE and silver staining. These analysis showed an additional low molecular weight band of
VE-cadherin when processed by active MMP14 but not MMP2, demonstrating that MMP14
directly cleaves VE-cadherin (Figure 20b, left panel). The newly identified fragment is 72 kDa
and was further identified by fingerprint analysis. Previous studies showed that MMPs have no
specific sequence but favor leucine at the P1° position [456]. In accordance, a potential cleavage
site could be located in the first extracellular domain of VE-cadherin between amino acids 470
(alanine, P1) and 471 (leucine, P1°) right after the last fingerprinted fragment (Figure 20b,

schematic view of the cleavage site).

3.1.6. EC-derived MMP14 regulates eNOS and NO production

Although MMP14 has proteolytic activity towards VE-cadherin, most of its increased

4EC—/ -

expression in MMP1 cells is likely derived from enhanced transcriptional activity (Figure

19b). This may result either from a direct or an indirect MMP 14-mediated effect. One potential
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candidate known to be involved in regulating VE-cadherin expression and vascular stability is
NO [233, 234], that is produced by the endothelial nitric oxide synthase (eNOS) [232]. MMP14

in turn has been shown to regulate eNOS and NO in an intussusceptive model [388].
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Figure 21: eNOS expression is decreased upon MMP14 loss in ECs. a) Immunofluorescence staining
of ECs isolated from MMP14%1 and MMP 145 mice for eNOS (red) and DAPI (blue) visualizing
nuclei. Fluorescence intensity was analyzed per cell. White arrowheads indicate eNOS expression in
analyzed cells. Mean £ SD; **p<0.005; n=4; Scale: 50 nm. b) Transcript analysis of eNOS expression
in MMP14%1 and MMP145¢~ ECs. S26 was used as control. Mean + SD; *p<0.05; MMP14"% n=8,
MMP14E¢- n=9,

In order to address, whether loss of EC-MMP14 affects eNOS production primary ECs from
MMP 145" mice and controls were cultured, and stained by immunofluorescence for eNOS
(Figure 21a). eNOS expression in MMP14E¢~ ECs was significantly decreased. In these cells,
reduced protein expression was paralleled by significant downregulation of eNOS transcripts
as detected by real time quantification of transcripts thus suggesting that EC-derived MMP 14
regulates expression of eNOS (Figure 21b).

eNOS, using L-arginine as source, is the main producer of nitric oxide (NO) in endothelial cells
[457-459]. To assess, whether altered eNOS expression also affects enzyme activity and thus
NO production, we used DAF-FM (4-Amino-5-Methylamino-2',7"-Difluorofluorescein)
diacetate. That is a weakly-fluorescent reagent that reacts upon contact with NO and produces
a green fluorescent triazolofluorescein, whose intensity is directly proportional to the NO
concentration (Figure 22a) [432-434]. Therefore, primary ECs were treated with DAF-FM

diacetate.
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Figure 22: Reduced nitric oxide production in MMP14E¢" ECs. a) Schematic overview of NO
production by eNOS from L-arginine. Weakly fluorescent DAF-FM reacts with NO and is transformed
into fluorescent DAF-FM T (measured at 495nm). b) Production of nitric oxide in MMP14%1 and
MMP 145" endothelial cells was measured at several time points. The experiment was repeated three
times in triplicates. Mean + SD; **p<(.005.

The amount of NO in MMP14E¢" ECs was significantly reduced as compared to controls
indicating reduced activity of eNOS (Figure 22b). This likely results from the decreased eNOS
expression.

To address whether VE-cadherin upregulation in ECs lacking MMP14 expression is mediated
directly by MMP14 or indirectly through eNOS downregulation, primary EC were transfected
with eNOS siRNA. Downregulation of eNOS by approximately 70% was confirmed by real-
time PCR (Figure 23, left panel) and immunoblot analysis (Figure 23, right panel). Despite the
significant downregulation of eNOS, VE-cadherin expression appeared unaltered on either
mRNA (Figure 23, middle panel) or protein levels (Figure 23, right panel). Thus increased VE-

4EC—/—

cadherin expression in cells from MMP1 mice is independent of eNOS regulation.
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Figure 23: eNOS siRNA mediated downregulation MMP14"" ECs. Transcript (graphs, left) and
immunoblot (right picture) analysis of eNOS and VE-cadherin of MMP14"1 ECs transfected with eNOS
siRNA and scramble siRNA as control (Ctl). S26 transcripts were used as control in RNA analysis, actin
and Ponceau staining as loading and transfer control, respectively, of the blot. Mean + SD; ***p<0.0005;
n=3.

3.1.7. In human ECs MMP14 regulates eNOS but not VE-cadherin

Although often applicable, not all mechanisms identified in rodents can be translated to the
human system [460]. To analyze whether VE-cadherin and eNOS are regulated by MMP14 in
human endothelial cells, we undertook a silencing approach and transfected HUVECs with
MMP14 siRNA. This led to downregulation of MMP14 transcripts by approximately 60%
(Figure 24a, left panel), but no differences in human VE-cadherin expression accompanied this
reduction (Figure 24a, middle panel) indicating that in human ECs VE-cadherin regulation is
independent of MMP14. eNOS protein in HUVECs transfected with hMMP14 siRNA was
reduced as compared to control cells (Figure 24a, right panel). Thus, similar to mouse ECs
eNOS appears to be dependent on MMP14 expression, but VE-cadherin is not.

To investigate whether expression of MMP14 and eNOS correlate in in human melanoma,
sections from specimens of grade T3-T4 (TNM staging [461]) melanomas were stained for
MMP14 and eNOS (Figure 24b). Expression intensities specifically in visible blood vessels
were qualitatively analyzed by arbitrary categorization in low (+), medium (++) and high (+++)
expression. This investigation showed that eNOS levels in tumor vessels correlated with those
of MMP14, thus being eNOS low in vessels with low MMP14 expression and conversely high
when MMP14 was also highly expressed.
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Figure 24: MMP14 downregulates eNOS, but not VE-cadherin in human EC. a) siRNA mediated
MMP14 downregulation in HUVECsS is analyzed by transcript analysis (left graph). Scrambled siRNA
was used as control (Ctl). Expression of VE-cadherin was examined by real time PCR (graph on the
right) and eNOS via immunoblot. S26 transcripts were used as control in RNA analysis, ponceau
staining of the membrane was used as loading control for the immunoblot. Mean + SD; *p<0.05; n=3.
b) Immunohistochemical staining of eNOS and MMP14 was used to quantify the expression in human
melanomas. Expression intensities for both proteins were arbitrarily set as: + low; ++ moderate; +++
high; representative pictures are shown and stained vessels are indicated by arrowheads. Percentage of
eNOS expression in low, moderate, or high MMP14 expressing vessels is shown in the graph. n=21;
Scale: 125 um.

3.1.8. Loss of EC-MMP14 has no additional effect on therapeutic treatment of melanoma

Enhancing vessel maturation can also limit therapeutic efficiency [191]. Therefore, we
questioned whether stabilization of tumor vessels by deletion of MMP14 in ECs may affect
efficacy of cisplatin as a widely used antineoplastic drugs [462]. To address this, B16F1

4EC- and control mice. When tumors

melanoma cells were intradermal injected into MMP1
became visible, at day 4, mice received a one-time treatment with cisplatin (1 mg/100 g body
weight) (schematic overview in Figure 25a). Tumor growth was followed over time (Figure

25b).
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Figure 25: Cisplatin has less impact on B16F1 tumor growth in MMP14%“" mice. a) Schematic
representation of experimental procedure for BI6F1 and Cisplatin or sodium chloride (NaCl) control
injections in mice. b) Tumor size analysis in MMP14"1 and MMP 145" mice treated with cisplatin
(Cis) or NaCl as control. Mean = SEM; *p<0.05; n=7.

As previously observed, up until day 8 only a minor reduction in tumor growth was observed
in MMP 145 compared to MMP14"1 and treatment with cisplatin or NaCl did not alter tumor
growth. At day 11, when growth of melanoma was significantly reduced in MMP14EC" as
compared to MMP14"1 cisplatin treatment strongly reduced melanoma growth in MMP 1411
to an average of 280.72 mm? versus 491.92 mm? in NaCl treated tumors. In melanomas grown
in MMP14E%" mice cisplatin treatment only slightly, but not significantly, reduced growth
(from 291.92 mm? in NaCl treated to 215.45 mm?). These data show that loss of EC-derived
MMP14 did not synergize with cisplatin treatment in inhibiting tumor growth.
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Figure 26: Cisplatin treatment increases apoptosis in B16F1 tumors. Inmunofluorescence staining
of tumor sections treated with NaCl or cisplatin (Cis) for cleaved (cl.) caspase 3 (red) and DAPI (nuclei,
blue). Positive signals were quantified per tumor area. Mean + SD; *p<0.05; MMP14%% NaCl n=6,
MMP 1491 Cis, MMP 145~ NaCl/Cis n=7; Scale: 50 um.

One of the main effects of cisplatin on tumor cells including melanoma is programmed cell
death [463] induced by caspase 3 and caspase 7 cleavage and subsequent signaling [464]. Thus,
to further proof efficacy of cisplatin treatment in tumors, we analyzed cell death by
immunofluorescence staining of cleaved caspase 3 (Figure 26). Quantitative analysis showed a
significant increase in apoptosis in MMP14%1 but not MMP 14" in cisplatin treated tumors
as compared to NaCl controls. However, lack of significance may be due to the higher numbers

4EC-/-

of apoptotic cells already present in NaCl treated MMP1 mice melanomas.
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3.2. MMP3 is upregulated in skin upon loss of fibroblast MMP14

Deletion of MMP14 specific to fibroblasts using a tamoxifen-induced model identified
fibroblast-derived MMP 14 as the main processor of collagen type I in the skin as loss lead to a
fibrosis-like phenotype as a result from collagen accumulation [251]. However, wound healing
in these MMP145%™ mice was similar to controls [251]. Considering the multiple skin-related
functions of MMP14, including involvement in multiple processes during tissue repair,
comparable wound closure indicated compensation by other proteases, or dispensability of
fibroblast-derived MMP14.

Analysis of whole skin tissue lysates from MMP 145" and floxed controls was performed using
a Proteome Antibody Array® (Figure 27a) that detected multiple enzymes and factors involved
in tissue repair, including ADAMTS1, MMP3, MMP8, MMP9, TIMP1 and 2, basic and acidic
FGF, PDGF, angiopoietin-1 and 2, VEGF, thrombospondin and more.
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Figure 27: MMP3 expression is upregulated in MMP14%" skin. a) Proteome Profiler™
Angiogenesis Array of whole skin tissue lysates from MMP 1457 mice and floxed controls. Red squares
indicate the MMP3 signals. b) Transcript analysis of MMP3 in MMP 1457 and MMP 141 skin at T1
and T2. S26 was used as transcript control. Mean + SD; *p<0.05; T1: n=6, T2: MMP14"% n=6, T2
MMP145- n=7. ¢) Immunoblot analysis of MMP3 protein levels in whole skin tissue lysates of
MMP14"1 and MMP145%" mice at T1 and T2. Ponceau staining was used as loading control. Red
numbers indicate samples from MMP 1457 mice.

Analysis of signal intensities of the single spots on the membrane (Antibody array) showed
increased signals for platelet factor 4, IGFBP1 and 2 in tissue derived from MMP145 mice,
while serpin 1 and CCN3 were reduced. However, most striking was the increase in MMP3 in
lysates derived from MMP 145" skin compared to controls (Figure 27a). To further verify these
results, we isolated RNA from whole skin biopsies and analyzed it by qPCR (Figure 27b).
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Furthermore, MMP3 protein was analyzed in tissue extracts by immunoblot (Figure 27c¢). In
both assays, MMP3 levels were enhanced in skin from MMP145%" mice one week (T1) after
tamoxifen feeding was completed (4 weeks feeding schedule), and were even further increased
in skin after further 4 weeks (T2). Thus, loss of fibroblast-derived MMP 14 leads to upregulation
of MMP3 expression in skin.

3.2.1. MMP3 upregulation is in MMP 145" skin fibroblasts

Although we detected increased MMP3 in the skin of MMP 145" mice, the cellular source for
this protease was unknown. To identify the cells responsible for the enhanced expression of
MMP3, co-stainings for MMP3 and cellular markers for mast cells (c-kit) [465], macrophages
(F4/80) [466] and fibroblasts (HSP47) [467] were performed in skin sections from MMP 145"
and control mice (Figure 28 and 29).
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Figure 28: MMP3 expression is unaltered in mast cells and macrophages. a) MMP14"% and
MMP 1457 skin sections were co-stained for MMP3 (green) and markers for mast cells (c-Kit, red) or
b) macrophages (F4/80, red). Nuclei were visualized by DAPI (blue). Percentage of double positive
(white arrowheads) MMP3 and c-kit or F4/80 cells was calculated. Mean + SD; mast cells: MMP 1471
n=9, MMP 145"~ n=10; macrophages: MMP14"1 n=5, MMP14%%- n=7; Scale: 50 pm.
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Analysis of the percentage of MMP3 positive mast cells (Figure 28a) and macrophages (Figure
28b) showed comparable levels of MMP3 expression in these cell types in the skin of MMP145F
" and control mice. Conversely, the percentage of MMP3 positive fibroblasts was significantly
increased in MMP 145%™~ skin (Figure 29a) indicating these cells as the source for the enhanced
MMP3 expression MMP145%" mice. To confirm these findings, supernatants of cultured
primary skin fibroblasts from MMP14"® and MMP 145" mice were analyzed by immunoblot
(Figure 29b). In these samples enhanced expression of the 54 kDa molecular weight band
corresponding to proMMP3 was detected in MMP 145" supernatants, further confirming that

fibroblasts carrying the deletion of MMP14 enhance MMP3 secretion.
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Figure 29: Fibroblast upregulate MMP3 upon loss of MMP14. a) Inmunofluorescence staining of
skin sections for MMP3 (green) and the fibroblast marker HSP47 (red). DAPI (blue) was used for nuclei
visualization. Percentage of MMP3 and HSP47 double positive cells was calculated. Mean + SD;
*p<0.05; MMP14"1 n=14, MMP 145" n=10; Scale: 50 pm. b) Immunoblot analysis of MMP14" (1
& 2) and MMP145%- (3 & 4) fibroblast supernatants detecting MMP3 (54 kDa). Ponceau was used as
loading control.
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3.2.2. Generation of MMP3”/MMP 145" mice

Different MMPs share substrates specificities, which enables compensation for cell functions
by loss of most MMPs [258]. Also, MMP3 and MMP14 share several substrates in the ECM
[242] and although MMP3 has no collagenolytic activity, it is suggested to be involved in
proteolysis of collagen indirectly through the activation of MMP13 [270, 406]. Moreover,
MMP3 was recognized as driver of wound closure [419]. To identify which functions MMP3
might compensate for upon loss of MMP14 in fibroblast in adulthood in steady state conditions
and during skin repair, double deficient mice were generated by pairing MMP3"" knockouts

[425] with the tamoxifen inducible MMP 145" mice [251].
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Figure 30: Generation of MMP3”/MMP14%" double deficient mice. a) 14 week old MMP1471,
MMP3”, MMP14%" and MMP3//MMP14%" mice after tamoxifen treatment White arrowheads
indicate thickened paws and tails. Scale: 1 cm. b) Semi-quantitative genotyping PCR images showing
amplification products for MMP3, floxed MMP14 exons 2-4 (MMP14"M), Collagen 02 CrefRT
recombinase (Coll(02)Cre), a specific PCR product resulting from the deletion of MMP14 exons 2-4
(MMP14%!) upon LoxP recombination and S26 as control. Length of amplification products is shown
in base pairs. ¢) Analysis of weight at time point T2. Mean + SD; n=7.

When MMP145% mice reached the age of 13-14 weeks after tamoxifen feeding, MMP3""
/MMP 145 mice’s weight and overall appearance was indistinguishable from MMP14 single
knockouts (Figure 30a and c¢). As previously described for MMP145" animals [251], MMP3""
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/MMP145%" mice also displayed at stiffening of skin, visible tail and paws thickening (Figure
30 white arrow heads), while floxed controls and MMP3” mice (that were also fed with
tamoxifen) showed no phenotypical alterations. Genotyping PCR confirmed floxed MMP14
exons in all mice, deletion of MMP3 in MMP3”* knockouts and double deficient mice as well
as expression of the Cre recombinase. Detection of MMP14 was confirmed by amplification of
a specific PCR fragment detectable only after LoxP recombination and deletion of exons 2-4
(Figure 30b).

a b

MMP3-/
Gl ofs -
MMP1411  MMP3* MMP14F- 200 e ” O] MMP14™
: 3 - MMP3-
; E 4. W MMP145H-
_ = _ MMP3"/MMP 145~
i ! 3 31
(e
. | f
=
P
._
Cc

MMP 1401

Figure 31: Double deficient mice recapitulate the MMP14%"" tendon phenotype. a) Tail and
Achilles tendons MMP3”/MMP145%- and control mice. White arrowheads indicate the Achilles tendon.
Scale: 1 cm. b) Analysis of tail thickness of MMP14%%, MMP3"-, MMP14%%- and MMP3"-/MMP 145"
mice at time point T2. Mean £ SD; ****p<(0.0001; ns: not significant; n=7. ¢) Electron microscopy of
tail tendons visualizing collagen fibril structure in the different mouse genotypes. These investigations
were performed by the group of Karl Kadler (University of Manchester). Scale: 1 um.

As shown in the MMP145%" mice [251], the fibrotic phenotype in MMP3”/MMP145%" was
detected, apart from skin, also in tail and Achilles tendons (Figure 31a). Macroscopic
quantification of tendon further confirmed the phenotype (Figure 31b). Cooperation with Karl
Kadler at the University of Manchester allowed a more detailed analysis of tail tendon structure
by electron microscopy. At this magnification, tendons showed in MMP145%" and MMP3""
/MMP145% mice accumulation of multiple thinner collagen fibers in addition to the thick
collagen bundles (Figure 31c), but no additional alterations were observed that could account
for the deletion of MMP3 in addition to MMP14. MMP3"" tail tendons were comparable to

controls.
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In skin, microscopical analysis of tissue sections and relative quantification of dermal thickness
revealed significant increased dermal depth in MMP3”/MMP145™" as observed in MMP 145
skin (Figure 32). Collagen content analyzed by Picrosirius Red staining followed by polarized
light observation [468, 469] showed enhanced collagen in MMP 145~ and MMP3”/MMP145F
" mice (Figure 33a). Quantitative analysis demonstrated that both overall (Figure 33b) and
fibrillar (Figure 33c) collagen were enhanced in MMP14 double and single knockout mice.
Taken together, these findings show that deletion of MMP3 in addition to loss of fibroblast-
MMP14 has no further effect on the skin and tendon fibrosis-like phenotype previously

described in MMP 145" mice [251].

MMP147 MMP3-- MMP14S+  MMP3/ MMP145"-

*kk*k

A400_ ns

= xxx J MMP14™"

@ 300- — [ MMP3”

S N - MMP14S"-

£ 2001 — \ MMP3"-/MMP143"-
< T

T 1001 \

[

% o &

Figure 32: Loss of fibroblast-MMP14 increases dermal thickness in single and double knockout
skin. Skin sections of MMP3"//MMP145*- and control mice were stained for H&E. Analysis of dermal
thickness in MMP37/MMP145" mice and controls was performed. Mean + SD; ***p<0.0005,
**x%p<0.0001, ns: not significant, n=7; Scale: 500 pm; e: epidermis; d: dermis; s: subcutaneous fat
layer.
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Figure 33: Enhanced collagen in the skin of MMP3"/MMP145" mice. a) Picrosirius red staining of
skin section from MMP3”/MMP145*- and control mice analyzed by brightfield microscopy (top panel)
and under polarized light. Scale: 100 um; d: dermis. b) Analysis of overall collagen analyzed as
percentage collagen per area using pictures taken with brightfield microscopy. Mean £ SD; ****p <
0.0001; n = 6-7. ¢) Determination of percentage fibrillary collagen per area using images obtained with
polarized light. Mean + SD; *p < 0.05, ***p < 0.001; n= 6-7.

3.2.3. Double deficiency affects wound closure

In physiological conditions activity of MMPs is very low and as we showed for MMP14 [251],
required only in low amount to ensure skin homeostasis. However, during skin wound healing
in adulthood, several MMPs are upregulated in a very timely and controlled manner to ensure
correct tissue repair [46]. Among these proteases are also MMP3 and MMP14 [46, 419, 430,
470]. Although in the MMP145%" mice skin repair was overall unaltered despite the fibrosis-
like phenotype [251] we asked the question whether there are functions during this process that

are compensated through the activity of the upregulated MMP3.
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Figure 34: Wound closure is delayed in MMP3”/MMP14%"- mice. Excisional wound closure was
macroscopically analyzed over time by measuring wound size at different time point. Closure was
presented as percentage of initial wound area. Mean + SEM; *p<0.05, **p<0.005, ***p<0.0005, other
comparisons are not significant; for all time points: MMP14"% n=12, MMP3"* n=17, MMP145%- n=10,
MMP3”/MMP145%- n=13; Scale: 500 mm.

To address this question, excisional wounds of 6 mm diameter were made to the back skin of
all investigated mice. Pictures of the wounds were taken and wound size measured
macroscopically over time. The percentage of the free wound area from the initial wound size
at day 3, 5, 7, 10 and 12 post-wounding is shown in the graph (Figure 34). As previously
observed [419], wounds of MMP3" showed a delay in closure which was significant at day 7
post-wounding when compared to floxed controls. Macroscopical analysis further showed a
significant increase in wound size in MMP3”/MMP145% mice compared to MMP 14" wounds

at days 3 to 10 post-wounding.
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Figure 35: Histochemical analysis reveals delay in MMP3/MMP14%" wound closure. a) H&E
staining of day 5, 7 and 14 wound sections from MMP3”/MMP 145 and control mice. Dotted white
lines mark the granulation tissue area. Wound edges are indicated by arrowheads. Scale: 500 pm. b)
Wound width was calculated by measuring the distance of the wound edges at day 5, 7 and 14. Dotted
red line represents measured wound width. Mean = SD; *p<0.05, other comparisons are not significant;
for all time points: MMP14%1 n=6-7, MMP3”" n=6-9, MMP145%~ n=8-7, MMP3"//MMP 145 n=7-8.
¢) Granulation tissue area analysis in H&E sections. Mean + SD; *p<0.05, other comparisons are not
significant; for all time points: MMP14Y1 n=7-8 MMP3"- n=3-9, MMP145" n=8, MMP3”"/MMP145¢
- n=5-8.

The delay in wound closure in MMP3”/MMP14%7~ was even more striking by microscopical
analysis of wound sections stained for H&E (Figure 35a). After staining, wounds width in
sections of day 5, 7 and 14 wounds (Figure 35b) and granulation tissue area were measured
(Figure 35¢). Contrary to the macroscopical analysis, wound width at day 5 was comparable
among all genotypes, but at day 7 sections in MMP3"/MMP 145" mice that was significantly
larger as compared to floxed controls and MMP145 mice. The measured granulation tissue
area was significantly increased in MMP3™" at day 7 in agreement with a delay in wound closure
here observed macroscopically and previously shown [419]. Granulation tissue was
significantly enlarged in day 5 and 7 wounds of double deficient mice, whereas, in line with the
previous publication [251] MMP145 wounds were comparable to floxed controls regarding

width and granulation area at all time points.
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Figure 36: Fibrillar collagen is comparable in day 14 granulation tissue. Picrosirius Red staining of
day 14 wound sections from MMP3"/MMP 145~ mice and controls. Tissues were analyzed under bright
field and polarized light. Scale: 500 um.

Although loss of fibroblast-derived MMP14 caused development of a fibrosis-like phenotype,
collagen content in MMP 1457~ late stage wounds and scars was comparable to controls [251].
Staining of tissue sections of day 14 wounds with Picrosirius Red and following analysis under
polarized light (Figure 36), showed that double deficiency of MMP14 and 3 had no striking
effect on fibrillar collagens in the granulation tissue and collagen content appeared comparable
among all genotypes.

Moreover, regardless of delayed wound closure, skin repair seemed unaffected by the individual
and combined loss of MMP3 and MMP14 as observed in macroscopical analysis, where all
wounds appeared closed at day 14 post wounding. Furthermore, as detected by immunostaining
of the epithelial marker Keratin 14 (K14) (Figure 37), at day 14, all genotypes showed a restored
epithelial layer.

Therefore, loss of MMP3 affects early wound closure, but overall wound repair is comparable

and completed at day 14 in all genotypes.
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Day 14

Figure 37: Epidermal integrity is
restored at day 14 in all mice.

M1 Immunofluorescence staining for the
keratinocyte marker keratin 14 (K14, red)
and nuclei (DAPI, blue) in day 14 wound
sections. e: epidermis, d: dermis. Scale:
100 um.
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3.2.4. Loss of MMP3 and fibroblast-MMP14 does not affect wound immune infiltrate and

vascularization but alters myofibroblast density

The early delayed wound healing in MMP3”/MMP145%- mice could result from different
defects. In early tissue repair the granulation tissue is formed over the wound. This consists of
a mass of vascularized connective tissue hosting several inflammatory cells including homed
and resident macrophages [471]. As changes in these cells lead to alterations in tissue repair,
we addressed whether they are present in the injured site despite loss of MMP3 and fibroblast-
MMP14. To this end, wound sections (day 5 and 7) were stained for the EC marker CD31
(Figure 38a) and the macrophage marker F4/80 (Figure 38b). Quantitative analysis of
macrophage and vascular density showed no difference between all genotypes, although an
assessment of the macrophage phenotype and vascular functionality was not further performed.
Thus, migration of ECs and macrophages to the granulation tissue is independent of MMP3 and

MMP14.
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Figure 38: Comparable macrophages and vascularization in MMP3"-and MMP14%- wounds. a)
Immunofluorescences staining of day 5 and 7 wound sections for blood vessels (CD31) and b)
macrophages (F4/80). Quantitative analysis of vascular density and macrophage numbers is represented
shown in the graphs, with each dot representing one mouse/specimen. Mean + SD; MMP14%V1 n=6-8,
MMP3"" n=5-7, MMP145 n=6-7, MMP3”//MMP145"- n=8; Scale: 100 mm; g: granulation tissue.
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After the granulation tissue is formed, wounds start to contract to restore tissue integrity. One
of the main drivers of wound contraction are myofibroblasts residing in the granulation tissue
[54]. Reduced wound closure and enhanced granulation in MMP3”/MMP145~ and MMP3""
wounds may point to a defective tissue remodeling and contraction of the wound, thus possibly
implicating alterations in myofibroblasts in these processes. To further investigate this,
myofibroblasts were immune-stained in tissue sections of day 5, 7 and 14 wounds and day 28
scar tissue using the marker aSMA [57].

Following quantitative analysis of aSMA signal intensity per granulation tissue area (Figure
39, pictures), all genotypes showed low aSMA intensities in early wounds (day 5), but increase
in day 7 wounds. However, wounds from single and double deficient mice demonstrated
significantly less aSMA compared to floxed controls. At day 14, in wounds of floxed control
only a few aSMA positive cells remained in the granulation tissue, but in MMP3” and
MMP145 wounds they were significantly higher. In double deficient mice, the increase in
aSMA was even more striking and significantly higher than in floxed controls and single
knockouts (Figure 39, left graph). In scar tissue (day 28) aSMA signal intensities were overall

very low, but remained significantly elevated in MMP3”/MMP14%"" mice compared to
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MMP145" animal, while comparable in the other three genotypes (Figure 39, right graph).
Thus, loss of MMP3 and MMP 14 leads to reduced presence of myofibroblasts in wounds, but

these cells persist longer in the granulation tissue.
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Figure 39: Myofibroblast formation and resolution is affected by loss of MMP3 and MMP14.
Sections of day 5, 7 and 14 wounds, and day 28 scars were immunofluorescence stained for
myofibroblasts (aSMA, red) and nuclei (DAPI, blue). aSMA was analyzed as fluorescence intensity per
granulation tissue (left graph) and scar tissue area (day 28, right graph). Dotted line indicates analyzed
area. Mean + SD; *p<0.05, **p<0.005; for all time points: MMP14"1" n=5-8 MMP3” n=3-9,
MMP 1457 n=6-9, MMP3"//MMP145%- n=5-8; Scale: 100 pm.

During granulation tissue formation, cell numbers are strongly increased through recruitment
of endothelial cells, macrophages and fibroblasts to the site of injury [472, 473]. To return to
homeostatic conditions, granulation tissue is resolved and cells are cleared from the site through
apoptosis [73]. For myofibroblasts several molecular paths lead to cell apoptosis and clearance
[474]. Thus, one hypothesis we put forward is that in the absence of the investigated MMPs,
higher number of myofibroblasts in day 14 wound are due to reduced apoptosis rather than
enhanced proliferation. To address this, tissue sections of day 7 and 14 wounds were stained by

immunofluorescence for the apoptosis marker cleaved caspase 3 (Figure 40a). Quantitative

analysis of positive cell numbers showed low numbers of apoptotic cells in day 7 wounds
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without differences among the genotypes. However, while the number of cleaved caspase 3
positive cells strongly increased in floxed controls at day 14 post-wounding, wounds from
MMP1457- and MMP3”/MMP145%" demonstrated significantly less positive cells, indicating
decreased apoptosis in the granulation tissue of these mice. When tissue staining were
performed using both, cleaved caspase 3 and aSMA antibodies, the percentage of double
positive myofibroblasts was significantly lower in single and double deficient mice lacking
fibroblast-derived MMP14 compared to floxed controls (Figure 40b). Also MMP3”" mice
showed reduced numbers of cleaved caspase 3 positive myofibroblasts, but this difference was

not significant.
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Figure 40: Reduced cell death of myofibroblasts in MMP3/MMP14%"- day 14 wounds. a) Day 7
and 14 wound sections were stained for the cell death marker cleaved (cl.) Caspase 3 (green) and DAPI
(blue) for nuclei visualization. The number of cl. Caspase 3 positive cells were analyzed per granulation
tissue area. White arrowheads indicate cl. Caspase 3 positive cells. Mean + SD; **p<0.005,
*kkp<(0.0005; Day 7: MMP14%1 n=13, MMP3” n=11, MMP145% n=13, MMP3""/MMP1457 n=16;
Day 14: MMPI14"® n=8 MMP3” n=18, MMPI145% n=6, MMP3"/MMP145 n=12. b)
Immunofluorescence staining of day 14 wound sections for cl. Caspase 3 (green) and myofibroblasts
(aSMA, red). Nuclei are visualized by DAPI (blue). Number of double positive cl. Caspase 3 and aSMA
positive myofibroblasts was calculated. Mean + SEM; *p<0.05; MMP14"% n=7 MMP3" n=8,
MMP1457- n=9, MMP3”//MMP145%- n=7; Scale: 100 pm.

In addition, also proliferation of myofibroblasts was analyzed in late wounds (day 14). Co-
staining of the proliferation marker Ki67 with a-SMA identifying myofibroblasts and
quantification of percentage of double positive a-SMA cells revealed increased myofibroblast
proliferation in MMP3”/MMP145% mice (Figure 41). These results demonstrate that in

addition to the above shown reduction of myofibroblasts that undergo apoptosis in late wounds
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(day 14) of mice lacking MMP3 and MMP14, enhanced proliferation leads to myofibroblast

persistence in these mice.
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Figure 41: Increased proliferation in myofibroblasts of day 14 wounds. Immunofluorescence
staining of day 14 wounds for the proliferation marker Ki67 (green) and myofibroblasts (aSMA, red).
Nuclei were visualized with DAPI (blue). Percent of Ki67 positive myofibroblasts was determined.
Mean + SD; *p<0.05; MMP 14" n=4, MMP3"- n=9, MMP 145~ n=3, MMP3""/MMP 145" n=5; Scale:
50 um

3.2.5. Does loss of MMP3 and MMP 14 affect TGF[( signaling?

Apart from the myofibroblasts persistence, overall the numbers of myofibroblasts earlier in
wounds at day 7 is reduced as compared to controls. That can be the result of altered fibroblasts
activation by growth factors that is the main source of myofibroblasts [475-477], with TGFfB1
being the most prominent activator [63, 478, 479].
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Figure 42: Comparable TGFp1 levels in wounds. a) Analysis of TGFf1 concentration in day 5 and
b) day 7 wound lysates by TGFB1 ELISA. Mean + SD; n=4.
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To determine whether TGFB1 levels are altered upon loss of MMP3 and MMP 14, tissue lysates
prepared from day 5 and 7 wounds were analyzed by the TGFB1 Quantikine ELISA Kit (Figure
42). For the analysis, since active TGFp1 in tissue was barely detected, we quantified total HCI-
activated TGFB1 in the tissue lysates. Overall the concentrations detected in day 5 wound
lysates were around 600-800 pg/ml (Figure 42a), and in day 7 wound lysates around 80-
160 pg/ml (Figure 42b). At both time points TGFB1 concentration was comparable among all
genotypes. Since despite differences in myofibroblasts the total amount of TGFB1 was not
altered in wound tissue, it remained to be investigated whether the amount the amount of total
TGFB1 only in fibroblasts was comparable. TGFB1 secreted by primary fibroblasts, as analyzed
by ELISA, showed no differences between single and double deficient cells, and floxed controls
(Figure 43c¢). Furthermore, as detected by qPCR analysis, TGFB1 (Figure 43a) and TGFBR1
(Figure 43b) transcripts in primary fibroblasts were comparable among all genotypes. Thus,

loss of MMP3 and MMP14 has no effect on expression of TGFB1 and of the cellular receptor
TGFBRI.
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Figure 43: TGFB1 and TGFBR1 expression are comparable in primary fibroblasts. a) TGFf1
ELISA detecting TGFB1 concentration in supernatants of MMP3”/MMP145- and control fibroblasts.
Mean + SD; n=3. b) Transcript analysis of TGFB1 and ¢) TGFBR1 expression in MMP3”/MMP 145"
and control fibroblasts. S26 was used as control. Mean + SD; n=3.

Although TGFf1 and cell receptors expression were unaltered, we wanted to address whether
the TGFP1-mediated signaling pathway was still active upon stimulation. Therefore, cultured
fibroblasts isolated from MMP3”/MMP14%%" and control mice were treated with 40 ng/ml

recombinant TGFB1. The readout for fibroblasts activation was the aSMA expression (Figure
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44). Stimulation with TGFB1 resulted in induction of aSMA expression, detected by RNA
(Figure 44a) and in immunoblot analysis (Figure 44b), in all cells independently of the
genotypes thus the transduction of signals through the receptor was efficient.

However, besides TGFP1 signaling, fibroblast differentiation can also be induced by
mechanical cues [53, 480, 481]. One model to mimic the effect of mechanical tension on
fibroblasts is culturing them in tethered 3D-collagen gels [482]. Cells were cultured in the gels
and as monolayer for 24 h and after extracting cells from the gel cultures, aSMA expression
was analyzed in lysates by immunoblot. aSMA was detected at a low level in all cells cultured
as monolayer, and found enhanced upon cell culture in 3D collagen gels, with no differences in
intensity in all cell genotypes (Figure 44c). Taken together, these experiments showed that loss
of MMP3 and MMP14 in fibroblasts does not impact fibroblast activation into myofibroblasts

either by TGFpB1 induction or mechanical stress.
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Figure 44: Loss of MMP3 and MMP14 has no effect in intrinsic sensitivity of fibroblasts towards
TGFp1 signaling and mechanical stress. a) Analysis of fibroblast activation upon TGFf1 treatment
by detecting aSMA expression on transcript level and b) via immunoblot. S26 was used as control in
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transcript analysis, actin as loading control in immunoblot. Mean + SD; *p<0.05, **p<0.005; n=3. ¢)
Immunoblot analysis of aSMA expression in fibroblasts cultured as monolayer and in 3D tethered
collagen gels. Ponceau was used as loading control.

The question remaining open was: is TGFB1 signaling altered upon the loss of MMP3 and
MMP14? One of the main intracellular mediators of TGFB1 signaling in myofibroblasts is
pSmad2 [483-485]. Therefore, co-staining for pSmad2 and aSMA was performed in sections
from early wounds (day 5) (Figure 45). Percentage of double positive cells was determined and
revealed significantly less nuclear pSmad2 staining in aSMA positive cells in mice lacking
fibroblast-derived MMP14 (Figure 45). This number also seems to be reduced in MMP3-
deficient mice, but this reduction is not significant. Thus, downstream signaling of TGFp1
might be impaired by the loss of MMP3 and fibroblast-derived MMP14.
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Figure 45: Loss of fibroblast MMP14 reduces pSmad2. Day 5 wound sections were stained for
pSmad2 (green) and myofibroblasts (aSMA, red). Nuclei are visualized by DAPI (blue). Percent of
double positive pSmad2 and aSMA positive myofibroblasts was calculated. Mean £ SEM; **p<0.01;
MMP14" n=7, MMP3”" n=6, MMP145 n=7, MMP3"/MMP 145~ n=8; Scale: 50 pm.
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3.2.6. Loss of MMP3 but not MMP14 affects contractile activity of fibroblasts

Delayed wound contraction in MMP3 knockout mice was identified to likely result from
impaired fibroblast contractile activity [420]. When comparing the observed phenotypes in
single and double deficient mice in regards to wound closure and myofibroblasts one thing that
is standing out is that the delay in wound closure on microscopical level only occurred in mice
lacking MMP3, whereas all single and double deficient mice showed a myofibroblast
phenotype. This could indicate that altered myofibroblast formation is not the only factor
contributing towards impaired wound contraction. Therefore, to further analyze the contractile
activity of fibroblasts, cells isolated from MMP3”/MMP145 and control mice were seeded in
free floating 3D-collagen gels. Collagen gel size was measured over time and the percent size
reported as average in the graph (Figure 46). As visible in the graph and in the photographs of
the gel (Figure 46), while gels with fibroblasts from floxed controls and MMP145% mice were
rapidly reduced in size, those with embedded cells from mice lacking MMP3 remained
significantly larger. Thus, MMP3 appears to be the main factor causing reduced wound
contraction, possibly leading to the observed delay in wound closure in MMP3”- and MMP3"
/MMP14%" mice.
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Figure 46: Reduced collagen gel contraction by fibroblasts lacking MMP3. Primary fibroblasts from
MMP3"//MMP145%- and control mice were seeded in 3D free floating collagen gels and gel size was
measured over time. Mean = SD; *p<0.05; n=3.
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3.2.7. Soluble factors altered in wound at day 5 in knockout mice.

Although TGFp1 is considered the main driver of myofibroblast formation, other factors have
been identified to successfully induce fibroblast differentiation, as for example PDGF-B [476]
and TNFa [475]. These and many other factors could be investigated by proteome profile
analysis based on antibody arrays. This array was used to analyze factors in day 5 wound lysates
from MMP3”//MMP14” and control mice. Signal intensities detected for each analyzed factor
were compared to MMP14" intensities and considered to be significant at a ratio of 2 and
higher (or under 0.5 and lower). Multiple factors were significantly altered in single and double
deficient wounds and are listed in table 10. As previously detected (Figure 24), MMP3 was
upregulated in MMP145- and, as expected, is not detected in MMP3"~ and MMP3”//MMP145%
" wound lysates. Among the regulated factors is ADAMTS] that was downregulated in wounds
of single and double deficient mice. Significantly upregulated in all knockouts were angiogenin,
endoglin, leptin and PDGF-AA. In MMP 145~ and MMP3"/MMP145 wounds there was an
increase in endothelin-1, whereas PIGF-2 was only significantly enhanced in wound lysates
from double deficient mice. On the other hand, amphiregulin was upregulated in MMP 145"
wounds but not in the other lysates. These data indicate that several factors other than TGFpB1
could contribute to altering myofibroblast formation in knockout wounds. Their impact on the
phenotype will require further analysis.

Table 10: Factors identified as significantly altered in Proteome Profiler™ analysis of day 5 wound

lysates. Values were normalized to MMP14%% controls and per genotype three different lysates were
pooled.

Protei MMP14"1 MMP3" MMP145F- MMP3"/MMP145-
rotein

ADAMTSI 1.0 0.5 0.3 0.3
Amphiregulin 1.0 1.0 52 1.0
Angiogenin 1.0 7.4 8.0 5.6
Endoglin 1.0 34 8.3 5.6
Endothelin-1 1.0 1.0 5771.8 2866.7
Leptin 1.0 3733.6 3863.4 1940.5
MMP-3 (pro and 1.0 0.0 11.7 0.0
mature form)

PDGF-AA 1.0 65.5 70.7 273
PIGF-2 1.0 1.1 1.9 22
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4. Discussion

4.1. EC-specific deletion of MMP14

4.1.1. Skin vascularization and sprouting are unaffected by MMP 14 deletion

Despite multiple angiogenic defects resulting from the complete deletion of MMP14 in mice
[252, 361, 364], we did not detect significant developmental abnormalities in mice with EC-
specific deletion of MMP14. A few alterations were observed in the skull with delayed suture
closure at day seven post-birth and a slight deviation of the snout, most prominent three months
after birth [390]. This was surprising, as although suture closure was also defective in mice with
global MMP 14 deletion, these skeletal defects were associated with MMP14 loss impacting the
membranous cranial bone formation and the impaired removal of cartilage primordia [252].
These data now suggest that in addition to MMP14 derived from skeletal stem cells, whose
deletion caused skeletal defects similar to the complete knockout [387], also EC-MMP14
participates in skull development.

Corneal vascularization that is highly plastic shortly after birth [441, 442] was found normal in
MMP 145" but aortic explants from MMP 145 mice embedded in collagen gels, although
formed, sprouts were reduced in length, and ticker than controls. Also, using a Tiel-driven
model for EC-specific MMP14 deletion, no alterations in cornea blood vessels vascularization
were detected [389], but these authors identified EC-derived MMP14 as a protease for LY VE-
1, whose shedding enhanced postnatal sprouting of lymphatic vessels [389]. However, we did
not detect differences in lymph angiogenesis in the cornea of the MMP 145"~ mice. A possible
explanation is that our mouse model is different than that of Wong and colleagues [389], who
used Cre-recombinase under the control of the Tiel promotor. Cre activity in these mice could
already be detected at E8-9 when using the B-Galactosidase reporter gene activity staining
[486]. On the contrary, Tie2-driven Cre-recombinase is active in ECs starting at E13 [392].
Since development is a rapid process, the difference in time in MMP 14 deletion might result in
a less pronounced phenotype in the lymphatic vasculature.

However, the above data indicate that EC-derived MMP14 has no essential role during
developmental angiogenesis or that other proteases or alternative pathways can compensate for
its loss. A possibility is that expression of MMP14 in cells surrounding the endothelium, e.g.,
vascular smooth muscle cells or pericytes, is sufficient to enable sprouting and vessel
elongation. In support of this theory, the complete deletion of MMP14 caused the failure of
neoangiogenesis in response to FGF-2 in a corneas micropocket angiogenesis assay [361].

Moreover, aortic ring assays using aortas from MMP 14 null mice, but not from our EC-specific

102



4. Discussion

MMP14, showed impaired sprouting [365]. Taken together, these studies indicate that MMP14
expression by perivascular cells might support angiogenic sprouting. However, MMP14
expression in perivascular cells is relatively low [369], but we do not know whether MMP14
expression or that of enzymes with comparable functions, is upregulated in these cells in the
MMP14F mice, and this issue still needs further investigations. Collagenolysis required for
endothelial cell migration during elongation, although partly affected by lack of MMP14, could
be sustained by MMP13, which was shown to regulate tumor blood vessel angiogenesis during
melanoma growth [487]. Transcription of MMP15 and MMP16 is increased during tube
formation [488], and MMP15 overexpression in MMP14”~ ECs rescued collagen proteolysis
when cells were seeded in collagen gels [365]. Also, the activation of alternative mechanisms
may compensate for the lack of MMP14. For example, during endochondral ossification,
vascular canals that enter the epiphysis by invading the uncalcified hyaline cartilage are absent
in the MMP14 deleted mice. Here ossification occurs in the absence of vascular canals and
starts from the mineralized cartilage matrix via the perichondrium [252]. Thus, in MMP14E¢-
compensatory mechanisms cannot be excluded. Concerning the cornea, later time points may

be necessary to identify alternative paths activated by the lack of MMP14 in the ECs.

10.1.2. Reduced tumor growth and intratumoral vascular permeability

Besides development, angiogenic processes in adulthood occur in multiple pathological
conditions, such as, for example, in cancer [107]. As observed during development, in
MMP 145" mice, despite reduced melanoma growth, intra and peritumoral vascular density,
generated by pathologically-induced angiogenetic processes, was not affected. As discussed
above, also during these processes compensation of EC-MMP14 might be due to protease
expression in surrounding cells, one of the most prominent being the tumor cells. Melanoma
cells have enhanced expression of MMP14 [350, 489] where the protease mediates invasion
and metastatic dissemination [349, 490]. Thus, MMP14 located on the B16F1 tumor cells might
be sufficient for degrading the matrix and generate the path for blood vessel cells to elongate
and expand vascular structures into the tissue. Another source of active MMP14 are pericytes
and smooth vascular cells [373, 491]. Covering the vascular tube of endothelial cells, these cell
types are close and actively involved in EC migration. The presence and activity of MMP14 in
these cells, would explain why complete MMP14 knockout led to impaired vascular sprouting

from aorta explant [365], but that was not altered, as we observed, by specific deletion in ECs.
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During tumor growth and metastasis, the tumor vasculature acquires unique functional features,
most strikingly it is hyperpermeable [185, 446, 492]. However, tumors in MMP 1457~ mice
displayed reduced intratumoral permeability. High vessel leakiness around tumors causes
decreased blood flow into the tumor mass [492], and leads to hypoxia [493-495]. Hypoxia in
turn induces HIF-1a [496], an activator of pro-angiogenic factors like VEGF [497-499] and
bFGF [500, 501], thus angiogenesis and continuous formation of new vessels. However, despite
being less permeable, this did not alter the numbers of intra and peritumoral vessels in the
MMP14F¢ mice. The increased vessel stability might though have affected the metastatic

4FC" animals. Indeed,

process since metastasis to distant organs was reduced in the MMP1
metastasis is supported by permeable vessels [502-504] and several studies showed, that vessel
maturation is an effective way to prevent metastasis [505, 506].

Thus, the question arose which mechanisms could be altered from loss of EC-MMP14 and lead
to the observed permeability phenotype. Regulation of vessel stability, and thus permeability,
is a complex process mediated by multiple factors. In tumor vessels pericyte detachment
enables EC proliferation [191] and promotes vessel leakiness [ 188, 190]. MMP14 in endothelial
cells is in close proximity to surrounding cells, pericytes and vascular smooth muscle cells, and
can thereby influence in several ways their attachment to the vessel. Indeed, in MMP14E¢"-
mice pericytes association to the tumor vessels was increased.

Activity of MMP14 mediates several pathways that may modulate vessel coverage by those
cells. Among them is the PDFG/PDGFR axis with EC-expressed PDGF-B binding PDGFRf3
on pericytes [180, 507]. Also the angiopoietin/Tie2 [508] and TGFf [509-511] signaling in ECs
are modulated by MMP14 activity [341, 512, 513].

Pericytes recruitment is regulated by the Ang-1/Tie2 signaling [158, 161-163]. Besides Ang-1
having to compete with the antagonistic Ang-2 [192-194], also MMP14 was shown to interfere
with Ang-1-mediated pericyte recruitment. Although MMP14 was shown to mediate Tie2
shedding [514, 515], we were not able to detect constitutively processed Tie2 in control cells
in the same conditions previously used. However, we cannot exclude that technical issues, e.g.
low sensitivity of the used antibodies, may have impaired these studies. In support of a role for
MMP14-mediated Tie2 processing is however a previous study conducted with a mouse hind
limb ischemia model. In that system, soluble Tie2 (cleaved Tie2), was reduced in HUVECs
upon MMP14 siRNA silencing and led to preservation of full length Tie2 and active Ang-1
signaling [513].

Moreover, MMP14 has been also shown to be involved in PDGF-B/PDGFRf mediated

pericytes recruitment. It associates with PDGFRf at the plasma membrane and loss of the
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protease caused defects in mural cell chemotaxis and proliferation [373]. Pointing towards
MMP14 regulation of pericytes recruitment by receptor shedding, are data we obtained by
analysis of tumor lysates by proteome angiogenesis array, where neither Ang-1 nor PDGF-B
were altered in melanoma tissue (unpublished data from our lab), thus excluding effect on the
expression of these factors resulting from EC-MMP14 loss.

Enhanced vessel permeability was detected in the MMP 14 complete knockout and by inhibition
of proteolytic activities by GM6001 in mustard oil treated ears [516]. Mechanistically, this
effect was attributed to impaired activation of TGFB1 by MMP14, and subsequent inhibition of
AIKS signaling [516]. Differences with our system may rely in the fact that firstly, MMP14 was
deleted in all cells, and secondly, inhibition by GM6001 is not specific only to MMP14 [517].
Furthermore, TGF B1 was shown to have both pro- and anti-angiogenic properties mediated by
its capability to activate both AlkS5 and Alkl that are normally in balance. When AIKS is
activated, Smad2 and 3 signaling is induced and EC migration and proliferation are constrained
thus promoting vessel maturation [509]. On the other hand, when TGFp1 activates Alkl, Alkl
initiates activation of Smadl and 5 leading to EC proliferation and migration that results in pro-
angiogenic activities [509]. Possibly the fact that in our system MMP14 is deleted only in ECs,
does not exclude that MMP14 expression in other cells may keep the balance in TGFbl
signaling. In contrast, in the previous work from Sounni and coworkers [516] with MMP14 loss
in the entire organism skews completely the balance. That possibly leads to the alteration of the
dominant path, AlkS, although Alk1 was not analyzed.

However, loss of EC-MMP14 could affect TGFB1-mediated pericyte regulation in an
alternative fashion. Endoglin, a dimeric glycoprotein predominantly expressed by ECs acts as
transmembrane accessory receptor for TGFB1 essential for Alkl activation [510, 511, 518,
519]. High levels of soluble endoglin produced by shedding correlated with reduced
neovascularization in vitro and MMP14 was demonstrated to be the processing enzyme for
endoglin in tumors and preeclamptic placentas [520, 521]. Hypothetically, without EC-MMP 14
endoglin shedding may be impaired and thereby the Alk1l mediated pro-angiogenic state of the
vessels would be maintained, this needs further proof.

When recruited, pericytes align with the vascular tube and support BM assembly [183, 522],
that further contributes to vessel stabilization [523]. Pericyte also provide an additional source
for BM proteins [524, 525]. Reduction and discontinuity of capillary BM detected in cancer
enhances vessel leakiness. This may require MMPs activity. In fact, MMP14 directly processes
nidogen, perlecan, aggrecan [329] and laminin-332 [331], while it is indirectly involved in

collagen type IV cleavage through activation of MMP2 [266, 290]. However, despite loss of
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EC-MMP14 and enhanced pericytes coverage, density and continuity of BM proteins were
comparable in MMP14E“" and control tumors. This is surprising, when considering that
interaction of ECs and pericytes increases BM deposition and their dissociation in cancer is
thought to contribute to the alterations observed in tumor vessels [183, 522]. Likely, pericyte
coverage not only contribute to deposition of BM proteins, but also compensate for remodeling
of this matrices in the absence of ECs derived MMP14.

Moreover, although MMP 14 can cleave BM proteins, soluble proteases like MMP2 and MMP9
are more important in the remodeling of the BM as deletion of the gelatinases in mice increased
collagen type IV which led to reduced metastasis [290, 526]. Additionally, MMP14, MMP15
and MMP16 expressed in tumor cells can process the BM [527] providing another source of
proteases.

VE-cadherin and ZO-1 (VE-cadherin’s intracellular cytoskeleton binding partner [218-220]),

were upregulated in MMP145¢"

tumor vessels, possibly further stabilizing the tumor
vasculature. This could suggest that EC-MMP14 is another regulator of VE-cadherin assembly
and expression in tumor cells [224, 226]. Supportive of this blocking the metalloproteinases use
of the inhibitor TAPI in HUVECs prevented VE-cadherin shedding, and retaining structural
and signaling properties of adherence junctions [528]. Moreover, VE-cadherin shedding,
involving a c-Met/ETS-1/MMP14 pathway, was prevented by knockout of the tyrosine-protein
kinase c-Met [529]. However, although these studies show that MMP14 might have cleavage
activity towards VE-cadherin, here we did not find significant alterations in VE-cadherin
cleavage in primary ECs from MMP 14"~ mice, but we detected upregulation of VE-cadherin
transcription. Also ZO-1 is upregulated upon MMP14 loss in ECs.

Although not demonstrated with VE-cadherin and ZO-1, MMP14 can also directly regulate

transcription of other proteins as demonstrated for PI3Ky [530]. Further indirect regulators

cannot also be excluded.

4.1.3. EC-MMP14 regulates eNOS and NO in mouse and human, but VE-cadherin is differently

regulated in these two systems

A recent study identified eNOS to be regulated by MMP14 [388]. Mice with tamoxifen-induced
deletion of MMP14 in endothelial cells, driven by the cadherin 5 promotor, showed reduced
expression of eNOS and decreased NO production in an intussusception model [388], where

intussusceptive angiogenesis is a mechanism by which the microvasculature expands [531].
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We also found reduced eNOS expression in MMP14E¢~ ECs, which further led to decreased
NO. NO, besides driving EC migration and tube formation [532-534], is a regulator of vascular
permeability, as for example by promoting VEGF-mediated hyperpermeability [535, 536]. In
turn, VEGF also induces eNOS expression [537, 538]. As MMP14 is a known activator of
VEGF during angiogenesis [367, 539], reduced VEGF activation upon MMP14 loss in ECs
might indirectly alter eNOS expression. Although we did not detect altered VEGF expression
in MMP14E¢" ECs (data from our laboratory), we have not addressed whether VEGFR
signaling was active. MMP14 may possibly regulate eNOS expression through its
transcriptional regulatory functions, as previously described for other proteins [530, 540].
Moreover, MMP14 can control eNOS synthesis via thrombospondin 1 (TSP1) [388] cleavage
and binding to CD47/avp3 [541, 542]. However, this mechanism underlied intussusception in
a colitis model. Transferability to tumor vasculature needs to be further tested in the future,
especially in regards to the observed increased vessel permeability upon EC-MMP14 loss in
both systems.

In HUVECsS increased eNOS expression and NO production caused downregulation of VE-
cadherin [234]. Studies in eNOS knockout mice showed that eNOS/NO induces VEGF-
mediated S-nitrosylation of B-catenin, causing dissociation from VE-cadherin that ultimately
leads to the collapse of the adherence junctions [233]. In leukocytes NO has an inhibitory effect
towards integrins and intercellular adhesion molecules such as VCAM-1 [543-546]. However,
despite the described regulatory function of eNOS and NO on VE-cadherin, when we silenced
eNOS in mouse ECs we did not detect altered VE-cadherin expression. Since eNOS knockdown
was not 100 % efficient (we used siRNA), the remaining eNOS might be sufficient to maintain
the normal VE-cadherin expression levels in these cells. Alternatively, increase of VE-cadherin
expression in MMP14E¢/~ ECs rather than indirectly mediated through eNOS and NO
reduction, could be a direct effect of MMP14 loss, but further investigations may be necessary
to clarify this issue.

It cannot be excluded that the observed effect could be species-specific as MMP14 knockdown
in HUVECs whereas had no effect on VE-cadherin expression, downregulated eNOS similarly
as in MMP 145~ ECs. eNOS and MMP14 are known to co-localize and NO has been identified
as a regulator of MMP14 expression and clustering in migrating ECs [547]. Taking these
findings together, these two proteins might form a positive feedback loop enhancing each other.
In support of a specie specificity of VE-cadherin expression, mouse VE-cadherin proximal
promoter regions contain Alu sequences and a CpG island, elements known to influence gene

expression dependent on methylation [548-550]. However, these elements are missing in the
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human VE-cadherin promotor [551]. Moreover, although Sp1 sites are present in both species,
binding affinity of different promotors to these sequences vary in mouse and human, as
observed for the luteinizing hormone beta (LHbeta) promoter [552] and the PIT1 phosphate
transporter gene [553].

4.1.4. Potential of EC-MMP 14 blocking in therapy

Vascular permeability and vessel maturation are crucial factors in regulating cancer growth and
metastasis. Although not addressed directly, this study indicates that enhanced vessel stability
might be beneficial towards reducing not only melanoma growth, but also metastasis.
Combination of EC-specific MMP14 loss and chemotherapeutic treatment with cisplatin, a
well-known chemotherapeutic drug [554], slightly, but not significantly, reduced tumor growth

in comparison to untreated MMP14E¢"-

. As the inhibition in melanoma growth detected in
control mice treated with this drug was similar to that obtained by deleting MMP14 in ECs
alone, the extent of inhibition in the MMP14E“” was likely the maximal obtainable in that
system. However, the further growth reduction observed in treated melanomas in the
MMP14E"- although slight, suggest that cisplatin and the additional tumor vessel stabilization
might be beneficial in cancer treatment. In the past, multiple treatments aiming at stabilization
of hyperpermeable tumor vessels were developed and demonstrated to be promising therapeutic
approaches [108]. One of the first observation in support of that was the treatment of lung
carcinoma with the cytostatic cancer drug ICRF 159 [555] that significantly reduced metastasis
and showed stabilization of vessels [556]. Based on these and other data, until today several
strategies combining approaches that normalize the tumor vasculature in combination with
other therapies were developed. Vessel maturation is achieved by targeting different
components of the vascular structure. For example in melanoma, inositol trispyrophosphate
(ITPP) treatment was found to enhance oxygen tension and blood flow, leading to reduced
hypoxia and vessel normalization [557]. Reduction of tumor growth and enhanced survival
upon immunotherapy was obtained combining ITPP with NGR-TNF (a Cys-Asn-Gly-Arg-Cys
peptide-TNF fusion product) treatment [558]. Here, vessel normalization was attained by
increasing cell adhesion molecules. In an approach using the oligonucleotide based inhibitor
CD5-2 the VE-cadherin/miR-27a interaction was disrupted, leading to enhanced VE-cadherin
expression. This resulted in vessel maturation which ultimately led to improved efficacy of anti-

PD-1 blockers [559].
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Since current therapy strategies usually target one vessel stabilizing mechanism, EC-MMP14
might provide a target that, due to regulating multiple factors regulating vessel functionality,
leads to a stronger effect in therapy. Indeed, MMP14 has a long history of being targeted in
cancer therapy and new specific approaches appear very promising. One of these is the
humanized DX-2400 antibody that targets MMP14 and proven effective in reducing tumor

growth and metastasis in breast cancer and melanoma metastasis models [368, 560].

4.2. Role of MMP3 and fibroblast-MMP14 in skin

4.2.1. MMP3 upregulation in MMP 14-deficient fibroblast

MMP 14 expression and activity in skin is low in homeostatic conditions, but can be induced in
various cell types for example during skin repair and melanoma development [276]. Previously,
work from our laboratory demonstrated that mice with inducible MMP14 deletion in stromal
fibroblasts (MMP145) developed a fibrosis-like phenotype as a result from impaired collagen
degradation, in vitro and in vivo [251]. However, these mice display a normal skin repair
process upon injury [251], but growth melanoma in the skin of these mice is reduced [395].

It was surprising that skin repair was not affected by deletion of MMP14 in fibroblasts as during
wound healing MMP14 is upregulated in several cells including fibroblasts and it was involved
in collagen remodeling [251, 561]. Moreover, MMP14 was implicated in the activation of
TGFp1 [341, 342, 512], which is an essential signaling factor orchestrating multiple activities
during wound healing [562]. As observed for other MMPs knockout models [258], the cell
specific function of MMP14 in fibroblasts during skin development and repair can be
compensated by other proteases. In the skin and fibroblasts of the MMP1457- mice, we found
a strong upregulation of MMP3. The increase in MMP3 expression was at a transcriptional
level, and likely caused by MMPI14 acting either as repressor, directly (transcriptional
regulation) or indirectly by the modulation of regulatory factors. The first proof of nuclear
localization of MMP 14 was found in macrophages where it regulated PI3K expression, thus the
inflammatory program and its deletion led to an enhanced inflammatory state in cells and tissue
[530, 540]. Another protein transcriptionally regulated by MMP14 is VEGFA, shown in
adenocarcinoma cells (MCF-7 cells) [563]. The inhibitory activity of MMP14 towards
transcription was previously shown for Dickkopf-3, whose expression was indeed increased in
MMP 14 knockout cells [564].

Prominent pathways mediating MMP3 expression that could be affected and should be analyzed
in the future are MMP3 transcription regulation via NFxB [415, 565] or IL-6/STAT-1 [566].
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But, how exactly MMP14 might regulate MMP3 transcription remains unknown and requires
further analysis in the future.

Although structurally different, MMP3 and MMP14 share some of their substrates. For
example, MMP3 actively remodels the ECM by processing of collagen type IV, fibronectin,
decorin and nidogen [242, 405] but not collagen type 1. However, through activation of pro-
MMP13, a substrate shared with MMP14 [268-270], MMP3 may indirectly mediate
collagenolysis. In addition, both proteases have been shown to activate TGFp1 [341, 342, 409,
512]. MMP3 and MMPI14 are also highly active in similar pathologies, for example
overexpression of both induce mammary carcinogenesis [567, 568], and during tissue repair
[421, 423, 569].

Thus, based on the literature it was unclear what specific function of fibroblast-derived MMP 14

could be compensated by MMP3.

4.2.2. MMP3 does not compensate for physiological fibroblast-MMP14 functions

To address that issue we undertook a genetic approach and generated mice carrying the double
deletion, MMP3"" in all body and MMP145%" in fibroblasts. The double deficient mice were

45%- mice and developed the fibrosis-like tendon

phenotypically indistinguishable from MMP1
and skin phenotype previously described in the MMP145 mice [251] with no additional
defects. The latter further suggested that activity of MMP3’s in proMMP13 activation [268,
270] is dispensable for collagen homeostasis in adult skin.

Although low expressed in physiology, MMPs including MMP3 and MMP14 are highly
upregulated during skin repair that requires major remodeling of the matrix [46]. However, their
function during repair is tightly regulated and their alterations is associated with pathological
conditions. For example, MMP3 is upregulated in human ulcer tissue [424] and MMP14 is
strongly increased in fibroblasts from chronic wound beds [379]. In normal conditions, multiple
MMPs are important drivers of healing processes and MMP3 was identified as significant
player of wound contraction in mice [419, 420]. However, when depleted both MMP145%" and
MMP3, although overall wound repair was comparable, wound closure was initially delayed
in single and double deficient mice. Mice lacking MMP3 showed enlarged wound width and
granulation tissue size in earlier wounds. Overall, the observed phenotypes were most
pronounced in the double deficient mice, indicating that some activities in the MMP 1455 repair
process were performed by MMP3. The previous studies by Bullard and colleagues ascribed

the delayed closure in MMP3 knockout mice to impaired fibroblast contractile activity, as
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collagen gel contraction by fibroblasts from MMP3 knockout mice was reduced owing to
altered actin stress fibers organization [419, 420]. Fibroblasts from MMP3 single and double
MMP37"/MMP145% mice, displayed a similar impairment of gel contraction, suggesting no
further contribution to this process by MMP14.

In the MMP3 knockout mice [419] myofibroblasts were detected in day 7 wounds, but no
quantification was provided. In our studies, the numbers of myofibroblasts were reduced early
in all knockout mice compared to controls, suggesting a contribution of each protease to the
population of granulation tissue by these cells. These specialized fibroblasts are considered
main drivers of wound contraction [62] and multiple studies demonstrated that alterations in
their numbers [53] or depletion of aSMA" myofibroblasts [570, 571] significantly affects
wound healing.

Fibroblasts are considered the main source of myofibroblasts in wound healing [62]. Although
MMP3 drives by unknown mechanisms the formation of the cells cytoskeleton in fibroblasts
[419, 420], so far neither MMP3 nor MMP14 were directly implicated in mediating fibroblast
activation leading to myofibroblasts formation.

However, both proteases are known to activate TGFB1, by cleavage of LAP or LTBP1 [341,
342, 409], the main inducer of myofibroblast formation from fibroblasts during tissue repair
[63, 478]. Once active, TGFB1 induces downstream pSmad2 signaling and mediates
myofibroblast formation [483-485]. Since in early wound of single and double deletion MMP3"
“/MMP145% mice pSmad2 was reduced, we hypothesized that loss of proteolytic activity of
MMP3 and MMP14 might reduce TGFB1 activity, activation or expression. TGFB1 expression
in wounds and isolated fibroblasts in MMP3”/MMP145" and single knockout controls was
not changed. Moreover, the intrinsic sensitivity of fibroblasts from all mice genotypes to TGFf1
signaling was not altered.

Although TGFB1 is considered the main inducer of myofibroblast formation during wound
healing [63, 478, 479], also other growth factors can mediate fibroblast activation. For example,
also PDGF-B [476] and FGF [477] promoted myofibroblast formation. While MMP 14 has been
association with regulation of both these factors [373, 572], no studies are known that showed
MMP3 being involved in their control. However, both factors PDGF-B and FGF, remained
unaltered in MMP3"/MMP14% and control wounds (data from the laboratory). Thus, it is
unlikely, that altered PDGF-B or FGF signaling causes the observed myofibroblast phenotype
in mice lacking MMP3 and/or fibroblast-MMP14, further pointing towards impaired TGFp1

matrix release and activation as underlying mechanism. However, we cannot exclude that loss
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of MMP3 and MMP14 also affects the growth factor release from the matrix where the latent
TGFp1 is stored [573].

Besides fibroblasts, other cellular sources were identified to transform into myofibroblasts.
During wound healing epithelial and endothelial cells can transition into myofibroblasts in a
process known as EMT (epithelial-to-) or EndoMT (endothelial-to-mesenchymal transition),
respectively [574, 575]. For example, MMP3 is upregulated in epithelial cells during wound
healing [421] and has been shown to induce EMT via E-cadherin cleavage [408, 576, 577]. For
induction of EndoMT, MMP3 likely activates MMP9 which in turn mediates signaling of
Notchl and TGFB1 [578]. MMP14 was shown to mediate EndoMT via TGFB1 and subsequent
Smad?2 signaling in ECs in the context of myocardial infarction [383]. However, this study
solely showed the impact of macrophage-derived MMP 14 in the heart on activation of the latent
LAP-bound TGFp1 in the case of cardiac infarction, the role of fibroblast-MMP14 has not yet
been analyzed in the context of EndoMT. Moreover, these studies also demonstrate that
although originating from other cellular sources, myofibroblast formation is TGFf1-dependent
[579]. Therefore, if TGFB1 activation is impacted by the loss of MMP3 and MMP14 in
fibroblasts, it is likely that EMT and EndoMT are also impaired. Moreover, EMT has been
mainly studied in a fibrosis context and its importance for tissue repair requires more attention.
While the numbers of wound myofibroblasts was reduced in single and double MMP3"
/MMP145% mice, they persisted longer. We guessed that through endurance of the
myofibroblasts in the granulation tissue, their reduced formation in early wound might be
compensated, and ultimately lead to the completed repair. In double deficient mice this effect
was the strongest, likely due to the contemporarily enhanced myofibroblast proliferation. The
enhanced cell proliferation could be an effect of simultaneous deletion of MMP3 and MMP 14,
as single knockouts showed myofibroblast proliferation comparable to the wildtypes, and so far
neither of the proteases has been identified to mediate myofibroblast proliferation. On the other
hand, the elevated numbers of myofibroblast in day 14 wounds of MMP3 and MMP14 single
knockout mice, was likely the result of decreased apoptosis. Usually, this last phase of wound
healing is characterized by heavy remodeling and cells, including myofibroblasts [58, 73] are
cleared by apoptosis from the packed granulation when returning to the homeostatic condition
[474].

Although not shown during tissue repair, both MMP3 and MMP14 may have a function in
apoptosis. In CHO cells, apoptosis was increased when overexpressing MMP3 [580] that
localized into the nucleus and cleaved PARP, thus inhibiting DNA repair mechanisms and

ultimately leading to apoptosis [580]. Moreover, mitochondrial ROS production was increased
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by MMP3 and induced apoptosis in mammary tumor cells [581]. While these studies clearly
indicate a pro-apoptotic function of MMP3, MMP 14 has been suggested to be protective against
apoptosis. In breast cancer cells MMP 14 was shown to be protective against apoptosis induced
by collagen type I [582]. Mechanistically, this might occur by inhibiting BCL-2 and BIK
expression [583]. Assuming these functions would be translated to a wound healing context and
fibroblasts, loss of MMP3 could indeed be involved in directly downregulating myofibroblast
apoptosis. However, loss of MMP14 would have the opposite effect, although, possibly, lack
of MMP3 could compensate it and also reduced it. However, the described roles of MMP3 and
MMP14 towards apoptosis may be specific to these cell types and do not occur in fibroblasts.
For instance, MMP3 may also be anti-apoptotic in cardiomyocytes. Here, apoptosis of AnglI-
treated fibrotic cells was enhanced upon siRNA-mediated MMP3 knockdown [584]. Moreover,
the effect of MMP3 and MMP14 loss on apoptosis might be indirectly mediated via altered
growth factor or cytokine signaling. An example would be TGFB1, who is an inducer of
apoptosis via multiple signaling pathways including Smad, p38 and AP-1 [585]. Thus, possible
reduction of TGFP1 activation upon loss of MMP3 and fibroblast-derived MMP14 could also
affect induction of myofibroblast apoptosis in late wounds.

Increasing evidence indicates, that removal of growth factors, thus pro-survival stimuli, induces
myofibroblast apoptosis in late wounds [474]. For example, death of lung myofibroblasts can
be prevented by treatment with PDGF-A [586]. Also, TGFB1, whose withdrawal leads to cell
apoptosis in the granulation tissue, has a pro-survival effect when applied to lung
myofibroblasts [587]. Mechanistically, this resulted from TGFB1-induced p38/MAPK and
PI3K/AKT signaling [588]. This downstream signaling pathway is activated by endothelin-1,
leading to a prolonged myofibroblast lifetime in pulmonary fibrosis [588]. Since we have
shown, that loss of MMP3 and/or MMP14 leads to reduced pSmad2 signaling during early
wound healing phases, the overall level of available TGFB1 as result from release from the
matrix, rather than production that we found not altered, may be lower and more difficult to

detect in experimental systems.

4.3. Conclusion and perspectives

Taken together, the presented data demonstrate that endothelial cell-derived MMP14
orchestrates multiple events involved in the regulation of tumor vessel functionality, where the
protease is a driver of vascular permeability due to the regulation of pericyte recruitment, EC-

EC junctions’ density and nitric oxide production. Therefore, the observed vessel stabilization
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resulting from deletion of EC-MMP 14 further highlights the potential of targeting MMP14 in
therapies. However, as the effect of classic chemotherapeutics such as cisplatin appeared to be
limited in our model, it would be important to address whether a synergistic treatment of
MMP14 targeting and other drugs, for instance immune-modulators or targeted therapeutics
would displayed improved efficacy.

Besides cancer, enhanced vascular stability resulting from EC-MMP14 loss might also have a
beneficial effects in other pathological conditions. One example would be dermal fibrosis.
Vascular damage is one of the initial events in skin fibrosis enhancing inflammatory reactions
[589] and causing chronic hypoxia which further promotes fibrosis [590]. Thus, it could be

possible that enhanced vessel stability in MMP145¢

mice is protective against dermal fibrosis.
Indeed, first analysis in our group using a bleomycin-induced fibrosis model showed a reduced
fibrotic reaction in the knockout mice (unpublished date), but the underlying mechanisms
require further investigation. Still, this shows that EC-derived MMP14 might present, if
approached in a cell specific manner, a powerful target in treating multiple pathological

conditions.

The data of the second part of the thesis project, show that although strongly upregulated in
skin of MMP145" mice, MMP3 has no compensatory function in skin steady-state
homeostasis. However, in wound healing, double deficiency causes a significant delay in
wound closure which is likely a cumulative effect of altered myofibroblast formation, resolution
and contractility upon single or combined MMP3 and MMP14 loss. The current results
especially point towards MMP3 and MMP 14 regulatory function in TGFB1 activation by matrix
release. However, future experiments should address the relevance of other growth factors like
PDGF-B and FGF, substrates or regulated by these MMPs, in the system. Furthermore, analysis
of the ECM structure and composition, complemented by degradomics, in the absence of
MMP3 and/or MMP14 could improve our understanding of the in vivo substrates for these
proteases. Moreover, addressing the possibility of regulation of processes like EMT and
EndoMT by MMP14 would open new research venues and a possible targeting approaches in
fibrotic diseases. For this, lineage tracing could provide the right system for these
investigations, which was used to identify myofibroblast origins in multiple studies (reviewed

in Pakshir et al., 2020 [591]).
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