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1. Abstract

Aberrant regulation of extracellular matrix (ECM) proteins such as fibronectin or
collagens is characteristic for lung fibrosis and lung tumor progression. Activity of
the protease plasmin and subsequent ECM degradation is crucial in the
progression of these diseases. Despite that, plasmin activity of lung cells has rarely
been measured directly and regulatory processes are barely understood. Plasmin
activity is decreased by the plasminogen activator inhibitor 1 (PAI1), which is
induced by transforming growth factor B (TGF-B) - promoted activation of SMAD
transcription factors. In this work, TGF-B-induced inhibition of plasmin activity,
monitored by a fluorogenic plasmin substrate, could be correlated with
TGF-B/SMAD-induced PAI1 expression in primary human pulmonary fibroblasts
(pHPF). In addition, the transient receptor potential cation channel, subfamily M,
member 7 (TRPM7) was found to restrain plasmin activity, since two structurally
unrelated TRPM7 blockers enhanced plasmin activity. This increase could be
correlated with decreased PAI1 levels, most likely due to functional interactions
between TRPM7 and TGF-3 on the level of SMAD proteins. Accordingly, TRPM7
blockers antagonized TGF-B-mediated fibronectin or collagen deposition and
fibroblast-to-myofibroblast differentiation. Thus, TRPM7 blockade emerges as a

novel tool to target ECM accumulation in pHPF and thus to ameliorate lung fibrosis.

TGF-B has also been reported to act as a tumor-suppressor or tumor-promoter
depending on the stage of the disease. Further, plasmin activity has been proposed
to be higher in late stages of lung tumors. When basal plasmin activity in early
stage (A549) cells was compared to late stage tumor cells (H1299), higher activity
was surprisingly found in A549 cells. However, when TGF-3 was applied, reduced
plasmin activity was observed in A549 cells, but an increase in H1299 cells. Thus,
effects of TGF-B on plasmin activity might depend on the stage of the lung tumor
and elevated plasmin activity proposed for late stage tumor cells might depend on
the presence of TGF-B. Extracellular signal-regulated kinases 1/2 (ERK1/2)
signaling is provided as a possible pathway accounting for the differences among
tumor cells, since ERK1/2 blockade not only prevented the TGF-B-mediated

increase in plasmin activity in H1299 cells, but even led to a decrease as observed



in Ab49 cells. Hence, this work reveals so far unappreciated roles for TGF-3 and

ERK-1/2 in the elevated activity of plasmin in late stage lung tumor cells.



2. Zusammenfassung

Eine Fehlregulation in der Expression von Proteinen der extrazellularen Matrix
(ECM) wie Fibronektin oder Kollagen ist charakteristisch fir Lungenfibrose und das
Fortschreiten von Lungentumoren. Die Aktivitdt der Protease Plasmin und der
anschlieBende Abbau der ECM sind ein entscheidender Faktor fur das
Fortschreiten dieser Krankheiten. Die Plasminaktivitdt von Lungenzellen wurde
bisher jedoch nur selten direkt gemessen und die involvierten regulatorischen
Prozesse sind wenig verstanden. Aktivitat von Plasmin wird durch den
Plasminogen-Aktivator-Inhibitor 1 (PAI1) verringert, welcher durch die vom
transformierenden Wachstumsfaktor B (TGF-B) geforderte Aktivierung der SMAD-
Transkriptionsfaktoren induziert wird. In der vorliegenden Arbeit wurde die
Plasminaktivitdt mittels eines fluorogenen Plasminsubstrates gemessen. Damit
konnte eine TGF-B-vermittelte Aktivierung von SMAD Proteinen und die Hemmung
der PAI1l-Expression mit einer verringerten Plasminaktivitat in priméaren humanen
Lungenfibroblasten (pHPF) korreliert werden. Dartber hinaus wurde festgestellt,
dass der lonenkanal die Plasminaktivitatt hemmt, da TRPM7-Blocker die
Plasminaktivitat erhdhten. Dieser Anstieg kénnte mit verringerter PAI1 Expression
korreliert sein, welche vermutlich auf funktionelle Interaktionen zwischen TRPM7
und TGF-B auf der Ebene der SMAD-Proteine zurickzufihren ist.
Dementsprechend hemmten TRPM7-Blocker die TGF-B-vermittelte Fibronektin-
oder Kollagenablagerung sowie die Differenzierung von Fibroblasten zu
Myofibroblasten. Somit erweist sich die TRPM7-Blockade als eine neuartige
Moglichkeit, die ECM-Akkumulation in pHPF zu bekampfen und Lungenfibrose zu

lindern.

TGF-B kann je nach Stadium als Tumorsuppressor oder Tumorpromotor wirken.
AulRerdem wird angenommen, dass die Plasminaktivitat in spaten Stadien von
Lungentumoren hdoher ist. Beim Vergleich der basalen Plasminaktivitat in
A549-Zellen (Zellen aus einem Primartumor) mit H1299-Zellen (Tumorzellen
isoliert aus Lymphknoten) wurde Uberraschenderweise eine hdhere Aktivitat in
A549-Zellen festgestellt. Nach Stimulation mit TGF-f wurde in A549-Zellen eine
verringerte Plasminaktivitat, in H1299-Zellen dagegen eine erhdhte Aktivitat

festgestellt. Somit kdnnten die Auswirkungen von TGF- auf die Plasminaktivitat
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vom Stadium des Lungentumors abhangen. Die fur migrierende Tumorzellen
vorgeschlagene erhdhte Plasminaktivitat kénnte ebenfalls von TGF-3 abhéngen.
Die Signalubertragung durch ERK1/2 (extracellular signal-regulated kinases 1/2)
konnte fur die Unterschiede zwischen den Tumorzellen verantwortlich sein, da eine
Blockade der ERK1/2 Aktivitat nicht nur den TGF-B-vermittelten Anstieg der
Plasminaktivitat in H1299-Zellen verhinderte, sondern sogar zu einer reduzierten
Plasminaktivitat &hnlich zu A549-Zellen fuhrte. Diese Arbeit deckt somit eine bisher
nicht beachtete Rolle von TGF- und ERK-1/2 bei der erh6hten Plasminaktivitat in

Lungentumorzellen im Spéatstadium auf.
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3. Introduction

3.1 The fibrinolytic system and its role in the lung

In 1893, Albert Dastre studied the dissolution of fibrin clots in the blood and coined
the term “fibrinolysis”, marking the start of extensive research in the field of
hemostasis [1]. Hemostasis describes the dynamic balance between coagulation,
where platelets and fibrin polymers clot to close wounds, and fibrinolysis, which
leads to the dissolution of fibrin clots and subsequently prevents clogging of blood
vessels and thrombosis [2-5]. Cleavage of fibrin by plasmin results in the
generation of fibrin degradation products (FDPs) that are then cleared by blood

circulation [6].

All processes of hemostasis are subject to a complex regulation to maintain proper
physiological function. Failure of physiological fibrinolysis has dreadful
consequences, leading to either bleeding disorders when overactive, or thrombus
formation upon decreased activity [2]. Inability to dissolve blood clots e.g. in the leg
creates a significant risk for movement of the thrombus to the lung arteries,
resulting in pulmonary embolism, which is often fatal when untreated [7].
Therapeutics for pulmonary embolism target the halting of coagulation and in
severe cases, activation of the fibrinolytic system to achieve thrombolysis [8, 9].
Besides its thrombolytic function, the fibrinolytic system has been linked to
immunological responses and tissue remodeling, thus playing an important role in

various pathological conditions [10].

The protease plasmin as the central enzyme of the fibrinolytic system degrades
fibrin formed in blood vessels as well as proteins of the extracellular matrix, thus
affecting tissue remodeling and cell migration [11]. As a major regulator of
extracellular matrix (ECM), the fibrinolytic system is thus crucial in diseases
displaying dysfunctional ECM remodeling, like pulmonary fibrosis or tumorigenesis
[12-16].

Crucial steps in the regulation of plasmin activity and the fibrinolytic system are

described in detail in the following section.
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3.1.1 The plasminogen activation system and its modulators

The serine protease plasmin is generated by cleavage of the zymogen
plasminogen, its inactive precursor. Plasminogen is cleaved by tissue-type (tPA)
or urokinase-type plasmin activators (uPA) via the lysine binding site of
plasminogen [17, 18]. Circulating plasminogen is mainly synthesized in the liver,
but lower levels of tissue-derived plasminogen have been reported to be produced
in several extrahepatic sites including lung, heart and kidney among others [19-
21]. Generation of plasminogen at tissue sites results in plasmin activation
independently of circulating plasminogen and is thought to be important for

physiological implications of plasmin [19].

Plasminogen is a single-chain glycoprotein consisting of 810 amino acids and is
cleaved by both tPA or uPA at Arg561-Val562 [22, 23]. Interestingly, tPA is
produced in endothelial cells and requires binding to fibrin for efficient cleavage
[24]. uPA on the other hand is primarily released from fibroblasts and epithelial
cells in wounded tissues. Cleavage of plasminogen by uPA is independent of fibrin
binding and can occur when uPA is in solution or cell-associated to its receptor [25,
26]. The primary function of tPA and uPA is considered to be fibrinolysis in blood
vessels, however, uPA is additionally associated with tumor and fibrosis [26].
Plasminogen, tPA and uPA are bound to the plasma membrane by their receptors
[27-29]. Thus, active plasmin can be found associated to the membrane or when it
is released to the extracellular fluid [30, 31]. Plasminogen cleavage by tPA or uPA
results in the formation of plasmin, a two-chained protease linked by two disulfide
bonds [23]. Two isoforms of plasminogen exist, the native form of plasminogen
glu-plasminogen can be further activated to lys-plasminogen by additional
cleavage of a glutamic acid at the N-terminus. Lys-plasminogen exhibits a shorter
half-life in plasma and higher affinity for fibrin-binding than glu-plasminogen and it
is proposed that the additional cleavage step to form lys-plasminogen depends on
whether the cleavage is taking place on the cell surface or in solution [32]. Active
plasmin then binds to substrates like fibrin or fibronectin via lysine recognition sites

to trigger cleavage of the substrates.
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The plasmin system is regulated by expression of the plasminogen-activator-
inhibitor 1 (PAI1), a member of the serine protease inhibitor (serpin) gene family.
PAIL protein levels or mRNA expression are generally elevated by TGF-B/SMAD
signaling and TGF-B-dependent pathways and its implications on physiological and

pathophysiological conditions will be highlighted in chapter 3.4.

plasminogen tPA/UPA
activators

A ECM degradation

(fibronectin/collagen)
plasminogen plasmin

@ TGF-p
L ]

) T
TGF-B plasminogen
receptor receptor

\
(5mad2)

SERPINE1

Figure 1: Schematic overview of the fibrinolytic system

Plasminogen to plasmin activation is mediated by plasminogen activators tPA and uPA. Active
plasmin degrades components of the extracellular matrix (ECM) like fibronectin and collagens.
TGF-B-signaling via SMAD proteins induces expression of plasminogen-activator-
inhibitor 1 (PAI1), thereby inhibiting plasmin activation.

A schematic overview of the fibrinolytic system and its regulation is displayed in
fig 1. PAIL is produced by several cells, including endothelial cells, hepatocytes,
fibroblasts and macrophages [33]. It contains three B-sheets and nine a-helices

and two highly conserved functional domains have been identified: One domain is
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required for connecting PAI1 to ECM via binding to vitronectin and the second
domain confers inhibition of tPA/UPA activity [34, 35]. By inhibiting soluble or cell-
associated tPA or uPA, PAIl leads to the inhibition of plasminogen to plasmin
conversion [36]. PAI2 and PAI3 are closely related to PAIL, however PAI2 is mostly
important in fetal growth regulation during pregnancy and PAI3 is thought to be a

regulator of plasmin activators in the male reproductive tissue [37, 38].

Mutations in the SERPINEL gene leading to PAI1 deficiency are associated with
dysfunctional wound healing and bleeding disorders and SERPINE1
polymorphisms are linked to coronary artery disease [39-42]. Furthermore,
increased PAI1l protein levels are associated with development of multiple
diseases like thrombosis, cancer, fibrosis and atherosclerosis [33, 43, 44]. Besides
PAI1, the serpine a2-antiplasmin is the second major inhibitor of plasmin activity,
which is synthesized in the liver and circulates in the blood [45]. In contrast to the
indirect inhibition of plasmin by PAILl, a2-antiplasmin is a fast-acting and direct
inhibitor of free plasmin [46]. Recently, SPINT2, encoding hepatocyte growth factor
activator inhibitor 2 (HAI2), has been proposed to directly inhibit plasmin [14].
Accordingly, HAI2 has been found to suppress cell invasion and metastasis and

low HAI2 expression has been linked to tumor progression [47-49].

Key components of the plasminogen activation system like plasminogen receptors
and serine proteases are conserved among mammals and likely emerged from a
common ancestor [50-55]. However, in chickens, the loss of a plasminogen
receptor encoding gene has been reported and despite sharing a homology of
82 %, mouse and human PAI1 differ slightly in important features [56, 57]. PAI1
levels in mouse plasma and platelets are considerably lower than in humans and
structural differences have been found concerning the a-helix and functional
domains [58, 59]. Besides, additional proteinase inhibitors other than PAI1 seem
to be of importance to inhibit tPA function in mice [60]. These differences could
possibly affect targeting PAIL in different species.

Ultimately, activation of the fibrinolytic system and its consequential proteolytic
activity is tightly regulated and misregulation is associated with multiple
pathological conditions. Bleeding disorders occur upon increased activity of

plasminogen activators or deficiency of a2-antiplasmin and can be treated with
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lysine analogues like epsilon aminocaproic acid or Tranexamic acid, which inhibit
fibrinolysis by competitively inhibiting the binding of plasmin to fibrin [61, 62]. Since
these drugs generally target fibrinolysis in the body, they are accompanied with
severe side effects like thrombosis [63]. Thrombotic diseases are related to
deficiency of plasminogen or plasminogen activators [64]. Therapy includes
anticoagulants like heparins, vitamin K-antagonists or direct oral anticoagulants.
Warfarin, a vitamin K-antagonist, reduces activity of Vitamin K, which is needed for
generation of crucial proteins within the coagulation process, however correct
dosing is complicated due to its interactions with other drugs or intake of particular
food, thus risking severe side effects like bleeding [65]. Direct oral anticoagulants
like rivaroxaban or apixaban directly target coagulation factors and present an
alternative to vitamin K-antagonists, since they have less interactions with drugs or
food and are safer to use due to the availability of specific antidotes in the case of
severe side effects [66]. Usage of anticoagulants is however limited, since life
threatening cases of thrombosis like clot formation in heart or lung arteries require
thrombolysis. Thus, activating the fibrinolytic system is an established emergency
treatment to prevent heart attacks or acute pulmonary embolisms. Prominent
thrombolytic drugs induce plasminogen-to-plasmin conversion, including tPA, uPA
or streptokinase [67]. However, correct dosage is difficult and side effects include
life-threatening hemorrhage and neurotoxic effects, thus new treatments with less
severe side effects are needed [68, 69]. Recently, inactivation of a2-antiplasmin
has been shown to dissolve pulmonary blood clots in mice with lower bleeding risk

compared to tPA, thus being proposed as treatment for pulmonary embolism [70].

Besides these implications in hemostasis, the fibrinolytic system is crucial in
regulation of ECM and is thus strongly associated with tissue fibrosis, which is
characterized by excessive accumulation of ECM proteins. Plasmin binds and
digests fibronectin and collagen, which are major components of the ECM [71, 72].
An implication of PAI1 on the activation of the fibrinolytic system and subsequent
modulation of ECM levels in lung fibrosis has been indicated in several studies [73-
75]. For instance, Sisson et al suggested that PAI1-deficient mice showed reduced
fibrosis due to the activity of the fibrinolytic system and showed that treatment of
mice with uPA significantly ameliorated lung fibrosis [74]. Mice lacking PAI1 or mice
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instilled with PAI1-siRNA have been shown to be protected from pulmonary fibrosis
and increased PAI1 levels lead to accumulation of ECM components like collagen

or fibronectin in mouse lungs [13, 73, 76].

Increased levels of PAI1 are associated with dermal fibrosis and PAI1 has been
shown to regulate levels of collagens in skin fibroblasts [77, 78]. Further, PAIL1 —
deficient mice show reduced dermal fibrosis [79]. According to these findings, PAI1
deficiency is also correlated with reduced renal and kidney fibrosis [80, 81]. Thus,
PAI1 seems a promising target to modulate activation of the fibrinolytic system in
the context of fibrosis. Additionally, by degradation of ECM proteins, plasmin allows
for cellular migration and invasion, thus high levels of plasmin are thought to be
key drivers of migratory abilities in advanced stages of cancers [14, 82]. Thus,
signaling pathways targeting the fibrinolytic system are suggested as tools for

modulating ECM protein levels.

3.2 Pulmonary fibrosis

Pulmonary fibrosis (PF) belongs to the group of interstitial lung diseases (ILD),
which describes rare and chronic diseases affecting the tissue surrounding alveoli,
also known as pulmonary interstitium. The prevalence of interstitial lung diseases
per 100,000 people is 6.3 to 71 and includes several subgroups of diseases [83].
Of these subgroups, idiopathic pulmonary fibrosis (IPF), referring to a disease
progression without a known cause, is the most common one [84]. IPF has a
prevalence per 10,000 of the population of 0.33 to 2.51 in Europe, and 2.40 to 2.98
in North America a median survival rate of 3-5 years after diagnosis [85]. Lung
fibrosis in general is often diagnosed in late stages of the disease. Known causes
of PF include occupational risks like inhalation of substances like asbestos, silica,
vinyl chloride, nylon flock or metal dust [86-89]. Age is also a severe risk factor and
several diseases are an additional risk to manifest in fibrosis, like pulmonary
hypertension or cancer. Radiation and chemotherapy as well as cigarette smoke
have been linked to pulmonary fibrosis and PF is indeed a common co-morbidity

of lung cancer [90-92].

Just recently, pulmonary fibrosis has been proposed as long term consequence of
the Covid-19 acute respiratory stress syndrome, thus the incidence of IPF might
16



further increase in the coming years [93-95]. George et al proposed drugs used for
the treatment of idiopathic pulmonary fibrosis like pirfenidone as possibility to

reduce development of severe Covid-19 cases [93].

Currently, therapy for ILDs includes immunosuppressants or systemic steroids
[96]. These therapies are, however, only used in non-IPF ILDs, since the usage of
immunosuppressants in IPF patients has been shown to aggravate the disease
[97]. No efficient therapy for the treatment of IPF is available until now, and
treatment of lung fibrosis mainly aims at easing symptoms by supplying oxygen.
Two FDA (US food and drug administration) and EMA (European medicines
agency) approved drugs are currently used: Nintedanib, a receptor tyrosine kinase
inhibitor, and Pirfenidone, which inhibits TGF-B signaling [98, 99]. Of note,
pirfenidone has recently been suggested as additional treatment strategy for non-
IPF ILDs [100]. However, these drugs are only able to slow the progression of IPF,
but not to stop or even cure the disease. As a consequence, lung transplantation
remains as the only possibility to cure IPF, but it is rarely performed due to the
limited availability of donor lungs and the low survival probability in patients as
consequence of old age or comorbidities [99, 101]. Thus, new strategies for
effective therapy of PF and IPF are needed, especially to achieve restoration of the

affected tissue in late stages of the disease [102].

The main process responsible for the progression of pulmonary fibrosis is the
misregulation of ECM. ECM remodeling during wound healing is crucial for proper
function of the lung and fibroblasts are most abundant in wound healing.
Fibroblasts are mesenchymal cells originating from embryonic mesoderm tissue.
During wound healing, fibroblasts differentiate to myofibroblasts, which are able to
migrate to the site of the injury and produce ECM components like fibronectin,
collagen and elastin [103]. Once the injury is repaired, under physiological
conditions, ECM production is stopped by apoptosis of myofibroblasts and
proteolytic ECM degradation [104]. Misregulation of ECM remodeling often
includes uncontrolled fibroblast to myofibroblast differentiation leading to excessive
ECM accumulation, eventually resulting in scarring of tissue and fibrosis [105, 106].
In addition to resident fibroblasts, other cell types can also be transformed to

fibroblasts by epithelial to mesenchymal transition (EMT). This process is
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characterized by reduction of epithelial markers like E-cadherin and induction of

mesenchymal markers like vimentin and a-smooth muscle actin (a-sma) [107].

Excessive ECM accumulation mostly affects the interstitial space in alveolar
regions and results in a stiffening of the lung, accompanied by a reduction of total
lung volume and reduced gas exchange. It is thus classified as restrictive lung
disease [108]. Histochemical analysis of lung fibrosis often reveals “fibroblast foci”,
which are characteristic for pulmonary fibrosis. They describe an accumulation of
fibroblasts, myofibroblasts and ECM and are regarded as main reasons for tissue
destruction in fibrotic disease [105]. Studies revealed deposition of collagens and
fibronectin at these sites, with collagenl increasing in the progression of the
disease and thus being a marker of late stages of fibrosis [109, 110]. It has been
shown that not only the ECM but also fibroblasts themselves become stiff and less
elastic in patients [111]. By increasing cellular migration and proliferation in areas
with stiffer ECM, ECM proteins are highly involved in cellular features of fibroblasts

and progression of the disease [112].

Inhibition of plasmin activation by PAI1 is initially required for wound healing to stop
ECM degradation, however upregulation of PAI1 has been reported to lead to
reduced ECM digestion and is regarded as marker of fibrotic tissues. Extensive
amounts of ECM can thus be the consequence of increased ECM production as
well as reduced degradation. As mentioned above, studies have shown that PAI1
deficiency can protect lungs from bleomycin-induced fibrosis and increased PAIl
levels have been associated with fibrosis [13, 79, 113, 114]. Thus, targeting PAI1
and consequently the activity of plasmin may be a promising approach to achieve
tissue restoration in late stages of pulmonary fibrosis.

3.3 Lung carcinoma

With 11.4 % of total cancer cases and 18.0 % of total cancer deaths in 2020, lung
cancer is the second-most frequent type of cancer and the leading cause of cancer-
related deaths [115]. In 2018, survival of lung cancer patients 5 years after
diagnosis was 10 % to 20 %, and prognosis is best upon diagnosis at early stages

and surgical removal of cancerous tissues [116]. Unfortunately, no characteristic
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early symptoms are defined and most patients with non-small cell lung cancer
(NSCLC) are diagnosed at a late stage of disease, thus limiting treatment options
to chemo- or radiotherapy [117]. Attributing for two-thirds of lung cancer deaths
worldwide, the leading cause of lung cancer is tobacco smoking [118]. Of note,
lung fibrosis increases the risk for developing lung cancer, but the mechanism of

interaction between these two diseases remains unclear [119].

Lung cancers are divided into two main groups, small cell lung cancer and non-
small cell lung cancer. With 80 to 85 %, NSCLC is the most common type and is
classified in 3 groups: adenocarcinoma, squamous cell carcinoma and large cell
carcinoma [120]. Adenocarcinoma is the most common type and affects the
bronchioles, squamous cell carcinoma originates from squamous cells lining the
lung surface and large cell carcinoma is the least common and is characterized by
rapid growth [121].

Due to the lack of treatment options, novel therapeutic approaches including
targeted therapies are needed, therefore it is crucial to understand cellular
mechanisms and pathways contributing to tumor progression [118]. One
successful example of targeted therapy that arose in the last years is targeting the
epidermal growth factor receptor, which is often elevated in NSCLC. By inhibiting
tyrosine kinase activity of epidermal growth factor receptor (EGFR) with the small
molecule tyrosine kinase inhibitors gefitinib or erlotinib, downstream signaling
pathways are blocked and survival of patients carrying EGFR mutations
significantly improved [122, 123]. Similarly, mutations in the TGF-p receptor have
been shown to increase invasiveness of tumor cells by enhancing SMAD signaling.
With misregulated TGF-B-induced SMAD signaling being a prominent pathway in
EMT of tumor cells, this work focuses on targeting the role of TGF-B in the

progression of lung tumors at different stages.

The process of epithelial to mesenchymal transition is key in tumor progression and
initiation of metastasis. During EMT, cancer cells lose their epithelial
characteristics, e.g. downregulation of cell adhesion proteins like E-cadherin and
loss of ECM proteins. Thus, cells acquire invasive properties and exhibit
characteristics of mesenchymal cells like expression of N-cadherin or fibronectin

[124, 125]. Besides EMT, degradation of ECM is crucial for tumor migration and
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invasion. Fibronectin is a prominent member of ECM, but has also been reported as
marker for EMT, thus studying fibronectin levels seems promising in this context
[126, 127]. Degrading ECM proteins in the tumor environment is often triggered by
TGF-f3 signaling and leads to reduced cell-cell-adhesions, thereby facilitating cellular
migration [128]. Inhibition of plasmin activation and subsequent ECM degradation
thus seems a logical possibility to inhibit tumor progression. However, PAIL is a
marker of migratory cells and thus correlated with poor prognosis in several cancers
and PAI inhibitors are being researched as cancer therapy [129-131]. It has been
shown to promote actin reorganization, which is essential for migration of cancer
cells [132]. Besides, PAI1 promotes proliferation by inhibiting apoptosis of cancer
cells [133]. PAIl is a prominent target of TGF-3 signaling, which will be highlighted

in the following chapter.

3.4 Implications of transforming growth factor g in the

regulation of extracellular matrix in pulmonary diseases

Extracellular matrix consists of various collagens, actins, proteoglycans and
glycoproteins and provides elasticity, mechanical stability, tissue separation and
intercellular communication [134]. Fibroblasts and macrophages migrating to the
wound are the main producers of TGF- and promote production of ECM at the
site of the wound [135, 136]. Fibronectin, one of the key components of ECM, exists
in a plasma form and in a cellular form. The plasma form is circulating in the blood
and is accumulated into fibrin clots upon injuries. At the site of the injury, cellular
fibronectin is then synthesized and aberrant synthesis of fibronectin leads to
dysfunctional tissue repair and fibrosis [137]. In response to injuries, ECM is crucial
for stimulating cell proliferation, differentiation or apoptosis and leads to more
fibroblasts attaching to the ECM at the site of injury [138]. Cells bind to the ECM
via focal adhesion to cellular actins. Cell adhesion is facilitated by integrins, which
require binding to fibronectin of the ECM [139]. Loss of ECM and consequent
intercellular adhesive connections results in reduced tissue integrity and polarity,
thereby promoting cellular mobility and facilitating cell migration, which is especially

important in the context of cancer. TGF-f signaling pathways e.g. via the small
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G protein Ras homolog family member A (RhoA) are key in actin reorganization in

the tumor cell environment and will be further explained in the following chapters

ECM can be divided into two layers: the basement membrane and the interstitial
ECM. Basement membrane provides mechanical support and is located beneath
the epithelium. Interstitial ECM is located in the lung parenchyma and thus affects
gas exchange [140]. Several chronic diseases are correlated to an altered ECM
composition, including asthma, chronic obstructive pulmonary disease, cancers
and pulmonary fibrosis [30]. Regulation of ECM remodeling during wound healing
is crucial for proper function of the lung and fibroblasts are most abundant in wound
healing [108]. As stated above, key factor in the degradation of ECM is plasmin,
which directly binds and digests fibronectin and collagens, leading to reduction of
ECM protein levels [71, 72]. Besides, plasmin can also degrade ECM proteins
indirectly by activation of matrix-metalloproteinases (MMPSs), which is especially

important in the degradation of collagens [134, 141, 142].

An important factor in the regulation of extracellular matrix is TGF-f3, as increased
levels of TGF-B are associated with aberrant regulation and consequent
accumulation of ECM. TGF-B has been shown to directly induce expression of
ECM components, however, it can also modulate ECM levels via interacting with
the fibrinolytic system, thereby modulating the extent of ECM degradation. The
mechanism by which TGF-[ influences ECM proteins are discussed in detail in the

following chapters.

3.41 Physiological roles of transforming growth factor 8

Three isoforms of TGF-f (TGF-B1, 2 and 3) are expressed in mammalians,
however TGF-B1 is most abundant, ubiquitously expressed and commonly
associated with diseases [143-145]. Thus, for the sake of simplicity, TGF-f refers
to TGF-B1 in this work.

TGF-B is involved in a variety of cellular processes like differentiation, proliferation,
embryogenesis, migration, apoptosis and wound healing [146]. Due to its
importance in crucial cellular processes, misregulation of TGF-B signaling is
associated with various diseases like tissue fibrosis or tumor progression [144].

TGF-B signaling is essential for the immune system, as lack of TGF- in mice is
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lethal due to multiorgan inflammation [147]. This is due to its activating role for
T-lymphocytes and T helper cells [148]. Besides, TGF-f inhibits proliferation of B
lymphocytes and inhibits macrophage activity [149]. Misregulation of TGF-$
conferred actions on components of the immune system is associated with
autoimmune diseases like multiple sclerosis [150]. Under physiological conditions,
TGF-B blocks progression of the cell cycle at G1 phase, thereby inducing apoptosis
and reducing cell proliferation [151]. In malignant diseases, TGF-$ signaling is
often aberrant, leading to uncontrolled proliferation of cancer cells. Angiogenesis
and invasion of cancer cells are also attributed to TGF-f3. However, TGF- exhibits
both characteristics of tumor suppressor and tumor promoter, which will be

discussed in more detail in chapter 3.4.4.

Further, cholesterol has been shown to decrease binding of TGF-( to its receptors,
thereby increasing the risk for heart diseases like atherosclerosis [152-154]. TGF-f3
signaling via SMAD3 suppresses proliferation of pancreatic 3-cells, therefore, it
plays an important role in regulation of blood glucose levels and is associated with
diabetes [155]. Dysfunctional TGF-B-signaling is also associated with

neurodegeneration in Alzheimer’s disease [156]

Mutations in the TGF-B receptors lead to the Loeys-Dietz syndrome, a rare
autosomal dominant genetic disease, which is characterized by dysregulated
connective tissue and increased risks for aneurysms [157].

With the lungs being especially exposed to external pathogens or toxins, TGF-f3
plays a crucial role in pulmonary inflammatory processes and cellular homeostasis.
Infection with Mycobacterium tuberculosis results in increased TGF-f activity,
leading to immune suppression within the lung and reducing TGF-§ activity has
emerged as therapy for tuberculosis [158]. Furthermore, TGF-B signaling is
associated with pathogenesis of pulmonary emphysema, chronic obstructive

pulmonary disease, asthma, lung fibrosis and lung carcinoma [159].

TGF-B confers its implications on various cellular and physiological roles via
induction of the canonical SMAD pathway as well as several other pathways

independent of SMAD proteins, which will be described in the following chapters.
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3.4.2 Transforming growth factor B signaling pathways

3.4.2.1 SMAD-dependent signaling cascade

The TGF-f3 signaling cascade is initiated by binding of the TGF- ligand to dimeric
serine/threonine kinase TGF-B receptors, which consist of a transmembrane
domain, a cysteine rich extracellular domain and a serine/threonine domain in the
cytoplasm [144]. TGF-B initially binds the type Il TGF-B-receptor, which
phosphorylates serine residues of the type | TGF-B-receptor, leading to the
formation of a tetrameric receptor-ligand complex [160, 161]. The activated type |
TGF-B-receptor then confers downstream signaling via different pathways. The
classical and most abundant pathway via SMAD proteins is illustrated in figure 2
[160].

The term SMAD stems from the discovery of mother against decapentaplegic
(MAD) in Drosophila melanogaster and the protein SMA (small body size) in
Caenorhabditis elegans [162, 163]. The human homologues were therefore named
SMAD proteins [164]. SMADs are compromised of the n-terminal MH1 (Mad
homology 1) domain required for DNA binding and nuclear translocation, a linker
region and a c-terminal MH2 (Mad homology 2) domain required for binding to
type | receptors and SMAD oligomerization. Mad homology domain 1 is highly
conserved in R-SMADs and Co-SMADs whereas MH2 is highly conserved among
all SMADs [165].

The eight vertebrate SMAD proteins are classified in three functional groups:
SMAD4 is a co-mediator SMAD (Co-SMAD), SMAD6 and SMAD?7 are inhibitory
SMADs (I-SMADs) and the remaining SMADs are receptor-regulated SMADs
(R-SMADs). SMAD2 and -3 are activated by TGF-B-receptor I-mediated
phosphorylation. SMAD1, -5 and -8 are activated in response to signaling by bone
morphogenetic proteins [165]. R-SMAD phosphorylation requires binding to the
TGF-B-receptor-complex by the SMAD anchor for receptor activation (SARA)
protein. Receptor-activated SMAD2 and SMAD3 proteins are phosphorylated at
two serine residues (Ser465, Ser467) of the SSXS motif at the C-terminus and
thereby form a heterotrimeric complex with SMAD4, leading to a translocation to

the nucleus and transcriptional activity [166, 167]. -SMADs have been shown to
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bind to type | TGF-B-receptors via their MH2 domain and are thus competitive
inhibitors of R-SMADs. [-SMADs also inhibit TGF-B signaling by competing
SMADA4, thereby preventing nuclear translocation of the SMAD complex [168-171].

Despite being highly conserved, species specific differences in TGF--SMAD
signaling have been reported [172]. Upon TGF-B stimulation, total SMAD3 protein
levels are reduced in human lung fibroblast, whereas rat fibroblasts show
increased SMADS levels, suggesting differences of TGF- signaling in distinct
species [173-175].

Of note, in contrast to carboxy - terminal phosphorylation, extracellular
signal-regulated kinase 1/2 (ERK1/2)-mediated phosphorylation of the SMAD2
linker region at serines 245, 250 and 255 leads to inhibition of nuclear translocation
and downstream signaling [176-178].

The SMAD signaling pathway is crucial for the regulation of ECM levels of cells.
TGF-B-induced SMAD signaling regulates various genes, including the protein
PAI1, which plays an essential part in the regulation of the fibrinolytic system. Via
binding of SMAD3/4 to the promotor of the SERPINE1 gene, PAI1 protein levels
are enhanced, which reduces proteolytic activity of plasmin and reduces the
degradation of ECM components [179-181]. Besides, SMAD3 directly induces
transcription of collagenl and fibronectin, leading to increased levels of ECM
proteins [182-184]. Thus, two modes of action promote accumulation of ECM in

fibrotic diseases by SMAD signaling.

In addition to the activation of the SMAD signaling cascade, TGF- activates
several distinct pathways that additionally contribute to cellular responses of
TGF-.
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Figure 2: Overview of the TGF-B / SMAD signaling pathway

Binding of TGF-B to type Il receptors leads to phosphorylation of type | receptors, resulting in a
tetrameric receptor-ligand complex. The SMAD anchor for receptor activation (SARA) protein
enables binding of SMAD2/3 to the receptor complex, leading to SMAD2/3 phosphorylation by
type | TGF-B receptor. SMAD2/3 activation is inhibited by SMAD6 and SMAD7. Phosphorylated
SMAD2/3 forms a complex with SMAD4, followed by translocation into the nucleus and

downstream signaling.
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3.4.2.2 SMAD-independent signaling pathways

In addition to the SMAD signaling pathway, TGF-B activates multiple other
signaling pathways independent of SMAD proteins, some of which have been
proposed to play crucial roles in various diseases. Activation of different signaling
molecules by TGF-B can additionally lead to a crosstalk with the SMAD signaling
pathway to modulate cellular responses. The major SMAD-independent TGF-3
signaling pathways involve Rho-GTPases, mitogen activated protein kinases
(MAPK) and YAP/TAZ signaling pathways. The cellular mechanisms underlying
SMAD-independent TGF-[ signaling will be highlighted in the following chapters.

34221 Rho-GTPase signaling pathways

The Rho family of GTPases are small G proteins and prominent members include
RhoA, Rac and Cdc42. Their activation is associated with malignant diseases due
to their importance in the organization of the cytoskeleton and cell motility [185].
Rho GTPases exist as active form when bound to guanosine triphosphate (GTP)
or inactive when bound to guanosine diphosphate (GDP). Activation of Rho
GTPases requires the exchange of GDP to GTP, which is catalyzed by guanine
nucleotide exchange factors (GEFs) [186]. Intrinsic GTPase activity of Rho
GTPases leads to inactivation via hydrolization of GTP to GDP, which is supported

by GTPase activating enzymes.

TGF-B-induced activation of RhoA has not been studied in depth, but signaling via
activated type | TGF-B receptor has been suggested. [187, 188]. Interestingly,
TGF-B has been suggested to induce expression of nuclear RhoA exchange factor,
a GEF specifically targeting RhoA [189, 190]. RhoA leads to activation of Rho-
associated kinase (ROCK), which has been related to mobilization of actin
cytoskeleton leading to tumor cell invasion and metastasis in various types of
cancer [191]. However, reduction of RhoA protein levels after TGF- stimulation
have also been reported. TGF-B-receptor-induced phosphorylation of the protein
Par6 leads to recruitment of Smurfl and subsequently leads to ubiquitination and
degradation of RhoA [192, 193]. This process was reported to dissolve tight
junctions, thereby enhancing EMT. Thus, TGF-f likely regulates RhoA activity via
different modes of action [194].
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ROCK signaling has been implicated in both cancer and fibrotic diseases. Loss of
the tumor suppressor DLC1 (deleted in liver cancer 1) leads to hyperactivation of
RhoA and downregulation of DLC1 is commonly found in tumor patients [195].
Activation of ROCK has been shown to promote myocardial fibrosis [196, 197].
Interestingly, a crosstalk between RhoA- and SMAD-signaling has been proposed:
RhoA promotes SMAD signaling and is required for TGF-B/SMAD-induced
differentiation of human embryonic lung fibroblast cell line WI-38 [198, 199]. It has
been proposed that activation of RhoA signaling leads to reduced levels of the
SMAD2/3 phosphatase PPM1A (protein phosphatase, Mg?*/Mn?* dependent 1A),
thereby increasing levels of phosphorylated SMAD2/3 [200, 201]. Further, TGF-3-
induced SMAD3 activation leads to activation of RhoA via directly targeting the
NET1 gene, which encodes a GEF, leading to consequent actin reorganization and

EMT induction in human retinal epithelial cells [190].

3.42.2.2 Mitogen activated protein kinase pathways

Several important pathways activated by TGF-$ are dependent on MAP kinases
and according to this, TGF- has been shown to activate MAP kinases like c-Jun
amino terminal kinases (JNK), ERK1/2 or p38 in different cell lines [202-205]. MAP
kinase kinase kinases (MAP3K) activate MAP kinase kinases (MAP2K) by
phosphorylation of serine/threonine residues. MAP2K then activate MAPK like
ERK1/2 or JNK. Accordingly, TGF-B-signaling via mitogen activated protein
kinases like ERK1/2 or JNK is associated with fibrotic diseases [206-209].

TGF-B triggers activation of TGF-B-activated kinase 1 (TAK1), an upstream
MAP3K that further activates several signaling cascades. TAK1 activation follows
a distinct mode of action compared to SMAD activation: TGF-B-induced activation
of TAK1 is independent of kinase activity of the type | TGF-B-receptor. In the
absence of TGF-3, TAK1 is associated with the type | TGF-B-receptor and inactive.
Stimulation with TGF- and consequent receptor-complex formation leads to the
dissociation of TAK1 from the receptor and its activation by autophosphorylation
[210, 211]. TAK1 then phosphorylates a number of downstream signaling targets,
like JNK, ERK1/2 or p38 MAPK [210, 212, 213]. While TGF-B-induced TAK1
signaling is generally considered as a SMAD-independent pathway, a crosstalk
between these pathways is not excluded, e.g. in renal fibrosis, JNK signaling
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directly phosphorylates SMADS3 [214]. Besides, TAK1 has been reported to induce
expression of SMAD7, thereby inhibiting the SMAD pathway [215]. Interestingly,
TAK1/JINK signaling has been reported to promote renal fibrosis and inflammation
and leads to fibronectin expression in NIH3T3 embryonic fibroblasts [214, 216,
217].

As an important member of MAPK signaling pathways, the MEK/ERK1/2 pathway
is dependent on TGF-B signaling. First evidence that TGF-B activates ERK1/2
signaling was found by Mulder et al, who observed activation of Ras, leading to
ERK1/2 activation in rat epithelial cells [218]. Although TGF-B-receptors are
classified as serine/threonine kinases, the type Il TGF-B-receptor shows
autophosphorylation at tyrosines, however at a much lower level than at serines
and threonines [219]. Further, TGF-$ has been shown to phosphorylate tyrosines
of the type | TGF-B-receptor. Active type | TGF-B-receptor can phosphorylate
serine and tyrosine residues of the ShcA adaptor protein [220]. Phosphorylated
tyrosines of ShcA act as binding sites for proteins with a Src homology 2 domain
like growth factor receptor bound protein 2 (Grb2) [221, 222]. Binding of GrB2
results in recruitment of the guanine exchange factor Son of Sevenless via Ras
[223]. Activation of Ras by TGF-B requires the exchange of GDP to GTP by Son of
Sevenless. GTP-bound Ras then recruits the MAP3K Raf, leading to activation of
the MAP2K MAPK/ERK1/2 kinase (MEK)1/2 and subsequent ERK1/2 activation
[218, 224].

TGF-B-induced activation of ERK1/2 has been reported in several cell types,
including lung and breast cancer cells and fibroblasts [225-228]. It is especially
important in TGF-B-mediated EMT, by dissolving tight junctions and promoting
cellular mobility [229]. Accordingly, ERK1/2 activity is required for proliferation of
NIH3T3 mouse embryonic fibroblasts [208]. ERK1/2 inhibition has been shown to
decrease EMT in pulmonary fibrosis [230]. In breast cancer cells, ERK1/2
promotes TGF-B-induced EGFR expression associated with cancer progression
[209]. Increased levels of phosphorylated ERK1/2 are associated with poor survival
and late stages of NSCLC [227]. Interestingly, Ras-induced MAPK pathway targets
SMAD signaling via inactivation of SMAD2, thus further implicating a crosstalk

between these pathways [177]. Importantly, ERK1/2 is required to induce activator
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protein 1 (AP-1), which has been reported to contribute to proliferation of cancer
cells and to induce expression of PAI1 [231, 232]. AP-1 is a heterodimer formed
of two proteins: c-Jun, which is activated by JNK signaling, and c-Fos, which is
activated by ERK1/2 signaling [233-235].

3.4.2.2.3 YAP/TAZ signaling pathways

The Hippo signaling pathway is crucial for organ growth by controlling proliferation
and apoptosis of cells and was originally discovered as tumor suppressor in
Drosophila [236, 237]. The mammalian Hippo pathway includes mammalian sterile
20-like kinase 1/2 (MST1/2), which phosphorylate large tumor suppressor kinase
1/2 (LATS1/2) [238]. Active LATS1/2 phosphorylates serine residues of the Yes-
associated protein (YAP) and the WW domain-containing protein (TAZ). YAP/TAZ
are normally located in the nucleus, acting as transcriptional coactivator for TEAD
(TEA domain family member) or SMAD transcription factors [239, 240].
Phosphorylated YAP/TAZ, however, interacts with 14-3-3, which prevents
translocation to the nucleus and subsequent transcriptional activity [241].

YAP/TAZ signaling has been shown to drive the expression of several profibrotic
and EMT-promoting genes like COL1Al (collagenl), ACTA2 (a-sma) and
SERPINE1 (PAI1), thus YAP/TAZ has been associated with promoting EMT in
cancer cells and ECM stiffness in lung fibroblasts [241-244]. Of note, COL1A1 and
SERPINE1 promoters contain binding sites for AP-1, which is activated by
YAP/TAZ signaling [245, 246].

Importantly, YAP/TAZ act as mechanosensors and mechanotransducers (Calvo et
al. 2013, Liu et al. 2015). Accordingly, TGF-B induced RhoA signaling is key in
actin polymerization and YAP/TAZ are activated in response to actin remodeling
[247, 248]. Protease-activated receptors (PARs) have been shown to inhibit
LATS1/2 kinase function via Rho GTPases, thereby dephosphorylating YAP/TAZ
and promoting activity in the nucleus, however the mechanism by which Rho
inhibits LATS1/2 needs to be clarified [249, 250]. Further, TGF- has been shown
to activate YAP/TAZ via ERK1/2 and RhoA led to a dephosphorylation and
consequent activation of YAP/TAZ, presumably via LATS1/2 modulation, however

the exact mechanisms remain unclear [251, 252].
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In summary, YAP/TAZ are associated with the promotion of tissue fibrosis and
tumor progression [253]. YAP/TAZ act upon stiffening of ECM in fibroblasts and
promote the production of fibrotic proteins, thereby driving fibroblast differentiation
[254, 255]. Similarly, polarity changes in epithelial cells during EMT induce
YAP/TAZ, leading to further promotion of EMT [256]. Accordingly, YAP/TAZ has
been suggested as the mechanism linking fibrosis and cancer, since each of the
diseases increases the risk to develop the other. By sensing cellular mechanical
changes during EMT or fibrosis, YAP/TAZ signaling promotes fibroblast activation
or tumorigenesis, respectively [253]. In dermal fibroblasts, YAP/TAZ regulates
SMAD signaling by inducing the inhibitory SMAD7 via AP-1 [257]. YAPI/TAZ is
highly expressed in fibroblast nuclei from PF patients [242, 243]. In NSCLC,
elevated YAP/TAZ expression is associated with poor prognosis and increased
lymph node metastasis [258].

3.4.3 Transforming growth factor 8 signaling in fibrosis

TGF-B is released by immune cells at the site of an injury and TGF-B-signaling via
SMAD proteins is the main driver of fibroblast to myofibroblast differentiation.
Accordingly, increased TGF- levels are found in IPF patients and targeting TGF-
B-signaling became a focus of fibrosis research [259]. TGF-B/SMAD signaling
leads to enhanced PAI1 expression, which is correlated with reduced proteolytic
activity of the fibrinolytic system and enhanced levels of ECM.

As stated earlier, TGF-B/SMAD signaling can enhance ECM production relevant
for tissue fibrosis via two different pathways: Firstly, SMAD proteins are known to
directly induce transcription of fibronectin and collagens [183, 260]. Secondly,
SMAD signaling can indirectly affect ECM levels via modulation of PAI1 levels and
activity of the plasmin system [180, 181]. Targeting the latter would be especially
important in late stages of fibrosis and could even lead to tissue repair by
degradation of ECM [102].

TGF-B signaling leads to binding of SMAD3 and SMAD4 to CAGA boxes within the
human SERPINE1 (PAI1l) promoter. These SMAD3/4 binding sites are essential
for TGF-B-mediated PAIL induction [179]. Importantly, AP-1 can also bind to the
human PAI1 promoter to induce transcriptional activity [245, 261, 262]. It has
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recently been reported that YAP/TAZ promotes transcription of c-Fos in cancer

cells, thereby contributing to induction of AP-1 and proliferation [232].

The anti-fibrotic agent pirfenidone inhibits TGF-§3 signaling by preventing nuclear
translocation of phosphorylated SMADZ2/3, resulting in reduced collagen levels and
fibroblast proliferation [263-266]. As mentioned before, SMAD signaling could
directly induce expression of collagens or reduce their degradation via PAIL.
Pirfenidone has been shown to reduce mRNA levels of collagenl, thus likely acting
on direct effects on collagen expression conferred by SMAD signaling [263].
However, therapeutic success with pirfenidone is limited and late stages of IPF,
that would require restoration of the affected tissue and degradation of excessive
ECM, remain pharmacologically incurable. Recently, MMPs have come to focus as
treatment option for IPF due to their involvement in ECM degradation [267]. The
MMP inhibitor doxycycline significantly improved quality of life and survival in IPF
patients to a certain extent [268, 269]. But according to a meta-analysis of
randomized controlled trials, MMP inhibitors should not be recommended, since
they did not significantly improve mortality, but had an increased risk for severe
side effects, in particular gastrointestinal toxicity [270]. Researchers in the field of
pulmonary fibrosis suggest that targeting specific parts of profibrotic pathways is
insufficient and does not do justice to the complexity of the disease. Thus, new
therapeutic approaches are needed, specifically for achieving restoration of the
affected tissue [102, 271]. Targeting ECM degradation via the fibrinolytic system

therefore seems a promising approach.

3.4.4 Transforming growth factor B signaling in lung carcinoma

The role of TGF-B in tumor cells is complex and depends on the stage of
carcinogenesis. While TGF-$ acts as tumor suppressor in early-stage tumors, it
promotes tumor progression and metastasis in later stages. This dual role of TGF-3
is often referred to as the “TGF-B-paradox” [272-274]. Accordingly, high levels of
TGF-pB are correlated with advanced stages of the disease, lymph node metastasis

and lower survival [275, 276].

Inhibition of TGF-B signaling in late tumor stages is investigated as possible
treatment strategy [277-279]. TGF-B induces EMT via SMAD-dependent and
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SMAD-independent pathways like RhoA, ERK1/2 or PI3K/Akt [280-283].
Importantly, EMT induced by TGF- has been achieved in the human lung tumor
cell line A549 after 48 h stimulation [284].

Besides the induction of EMT, TGF-f3 signaling can contribute to the pathogenesis
of lung cancer by targeting the ECM proteins in the tumor microenvironment via
regulation of plasmin activity. Degradation of ECM proteins leads to reduced cell-
adhesion, thereby facilitating cell invasion and metastasis [128]. Targeting the
plasmin activation system has previously been proposed as potential drug target for
cancer therapy [36]. Accordingly, enhanced activation of the plasmin system is
associated with increased invasion and proliferation of tumor cells and increased
levels of uPA, uPAR and decreased PAIl expression are well established
biomarkers for cancer [285, 286]. Despite linking the plasmin activation system to
increased metastasis and progression in a variety of cancer types, plasmin activity

has rarely been measured directly [14, 287-290].

In this work, two distinct lung tumor cells originating from lung epithelial cells are
used, which exhibit differences in several crucial cellular characteristics. A549 cells
were isolated from a primary tumor and therefore represent early stage, stationary
tumor cells [291]. In contrast, H1299 cells derived from a lymph node metastasis of
a lung tumor and thus represent late-stage, invasive tumor cells [292]. Indeed, a
previous work suggested that invasive H1299 cells exhibit higher plasmin activity
than non-invasive A549 cells [14]. An indirect correlation between plasmin activity
and metastatic activity has also been found, since A549 cells express higher levels
of the plasmin inhibitor HAI2 than H1299 cells [14]. In accordance with this finding,
high expression levels of the inhibitory SMAD6 have been reported in H1299 cells,
which could account for an inhibition of TGF-B-induced SMAD signaling and
consequent decrease in PAIL levels [293]. Further, A549 show no expression of
DLC1 in contrast to H1299 cells, thus an increase in ROCK activity is assumed in
A549 cells [294]. ROCK activity has been shown to induce YAP/TAZ signaling and
consequent AP-1 activation. The SERPINE1 promoter contains an AP-1 binding
site, thus AP-1 induction leads to expression of PAIL [245, 295]. Besides, A549
and H1299 cells differ in the activity of the MEK/ERK1/2 signaling. Mutations in the

proto-oncogene Ras are commonly found in NSCLC, predominantly mutations in
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K-ras, but to a lesser extent also in N-ras and H-ras [296]. The cell lines used in
this work both carry a Ras-Mutation, A549 cells carry a mutation in K-ras, which
leads to increased activation of the MEK/ERK1/2 signaling pathway [297, 298].
Similarly, H1299 carry a mutation in N-ras, also leading to a possible activation of
ERK1/2 signaling [299-301].

Differences in the oncogenic phenotype between K-ras and N-ras mutations have
been reported in colon cancer as well as in melanoma, thus the mutations might
be of distinct importance in different tumor cells [302, 303]. MEK/ERK1/2 signaling
has been shown to interact with TGF- signaling and the plasmin system: TGF-B-
induced PAIL1 expression was dependent on ERK1/2 activity in vascular smooth
muscle cells [304]. Interestingly, ERK1/2 signaling has previously been linked to
the YAP/TAZ signaling pathway and SMAD signaling in lung cells. In human
NSCLC cells, inhibition of ERK1/2 led to a down-regulation of the YAP/TAZ
signaling pathway [252]. Thus, ERK1/2 signaling promotes formation of AP-1 via
induction of cFos as well as via YAP/TAZ signaling, thereby further suggesting
enhanced PAI1 expression in A549 cells [233].

In summary, these pathways support the assumption that the metastatic tumor cell
line H1299 exhibits increased plasmin activity due to lower PAIL levels compared
to the stationary tumor cell line A549 and an overview of the contributing pathways

is shown in figure 3.
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Figure 3: Summary of pathways supporting increased plasmin activity postulated
for H1299 cells.

Increased levels of RhnoA/ROCK and ERK1/2 signaling in A549 cells lead to induction of YAP/TAZ
and consequently of AP-1. ERK1/2 additionally induces AP-1 via c-Fos. The SERPINE1 promoter
contains an AP-1 binding site, thus leading to increased PAI levels and lower plasmin activity in
these cells. H1299 highly express SMADG, which inhibits SMAD2/3 activation and leads to reduced
PAI1 levels, thus suggesting an increased plasmin activity in H1299 cells.

Despite these findings, several pathways have been described that speak against
an increase in plasmin activity in H1299 cells and a summary is shown in figure 4.
TGF-B-induced upregulation of PAI1 and uPA is dependent on SMAD2 and
MEK/ERKZ1/2 signaling in dental pulp cells and in stem cells from the apical papilla
[305, 306]. Indeed, increased Ras signaling and consequent ERK1/2 activation led
to an inhibition of TGF-B-induced SMAD signaling by phosphorylating SMAD2 and

SMAD3 at specific sites in their linker regions, thereby inhibiting translocation to
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the nucleus [177]. Thus, increased ERK1/2 activity in A549 may lead to reduced
PAI1 expression and consequently increased plasmin activity. Further, both ROCK
signaling and ERK1/2 signaling lead to activation of YAP/TAZ and consequent
AP-1 formation as stated above. AP-1 leads to production of the inhibitory SMAD?7,
thereby reducing SMAD activity and PAIL1 expression [257]. Thus, increased
activity of ROCK and ERK1/2 in A549 cells suggest lower levels of PAI1 and

consequently higher plasmin activity compared to H1299.

Thus, TGF-B-signaling via distinct pathways seems of utmost importance in the
pathogenesis of malignancies, however the role of TGF-B-signaling on PAIL is not
clear. Also, despite its crucial role in cell migration leading to progression of the
disease, plasmin activity of lung cancer cells has rarely been studied and
interactions with TGF- signaling in different stages of the disease need to be

studied further.
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Figure 4. Summary of pathways conflicting with the increased plasmin activity
postulated for H1299 cells.

Increased RhoA/ROCK and ERK1/2 activity in A549 cells leads to induction of AP-1 via YAP/TAZ.
AP-1 activates the inhibitory SMAD7, thereby decreasing SMAD2/3 activity. Additionally, increased
ERK1/2 activity in A549 cells leads to phosphorylation of linker regions of SMAD2/3, thereby
inhibiting translocation to the nucleus. Thus, reduced activity of SMAD2/3 in A549 cells suggested,
followed by decreased PAIL expression and ultimately increased plasmin activity.
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3.5 Transient receptor potential cation channel, subfamily M,
member 7 (TRPM7)

3.5.1 Structure and function

The first transient receptor potential (TRP) protein was found in photo receptor cells
of Drosophila melanogaster in 1989 and has soon been identified as cation channel
[307]. The name transient stems from the response to a continuous light stimulus
from Drosophila melanogaster carrying a trp mutation, which was short or transient
rather than continuous as observed in the wildtype flies [307, 308]. Today, 27
human TRP channels are categorized in seven subfamilies based on their amino
acid sequence: TRPC (canonical), TRPV (vanilloid), TRPA (ankyrin), TRPM
(melastatin), TRPN (no mechanoreceptor potential C), TRPP (polycystin) and
TRPML (mucolipin). An eighth subfamily, TRPY (yeast), includes TRP channels
found in yeast [309, 310].

All TRP channels consist of six transmembrane segments with a channel pore
between the transmembrane segments 5 and 6 and cytosolic N- and C-termini and
can be found as either homo- or hetero-tetramers [310]. TRP channels are
multifunctional proteins with crucial implications for cellular physiology and have
thus been associated with multiple pathological conditions. As a result, TRP

channels are being researched as potential drug targets in several diseases [311].

The melastatin-related transient receptor potential cation channel subfamily
consists of eight members (TRPM1-8), which display distinct expression patterns
and ion selectivity. Among them, TRPM2, TRPM6 and TRPM7 are bifunctional
proteins which contain, in addition, a c-terminal domain with enzymatic activity
fused to the transmembrane segments, thus being referred to as chanzymes [309,
312]. TRPM2 contains an ADP-ribose phosphatase domain and is mostly
expressed in the brain tissue, while TRPM6 and TRPM7 contain a serine/threonine

kinase domain and are linked to cellular magnesium homeostasis.

TRPM6 and TRPM7 share a sequence homology of around 50 %, both are divalent
cation channels and are regulated by intracellular Mg?* and phosphatidylinositol

4,5-biphosphate levels [309]. Importantly, TRPM6 is highly expressed in the
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intestine and in the kidney and thus considered of great importance in these tissues
[310]. TRPM7 on the other hand is ubiquitously expressed and important for
cellular processes like cell proliferation, proliferation or apoptosis [313].

The human TRPM7 gene encodes a 220 kilo dalton (kDA) protein with 1,865 amino
acids. TRPM7 orthologues have been found in mouse, rat, chimpanzee, cow, and
dog as well as in zebrafish [314]. As stated above, TRPM7 is ubiquitously
expressed, however the highest mRNA expression in humans is found in the heart,
bone and adipose tissue, whereas in the mouse, it is highly expressed in intestine,
kidney, lung and brain [315, 316]. TRPM7 is fundamental for cell survival and
activity due to its regulation of uptake of divalent cations like Mg?*, Zn?* and Ca?*,
Knockout of TRPM7 in mice is thus lethal in early embryonic stages [317].The role
of the TRPM7 kinase domain is not well understood and while it is not necessary
for channel function, it is believed to regulate sensitivity towards intracellular Mg?*
[318-320].

Due to its importance in multiple cellular processes, pharmacological tools for
selective inhibition of TRPM7 are needed. Several compounds have initially been
used to inhibit TRPM7, however they were rather unspecific channel inhibitors like
Gd3* or 2-APB, thus selective blockade of TRPM7 remained unachieved [321,
322]. Only later, when specific blockers like Waixenicin A and NS8593 were
discovered, selective targeting of TRPM7 became possible [323-325].

Both NS8593 and Waixenicin A were used in this work. The small molecule
NS8593 blocks TRPM7 channel function with an ICso value of ~1.6 uM under Mg?*-
free conditions [325]. Importantly, NS8593 has also been reported as blocker of
small conductance Ca?* -activated K* (SK) channels. NS8593 blocks SK channels
with an ICso value of ~90 nM, thus the selective SK blocker apamin was used as
control in this work [325, 326]. Waixenicin A, a diterpenoid from the soft coral
Sarcothelia edmondsoni, blocks TRPM7 channel function with an ICso value of ~7
UM in Mg?*-free conditions [323]. So far, no off targets for Waixenicin A have been
published. Using these blockers, implications of TRPM7 in cell cycle regulation,

hypertension, immune cell signaling, fibrosis and cancer have been reported.

Selectively targeting TRPM7 channel or kinase function may give further insights
into the cellular implications of TRPM7. TG100-115 is the only compound available
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that has been proposed to selectively inhibit TRPM7 kinase but not channel
function [327]. However, selective inhibition of TRPM7 kinase remains
questionable since it was initially introduced as inhibitor of phosphoinositide
3-kinase isoforms gamma and delta [328]. Thus, so far, no pharmacological tools
are available to specifically target kinase or channel function. Consequently, usage
of TRPM7 blockers leads to blockade of both TRPM7 functions. Therefore, data
indicating specific effects of the TRPM7 kinase on cellular signaling have solely be
based on genetic approaches using modified mouse models (TRPM7-K1646R
mice), in which TRPM7 kinase activity has been inhibited by replacing lysine at
position 1646 by an arginine [329]. Interestingly, using these mice, it was shown
that TRPM7 kinase interacts with the TGF-B/SMAD signaling pathway in T-cells
via direct phosphorylation of SMAD2 at Ser465/467 [329]. As TGF-f3 signaling via
SMAD proteins is of utmost importance in the progression of tissue fibrosis and
malignant diseases, this work hypothesized a role of TRPM7 on SMAD signaling

and cellular markers of the diseases in pulmonary fibroblasts and lung cancer cells.

3.5.2 Role of TRPM7 in fibrosis

Several implications of TRPM7 in fibrotic diseases have been reported, e.g.
elevated TRPM?7 activity has recently been reported to support cardiac and kidney
fibrosis [312, 330, 331].

In cardiac fibroblasts, TRPM7 led to enhanced proliferation and differentiation,
accompanied by an increase in ECM production, thus TRPM7 has been proposed
as potential target for therapy of cardiac fibrosis [330, 332]. Mice with a truncated
TRPM7 kinase-domain mice showed cardiac fibrosis, inflammation and increased
SMAD3 signaling [312].

Interestingly, TRPM7 mediated Ca?* levels have been reported to support TGF-3-
signaling and contribute to atrial fibroblast differentiation, whereas TRPM7
mediated Mg?* signals protect against cardiovascular fibrosis [312, 330].
Additionally, TRPM7 regulates the differentiation of the fetal human lung fibroblast
cell line MRC5 via PI3K/Akt (Phosphoinositide 3-kinase/ protein kinase B)
signaling. In these cells, downregulation of TRPM7 led to reduction of TGF-[3-

induced collagen expression [333].
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As mentioned above, TRPM7 kinase has been reported to interact with
TGF-B/SMAD signaling by directly phosphorylating SMAD2 in T-lymphocytes
[329]. In fibrotic kidneys, TRPM7 expression is elevated and blockade of TRPM7
reduced cell proliferation and TGF-B/SMAD signaling in these cells [331]. Further
evidence that TRPM7 might affect SMAD signaling in the context of fibrosis has
been reported in liver myofibroblasts, where blockade of TRPM7 reduced
TGF-B/SMAD signaling and expression of myofibroblast markers collagenl and
a-SMA [334].

Interestingly, Yu et al. stated that TRPM7 blockade with Gd3* or 2-APB decreased
proliferation and differentiation of the MRC5 lung fibroblast cell line, thus linking
TRPM7 to pulmonary fibrosis [333]. However, the blockers used in this study are
not generally used as specific TRPM7 blockers and specific TRPM7 blockers like
NS8593 were not yet described. Of note, it has been proposed that 2-APB does
not directly inhibit TRPM7 channels [335]. Further, Gd3* has been reported to
inhibit calcium release-activated calcium channels, but not TRPM7 [336, 337].
Thus, besides substantial evidence for the implication of TRPM7 in fibrotic
diseases, cellular mechanisms underlying this interaction remain unclarified. Of
note, no data at all are available demonstrating effects of TRPM7 on pulmonary

fibrosis.

3.5.3 Role of TRPM7 in lung tumor

TRPM?7 is a key driver of cell proliferation and is thus linked to cancer. Indeed,
increased TRPM7 activity has been associated with invasion, migration,
proliferation and EMT of several tumor types [338-341]. Blockade of TRPM7 has
been reported to inhibit cell proliferation, thus making it a promising therapeutic
target for malignant diseases [324, 342]. Of note, blockade of TRPM7 by NS8593
in vitro and in vivo induced senescence of hepatocellular carcinoma cells [343].
Blockade of TRPM7 kinase was reported to reduce migration of breast cancer
cells, however, involvement of TRPM7 kinase remains questionable due to the
usage of the rather unspecific blocker TG100-115 in this study [327].

Besides its ability to influence signaling pathways like the above-mentioned SMAD

signaling pathway via its kinase domain, TRPM7 influences cellular processes via
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regulation of intracellular Ca?*-levels. Misregulation of calcium signaling leading to
aberrant cell proliferation has often been linked to tumorigenesis, especially in the
lung [344, 345]. Enhanced expression of TRPM7 has been reported in several
types of lung cancer cells, including squamous, large-cell and non-small-cell lung
tumor cells [345]. In line with these findings, database analysis revealed a
correlation of high TRPM7 expression, high metastasis levels and lower survival
rates of patients [344]. Accordingly, upregulation of TRPM7 upon EGF (epidermal
growth factor) stimulation was reported to increase migration of A549 cells [346].

Thus, TRPM7 emerged as a promising target for lung cancer therapy.

3.5.4 Implications of TRPM7 on the fibrinolytic system

Despite the importance of the plasmin system as well as of TRPM7 on cellular
processes like proliferation and migration, interactions of these two have rarely
been studied. Liu et al reported that TRPM7 silencing suppresses EMT in lung
cancer cells and propose Waixenicin A as antitumor drug through its ability to inhibit
the plasminogen activator uPA [345]. Similarly, TRPM7 has been reported to
regulate invasion of pancreatic cancer cells via activation of uPA [347]. Apart from
these two publications, no implications of TRPM7 on the plasmin activation system
have been reported yet. Most importantly, plasmin activity has rarely been
measured directly. However, the previously described reduction of collagenl
expression in MRC5 cells after TRPM7-downregulation strongly suggest an
involvement of the plasmin system, since collagen is a major substrate of active

plasmin.

Thus, studying the role of TRPM7 on the plasmin activation system seemed a

promising approach in the context of lung fibrosis and tumor.
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3.6 Aim of study

Regulation of plasmin activity within the fibrinolytic system is crucial for EMT
remodeling and misregulation has been linked to tissue fibrosis and tumor
progression. In spite of its critical importance, plasmin activity has rarely been
measured directly. Instead, levels of components of the fibrinolytic system like uPA
or PAI1 have been measured and an assumption on plasmin activity has been
made. Thus, the first aim was to establish a protocol for reliable measurements of

plasmin activity in lung cells.

TGF-B signaling via SMAD proteins is crucial in the development of fibrosis and
cancer. By inducing expression of PAI1, SMAD signaling was hypothesized to
modulate plasmin activity in lung cells. Second aim of this project was thus to
monitor the effects of TGF-B on SMAD activation, plasmin activity and migration in
pHPF and lung cancer cells. Due to its bi-functional effects on tumor progression
depending on the stage of the disease, effects of TGF- were compared in early
(A549) and late (H1299) stage lung cancer cells. Modulation of plasmin activity is
key in targeting ECM remodeling. Due to its ability to phosphorylate SMAD2 in
T-lymphocytes, an interaction of TRPM7 and the fibrinolytic system has been
hypothesized. Thus, this project further aimed at analyzing the consequences of
TRPM?7 blockade on plasmin activity in pHPF and lung cancer cells.

While a reduction of ECM after TRPM7 blockade has been suggested in MRC5
cells, no such effects have been reported for primary human fibroblasts yet. Hence,
the third aim was to establish TGF-B-induced fibroblast to myofibroblast
differentiation of pHPF and analyze effects of TRPM7 blockade. To assess whether
TRPM7 kinase or channel function are involved in the regulation of the fibrinolytic
system, this project aimed at analyzing genetically modified mice with eliminated
TRPM7 kinase activity. Similarly, analysis of an interaction of TRPM7 activity and
TGF-B-induced EMT of lung cancer cells was intended. Ultimately, this project
aimed at analyzing a potential role of TRPM7 in regulating TGF-B signaling,
plasmin activity and ECM levels on a cellular level in the context of pulmonary

fibrosis and lung cancer.
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4. Materials

4.1 Instruments

Instrument Manufacturer

Cell culture incubator PHCDi PHC, Etten-Leur
Centrifuge Heraeus Biofuge Stratos ThermoFisher, Waltham
Centrifuge Heraeus Fresco2l ThermoFisher, Waltham
Centrifuge Labofuge 400 ThermoFisher, Waltham
ChemiSmart 5000 Peglab, Erlangen
Dissecting instruments KOBE, Marburg

Gel electrophoresis Mini-PROTEAN Tetra BioRad, Hercules
Hellma® TrayCell™ Sigma Aldrich, Taufkirchen
Incubated orbital shaker MaxQ 6000 ThermoFisher, Waltham
Light microscope CKX31 Olympus, Hamburg
LightCycler® 480 Roche, Penzberg
Magnetic stirrer MR 3000 Heidolph, Schwabach
Micro pipettes Peglab, Erlangen

Mini TransBlot ® tank transfer system BioRad, Hercules
Multi-channel pipette Thermo Scientific, Miinchen
Neon® electroporation system ThermoFisher, Waltham
Neubauer chamber Brand, Wertheim

Orbital shaker Polymax 1040 Heidolph, Schwabach
pH-Meter FiveEasy Mettler Toledo, Columbus
Photometer BioPhotometer Plus Eppendorf, Hamburg
Pipetus® Hirschmann Laborgeréte, Eberstadt
Plate Reader FluoStar Omega BMG Labtech, Offenburg
Scale EG620 Kern, Balingen

Sonopuls™  Ultrasonic  Homogenizer Bandelin, Berlin

Sterile laminar flow hood HERAsafe KS18 ThermoFisher, Waltham

Thermo shaker TS-100 Peglab, Erlangen
Vortex REAX1DR Heidolph, Schwabach
Water bath HI 1210 Memmert, Schwabach
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4.2 Consumable materials

Material

Manufacturer

20 ml syringe

Braun, Tuttlingen

Armadillo 96-well PCR plates

ThermoFisher, Waltham

Cell culture 12-well plates

Sarstedt, NiUrnbrecht

Cell culture 24-well plates

Sarstedt, Nirnbrecht

Cell culture 6-well plates

Sarstedt, NUrnbrecht

Cell culture 96-well plates, clear bottom

Corning, Kennebunk

Cell culture 96-well plates, white bottom

Sarstedt, Nirnbrecht

Cell culture dishes TC100

Sarstedt, Nirnbrecht

Cell culture flask, 175 cm?2

Sarstedt, NiUrnbrecht

Cellulose swabs

Meditrade, Kiefersfelden

Cotton buds

Roth, Karlsruhe

Cryo pure tubes

Sarstedt, NUrnbrecht

Filter paper 2.45 mm

Bio-Rad, Miinchen

Multiply® pstrip pro PCR 8-strips

Sarstedt, Nirnbrecht

Neon™ Transfection System 100 pL Kit

ThermoFisher, Waltham

Nitrocellulose membrane 0.45 pym

GE Healthcare Life science, Freiburg

Nylon cell strainer, 70 uM

Corning, Durham

Optically clear adhesive seal sheets

ThermoFisher, Waltham

Pasteur pipettes

VWR, Darmstadt

Pipette tips

Sarstedt, NiUrnbrecht

Reagent reservoirs

Sarstedt, Nirnbrecht

Safe seal micro tubes

Sarstedt, Nirnbrecht

Safety Multifly® needles

Sarstedt, NiUrnbrecht

Screw cap tubes

Sarstedt, Nirnbrecht

Serological pipettes

Sarstedt, Niurnbrecht

Surgical disposable scalpels

Braun, Tuttlingen
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4.3 Cell culture media and supplements

Medium Manufacturer

DMEM + GlutaMAX™ (Dulbecco’s modified eagle ThermoFisher, Waltham

medium)

DMEM/F-12 (Ham) ThermoFisher, Waltham
Endothelial cell medium PromoCell, Heidelberg
Endothelial cell supplement mix PromoCell, Heidelberg
FBM™ basal medium Lonza, Basel

FGM™-2 SingleQuots™ Lonza, Basel

Fibroblast medium 2 PromoCell, Heidelberg
Fibroblast supplement mix 2 PromoCell, Heidelberg
Normocin InvivoGen, San Diego
Penicillin Streptomycin (15070-063) Gibco, Waltham

RPMI 1640 (Gibco Roswell Park Memorial Institute ThermoFisher, Waltham
medium 1640)

SeraPlus FCS (fetal calf serum) PAN-Biotech, Aidenbach

4.4 Reagents

Reagent Manufacturer

Apamin Santa Cruz Biotechnology, Dallas

BLUEplus prestained protein ladder (10-180 kDa) Biomol, Hamburg

Bovine serum albumin (BSA) Roth, Karlsruhe
cellQART® cell cuture inserts, 5 uM SABEU, Northeim

Clarity WesternBlot substrate BioRad, Hercules
Collagenase type | Millipore, Temecula

DEPC H20 Sigma Aldrich, Taufkirchen
Dimethyl sulfoxide (DMSO) Sigma Aldrich, Taufkirchen
D-Val-leu-Lys-AMC Sigma Aldrich, Taufkirchen
Isofluorane (1 mi/ml) CP-Pharma, Burgdorf

Lipofectamine™ RNAIMAX Transfection reagent =~ ThermoFisher, Waltham

Luciferase assay system Promega, Fitchburg
Milk powder Roth, Karlsruhe
NS8593 Sigma Aldrich, Taufkirchen
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NucleoBond Xtra Midi kit for plasmid DNA

Macherey-Nagel, Diren

OptiMEM

ThermoFisher, Waltham

Page Ruler plus prestained protein ladder

ThermoFisher, Waltham

Paraformaldehyde

EMS, Hatfield

PathScan® Phospho-Smad2 Sandwich ELISA Kit

Cell-Signaling, Frankfurt; #7348

Phosphate buffered saline (PBS)

ThermoFisher, Waltham

PD184352 Sigma-Aldrich, Taufkirchen
Plasminogen Sigma-Aldrich, Taufkirchen
Plasminogen ThermoFisher, Waltham
Ponceau S Sigma Aldrich, Taufkirchen
Primers Metabion, Planegg

RevertAid First Strand cDNA Synthesis Kit

ThermoFisher, Waltham

Roche cOmplete™ protease inhibitor cocktail

Roche, Penzberg

Sircol soluble collagen assay

Biocolor, Carrickfergus

Sulforhodamine B based toxicology assay kit

Sigma-Aldrich, Taufkirchen

SYBR™ green Kappa Fast start gPCR Mastermix

Sigma-Aldrich, Taufkirchen

TE-buffer IDTE (nuclease free)

Integrated DNA Technologies, Coralville

TG100-115

Santa Cruz Biotechnology, Dallas

TGF-p1

Sigma-Aldrich, Taufkirchen

TMB substrate

Sigma-Aldrich, Taufkirchen

Trizol-reagent

ThermoFisher, Waltham

Trypsin EDTA

ThermoFisher, Waltham

TurboFect™ Transfection Reagent

ThermoFisher, Waltham

Ultrapure H>O (nuclease free)

ThermoFisher, Waltham

Waixenicin A

Isolated as described previously [323]

Kindly provided by Prof. Zierler

a2-antiplasmin

Sigma-Aldrich, Taufkirchen

Standard chemicals used in this work were obtained from Carl-Roth, Karlsruhe or

Sigma-Aldrich, Taufkirchen.

46



4.5 Antibodies

Primary antibody Donor Manufacturer; purchase number

Histone H3 Rabbit Abcam, Cambridge; ab1791

SDHA Mouse Abcam, Cambridge; ab14715

PAIL1 Rabbit Abcam, Cambridge; ab66705

Collagenl Rabbit Abcam, Cambridge; ab34710

a-SMA Rabbit Abcam, Cambridge ; ab5694

fibronectin rabbit Abcam, Cambridge; ab2413

pSMAD?2 (Ser465/467) Rabbit Cell-Signaling, Frankfurt; clone 138D4,
SMAD2 Rabbit cell signaling, Frankfurt; clone D43B4, #5339
SMAD3 Rabbit cell signaling, Frankfurt; clone C67H9, #9523
pPERK (Tyr204) Mouse Santa Cruz Biotechnology, Dallas; sc-7383
ERK1 Goat Santa Cruz Biotechnology, Dallas; sc-94-G

Secondary antibodies (HRP-conjugated) Manufacturer; purchase number

Anti-mouse-1gG

BioRad, Hercules; 1706516

Anti-rabbit-IgG (#1706515)

BioRad, Hercules; 1706515

4.6 siRNA
SiRNA Manufacturer Purchase number
TRPM7 ThermoFisher, Waltham AM16708: 1D103360 and
1ID104677
control-siRNA ThermoFisher, Waltham AM4611
4.7 Plasmids
Plasmid Provider Bacterial resistance
8XGTIIC-luc (YAPI/TAZ) Addgene, Watertown ampicillin

pCAGA-luc (SMAD3/4)

PD Dr.

Claudia Staab-Weijnitz ampicillin
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4.8 Primary cells and cell lines

Primary cells Provider; purchase number
pHPF PromoCell, Heidelberg; C-12360
HPAEC PromoCell, Heidelberg; C-12241

pHPF healthy donor (NHLF) Lonza, Basel; CC-2512

pHPF IPF donor (DHLF-IPF) Lonza, Basel; CC-7231

Cell lines

AB549 ATCC, Manassas; CCL-185

H1299 Provided by Dr. Georgios Stathopoulos, CPC Miinchen
16-HBE14o0- Sigma-Aldrich, Taufkirchen; SCC150

L929 ECACC, Salisbury ;85103115
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5. Methods

5.1 Cell culture

5.1.1 Primary cells and cell lines used in this work

Primary human pulmonary fibroblasts (pHPF) and primary human pulmonary artery
endothelial cells (HPAEC) were purchased from PromoCell®. These cells were
isolated from human lung tissue and cryopreserved at passage 2. Cells were
shipped on dry ice in cryo vials containing 500,000 viable cells. Since primary cells
were not artificially immortalized, they cannot undergo as many population
doublings as immortalized cell lines and were therefore used for experiments

between passages 3 and 10 only.

Primary human pulmonary fibroblasts from one healthy donor and one donor with
pulmonary fibrosis were purchased from Lonza. Cells were isolated from lung

tissue and shipped cryopreserved in vials containing 500,000 viable cells.

H1299 cells are a human epithelial non-small-cell lung carcinoma (NSCLC) cell

line derived from a lymph node metastasis from a 43-year-old male [292].

A549 cells are a human lung adenocarcinoma cell line established through an

explant culture of carcinomatous lung tissue of a 58-year-old male [291].

16HBE140- cells are a SV40 large T-antigen transformed human bronchial
epithelial cell line established from a 1-year old male heart-lung transplant patient
and were used as control to lung tumor cells [348].

L-929 cells are a mouse fibroblast cell line from subcutaneous connective tissue
derived in 1948 from a 100-day-old C3H/An male mouse [349].
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5.1.2 Isolation and cultivation of primary pulmonary mouse fibroblasts

Mouse pulmonary fibroblasts were isolated according to pre-established protocols
[350, 351].

Mice used for this work were provided and already sacrificed by the group of Prof.
Dr. rer. nat. Susanna Zierler. Mice were taken from the animal facility 1 to 2 hours
prior to the start of the experiment. One mouse was carefully transferred to a tightly
sealable container and 3 ml isoflurane were added to the container. After
approximately 1 min, the mouse was fully anesthetized and a cervical dislocation
was performed by a member of the group of Prof. Zierler. The mouse was put on
a cork laying on the back and fixed with one needle through each paw. The head
was fixed in an overextended state by a needle between the teeth to facilitate the
following steps. Fur was moistened with 70 % ethanol and a median incision was
performed from the umbilicus to the chin. The abdomen was opened and the
diaphragm was punctured to detach it from the lung. The diaphragm was cut and
removed. Ribs were cut to open the thorax and fixed sideways with needles. The
heart was grabbed with blunt tweezers and the left heart ventricle was punctured
until a drop of blood appeared. A Safety Multifly® needle attached to a 20 ml syringe
containing 15 ml ice-cold phosphate buffered saline (PBS) was inserted into the
right heart ventricle to rinse the lung. Blood and PBS were removed by cellulose
swabs. When the lung was completely white, it was taken out of the thorax in small
pieces and transferred into a 50 ml tube containing ice-cold PBS. The following
steps were performed in the sterile laminar flow hood. As growth medium for
primary mouse pulmonary fibroblasts (pMPF), DMEM/F-12 supplemented with
20 % fetal calf serum (FCS), 5 ml penicillin/streptomycin (100 U / ml) and 1 ml
Normocin (0.1 mg/ml) was used. Lung pieces were put in a 10 cm dish containing
5 ml prewarmed growth medium and cut into 1 mm? pieces using a scalpel. Lung
pieces and medium were transferred into a 50 ml tube. Lung was digested with
50 ul Collagenase (5 mg /50 ul) for 2 h at 37 °C while shaking at 400 rpm. A 70 uM
nylon cell strainer was placed on a new 50 ml tube and digested tissue pieces were
transferred into the strainer and scratched through the mesh with the flat end of a
3 ml syringe piston. The strainer was rinsed with 15 ml prewarmed PBS, the tube

was centrifuged at 400 x g for 5 min at room temperature and supernatant was
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discarded. The pellet was resuspended in 10 ml growth medium, seeded onto a
TC100 dish and incubated at 37 °C for 48 hours. 2 days after isolation, pMPF were
checked and medium was changed or cells were split when reaching 80 — 90 %
confluence. For splitting, cells were washed twice with 5 ml PBS and 1 ml Trypsin
was added to the dish for 10 min. Once cells were detached, 9 ml growth medium
were added and the total volume of 10 ml was distributed equally among 3 new
TC100 dishes. After reaching 80-90 % confluency, cells were either split again to
increase cell number as described above or seeded onto well plates for

experiments.

5.1.3 Cell culture

The following paragraph describes cultivation of all used primary cells and cell
lines, except primary mouse pulmonary fibroblasts (pMPF). For cultivation of pMPF
see chapter 5.1.2. Cells were adherently cultured in growth medium on T175 flasks
(175 cm? growth area) in a humid incubator with 5% CO2 at 37 °C. An overview of
growth medium with the included supplements for the distinct cells is shown in
table 1. When the cells reached approximately 80 % confluency, they were
subcultured to prevent overgrowing. Subculturing and seeding of the cells was
performed under a sterile laminar flow hood. Solutions required for subcultivation
were prewarmed in a water bath at 37 °C. Cell medium was aspirated and cells
were washed with 5 ml PBS twice. Then, 5 ml of a 0.25 % Trypsin-EDTA (Disodium
ethylenediaminetetraacetic acid) solution was added and the flask was incubated
at 37 °C for 5 min to release cell attachments to the plastic surface. EDTA is
necessary to weaken cell-cell interactions by chelating bivalent cations. After cells
were checked under the microscope for complete detachment, 5 ml of growth
medium containing fetal calf serum (FCS) were added to the flask to stop
proteolytic actions of trypsin. Cells were separated by carefully pipetting up and
down and 10 ml suspension was transferred to a 15 ml tube. Cells were centrifuged
for 5 min at 800 rpm, the supernatant removed and the pellet resuspended in 10 ml
medium. A part of the suspension, normally 1 ml, was transferred to a new T175
flask containing 25 ml growth medium to reach 80 % confluency after 2-3 days.
The remaining cell-suspension was used for experiments. The number of cells in
the suspension was determined by adding 10 pL cell suspension to a Neubauer
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counting chamber. Cell number in one gridded square (corresponds to 0.1 pL) was

determined under the microscope and the number was multiplied with 10% to

calculate the number of cells per mL of cell suspension. The desired cell numbers

for individual experiments were seeded onto cell culture plates and incubated at
37 °C for 24 h.

Table 1: Overview of media and growth media supplements used for distinct cells

Cells Basal medium Supplements for growth medium
pHPF Fibroblast medium 2 Fibroblast supplement mix 2
Promocell (PromoCell) (PromoCell).
Fetal calf serum 2 %
Fibroblast growth factor 1 ng/ml
Insulin 5 pg/mi
HPAEC Endothelial cell Endothelial cell supplement mix
medium (PromocCell):
(PromoCell) Fetal calf serum 2 %
Endothelial cell supplement 0.004 ml/ml
Epidermal growth factor 0.1 ng/mi
Fibroblast growth factor 1 ng/ml
Heparin 90 pug/ml
Hydrocortisone 1 p/ml
pHPF FBM™ basal medium FGM™-2 SingleQuots™ for 500 ml
Lonza (Lonza) medium:
Fetal calf serum 10 ml
Insulin 0.5 ml
Fibroblast growth factor 0.5 ml
GA-1000 (gentamycin/amphotericin) 0.5 ml
A549 RPMI 1640 Fetal calf serum 10%
Penicillin / streptomycin (100 U/ml)
H1299 RPMI 1640 Fetal calf serum 10%

Penicillin / streptomycin (100 U/ml)
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16-HBE RPMI 1640 Fetal calf serum 10%
Penicillin / streptomycin (100 U/ml)

L-929 DMEM + GlutaMAX™  Fetal calf serum 10%

+ 4.5 g/l glucose Penicillin / streptomycin (100 U/ml)

5.1.4 Cryoconservation of cells

Cells were detached and counted (as described in 4.1.3) and centrifuged at 800
rom for 5 min. The supernatant was carefully aspirated and the pellet was
resuspended in ice-cold FCS containing 10% dimethyl sulfoxide (DMSO) as frost
protection agent. For 600,000 counted cells, 1 ml of DMSO/FCS solution was
prepared. 1 ml cell suspension was then transferred to a cryo-tube and
subsequently stored in a freezing container at -80 °C, which is designed to achieve
the optimal cooling rate of -1°C/minute. After 24 h, tubes were transferred to the
liquid phase of a nitrogen tank for long-term conservation. All above-mentioned

steps were performed on ice.

5.1.5 Thawing of cryoconserved cells

After withdrawal from the nitrogen tank, cryo-tubes were immediately warmed up
at 37 °C in a water bath and transferred to a T175 culture flask containing
prewarmed growth medium. This ensured quick thawing of the cells [352]. After
24 h, medium in the flask was exchanged with fresh growth medium to remove
DMSO.

5.1.6 Stimulation procedure

Two stimulation procedures were used in this work, which are indicated in the
corresponding figure legend. In most experiments, cells were stimulated with the
desired reagents for 24 h in cell-specific growth medium with FCS (see table 1).
To achieve induction of fibroblast-to-myofibroblast differentiation or epithelial-to-
mesenchymal transition of cancer cell lines, cells were stimulated with TGF-8 or
co-stimulated with the desired reagents in cell-specific basal medium containing
0.5 % FCS for 48 h. TGF-3 was used at a concentration of 2 ng/ml, which correlates
to 420 pM. Stimulation with TGF-B using this protocol has previously been
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established to induce EMT as well as fibroblast differentiation [175, 284, 353, 354].
Besides, individual experiments required specific stimulation procedures, which
are indicated the corresponding description of methods and likewise in the figure

legends.

If reagents were dissolved in solutions other than H20, carrier controls were added
to exclude misinterpretation of the data due to effects of the solvent. Table 2
summarizes the dissolving solution for the individual reagents together with the
final concentration of the reagent used for experiments. Deviations of the standard

concentrations are indicated in the corresponding figure legends.

Table 2: Overview of solvents and concentrations of individual reagents

Reagent Solvent Concentration
TGF-p H20 2 ng/ml
NS8593 100 % DMSO 25 uM
Waixenicin A 100 % EtOH 10 pM
Apamin H20 100 nM
PD184352 100 % DMSO 10 pM
a2-antiplasmin H20 500 nM
Plasminogen 50% glycerol (v/v) 5 or 25 pg/ml
TG100-115 100 % DMSO 10 pM
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5.2 Plasmin activity assay

5.2.1 Measuring fluorescence of D-Val-Leu-Lys 7-amido-4-methylcoumarin

Plasmin activity was measured using the fluorogenic plasmin substrate D-Val-Leu-
Lys 7-amido-4-methylcoumarin. This synthetic substrate consists of a three amino
acid sequence and an inactive fluorophore linked by an amido group (Fig 5). The
chemical structure of the substrate was obtained and adjusted from the Sigma-
Aldrich webpage and is displayed in fig 5 [355]. Plasmin cleaves this substrate by
hydrolyzing the amido group attached to the lysine, resulting in the release of the
active fluorophore that can be measured fluorometrically [356]. It has been shown
that this substrate is hydrolyzed by plasmin (Km = 0.1 mM) and to a lesser extent
by kallikrein (Km = 0.6 mM), but not at all by uPA, a-thrombin, Factor Xa, Factor
IXa, Factor Xla, or Factor Xlla and can thus be used for specific and sensitive
monitoring of plasmin activity [356, 357]. Indeed, it has previously been used to
measure plasmin activity in airway smooth muscle cells and lung tumor cell lines
[14, 358].
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Figure 5: Chemical structure of D-Val-Leu-Lys 7-amido-4-methylcoumarin

Figure obtained and adjusted from the Sigma-Aldrich webpage. Red dotted line displays cleavage
site of plasmin resulting in the fluorophore.
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Plasmin activity was measured in two fractions: the cell-associated fraction, which
includes plasmin that is bound to the cells as well as plasmin that is produced just
at that time. Additionally, plasmin activity located in the supernatant was measured
and termed plasmin activity of the secreted fraction. First, cells were seeded onto
96-well plates with each well containing 5000 cells in 100 pl medium. 24 h later,
cells were stimulated in 50 ul for the desired time period. Then, 10 ul of the
supernatant (1/5 of the total volume) of each well was transferred to a new 96-well
plate that contained 90 ul plasmin substrate at a concentration of 55 pM in 20 mM
Tris-(hydroxymethyl)-aminomethan -hydrochlorid (TRIS/HCI), resulting in a final
substrate concentration of 50 uM. Pipetting of the supernatant was done carefully
and without touching the base of the wells with the pipette tip to achieve clear
separation of the secreted fraction. Remaining supernatant of the initial plate was
aspirated completely and 50 pl plasmin substrate at a concentration of 50 uM in
20 mM TRIS/HCI was added. For each experiment, a blank was included:
consisting of substrate without cells. Both plates were incubated at 37 °C for 3
hours and fluorescence was measured with the FLUOstar Omega microplate
reader at 360 £ 20 nm excitation and 475 £ 20 nm emission. Underlying this
detection is the ability of the substrate to use the energy of absorbed photons to
elevate its electrons into an excited state. Consequent relaxation of the electrons
to the ground state results in emission of light of a longer wavelength. Before the
measurement, the gain was adjusted to determine the range of detection.
Fluorescence was measured as random fluorescence units (RFU) and the mean
RFU of the blank was subtracted from every sample’s RFU. Since only one fifth
(10 pl) of the secreted fraction were measured, RFU from the secreted fraction

were multiplied by 5.

5.2.2 Total protein detection by Sulforhodamine B (SRB) assay

In order to normalize the measured plasmin activity to the number of cells and to

eliminate possible cytotoxic effects by the stimulation agents, the sulforhodamine B

(SRB) assay was performed as control assay. The SRB assay, established by

Skehan et al., is an in vitro cytotoxicity assay, which determines total protein

amount [359]. SRB is an aminoxanthene dye with two sulfonic groups and

stoichiometrically binds to alkaline amino acids of proteins under acid conditions.
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The resulting measurement of dye is therefore directly proportional to protein

amount and cell number.

Cells were seeded in 96-well plates with each well containing 5000 cells in 100 pl
medium and stimulated together with corresponding plate for the plasmin assay. It
was paid attention that both plates were treated the same. After the stimulation,
cell supernatant was aspirated to remove the serum from the medium that would
distort the protein measurement. Cells were fixed to the plate by adding 25 pl cold
trichloroacetic acid (50 % in H20) acid and incubating at 4 °C for 1 h. Trichloroacetic
acid is a strong protein precipitant and fixates cells by interaction of the positively
charged amino group of proteins and the negatively charged chloracetate anion
[360]. Wells were washed carefully with H20O 3 times and excessive water was
removed by tapping the plate into paper towels. The plate was then allowed to air
dry at room temperature for approximately 10 min. Afterwards, 50 pl SRB solution
(0.057 % in methanol (wt/vol)) was added to the wells and the plate was incubated
at room temperature for 1 h, while being covered to protect SRB from light. Wells
were then rinsed 3 times with 1 % acetic acid to remove unbound dye, tapped into
paper towels and air dried at room temperature for 10 min. Binding of SRB to
proteins is reversible under alkaline conditions, therefore 100 ul of a 10 mM TRIS-
base solution (pH 10.5) was added to each well, and the plate was put on a shaker
for 20 min to solubilize SRB. For each experiment, a blank was added, consisting
of TRIS-base solution without cells. Absorbance at 510 nm was measured with the
FLUOstar Omega microplate reader and absorbance was displayed as optical
density (OD). To determine the linear range of the assay, a cell number titration
experiment was performed in pHPF, A549 and H1299 cells (Fig 6). As displayed,
SRB signals differed for different cell types and the highest cell number tested
resulted in a saturation of the dye. Thus, 5000 cells were defined as standard cell
density for this experiment, since it represented the early exponential phase in all
tested cells.
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Figure 6: Correlation of SRB signal to cell number in pHPF, A549 and H1299

Different numbers of cells of pHPF, A549 and H1299 were seeded onto 96 - well plates, cultivated
for 24 h and a SRB assay was performed. SRB signal is displayed as OD 510

5.2.3 Calculating plasmin activity over cell number

Plasmin activity measured as RFU was normalized to OD values of the SRB assay.
For that, mean SRB values for each condition were calculated and RFU values of
the corresponding condition divided by this SRB number. Both fractions, cell-
associated and secreted were normalized to the same SRB values. The resulting
value was defined as RFU / OD510 ratio. To visualize effects of the stimulation,
the mean of basal (unstimulated) ratios was calculated and values of stimulated
conditions were divided by this mean. The resulting value was defined as x-fold of

basal value. An overview of all steps involved in the analysis is shown in figure 7.
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Figure 7: Fig 3 Example of plasmin assay analysis

pHPF were stimulated with TGF-B (2 ng/ml) for 24 h an plasmin assay and SRB assay were
performed. Data shown was measured in octuplicates in one representative experiment. Plasmin
activity is shown as RFU of cell-associated (A) and secreted (B) fraction. Data of SRB assay are
displayed as OD510 in C. RFU values were normalized to OD values of the SRB assay and
displayed as RFU / OD510 ratio of cell-associated (D) and secreted fraction (E). In F, the x-fold of
stimulated to unstimulated cells was calculated.

5.3 Specific protein detection by Western Blot

5.3.1 Sample preparation

Proteins of the cellular as well as of the secreted fraction were denaturized with
Laemmli buffer. Laemmli buffer consists of sodium dodecyl sulfate (SDS) and
B-mercaptoethanol [361]. SDS confers a negative charge to the proteins and leads
to disruption of secondary and tertiary protein structures. B-mercaptoethanol is a
reducing thiol and cleaves disulfide bridges, resulting in disruption of quaternary
protein structures. Eventually, proteins are linearized, denaturized and charged

negatively proportionally to the chain length and their molecular mass [362].

Cells were seeded in 6-well plates with each well containing 100,000 cells in 2 ml
medium and incubated at 37 °C for 24 h. Cells were then stimulated for the desired
time period with 1 ml per well. The cell supernatant was transferred to a new tube
and centrifuged at 13,000 rpm for 5 min to remove cells that detached during the
stimulation. 150 pul of the supernatant were then transferred to a new tube and 20 pl
4x Laemmli buffer was added. The resulting samples of the secreted fraction were
stored at -20 °C. Remaining supernatant was aspirated from the plates and 200 pl
1x Laemmli buffer was added per well. 4x Laemmli buffer was diluted in H20 to
generate 1x Laemmli buffer. After 3 min incubation, cell lysates were transferred
to tubes, sonicated for 15 s, heated for 5 min at 65 °C to break down genomic DNA
and centrifuged for 5 min at 13,000 rpm. Samples of the cell-associated fraction

were also stored at -20 °C.
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5.3.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE allows for protein separation based on their molecular weight.
Negatively charged proteins move through an electric field towards the anode.
SDS-PAGE consists of a running gel and stacking gel, which differ in pore size, pH
and ion concentration. Proteins are administered to the stacking gel, where they
are concentrated in one band to ensure migration into the running gel at the same
time. Once in the running gel, proteins are then separated based on their molecular
weight. Proteins with a higher molecular weight are moving slower than smaller
proteins. Migration speed can be varied by changing concentration of
polyacrylamide in the gel. The higher the polyacrylamid concentration, the smaller
the pores and the smaller the migration speed. In this work, running gels with 10 %
polyacrylamid were used and assembled in the Mini-PROTEAN Tetra Cell
electrophoresis system from BioRad.

20 pl of protein lysates were loaded onto the wells of the gels and on each gel a
protein ladder was added (4 ul). 80 V were applied until proteins reached the
running gel. Voltage was then increased to 120 V. The bromphenole blue from the
Laemmli buffer allowed for visual detection of the migration front to prevent proteins

from running out of the gel.

Laemmli buffer 4x 10x SDS-buffer
0,025 % bromophenol blue (w/v) 25 mM TRIS/HCI
5% glycerin (v/v) 0.1%SDS

1 % SDS (Wiv) 190 mM glycine

15 mM TRIS/HCL pH 6.8 (w/v)
1,25 % B-mercaptoethanol (w/v)

Stacking gel pH 6.8 Running gel pH 8.8
0.13 M TRIS 0.38 M TRIS

0.1 % SDS 0.1 % SDS

5.4 % acrylamide 10% acrylamide
0.14 % bisacrylamide 0.3 % bisacrylamide
0.001 % Temed 0.001 % Temed
0.001 % Ammonium 0.001 % Ammonium
persulfate persulfate
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5.3.3 Western Blot

After proteins were separated by SDS-PAGE, they were transferred to a
nitrocellulose membrane using the Mini TransBlot ® tank transfer system.
Membrane, gel and filter papers were equilibrated in TGM buffer (TRIS-glycine
methanol buffer). The gel was put on top of the membrane, put on top of a filter
paper and covered with another filter paper. Any air bubbles were carefully
removed with a roller. This stack was then covered in foam pads and placed in a
gel holder cassette. A schematic overview of this setup is shown in figure 8. During
assembly, all components were submerged in TGM to avoid air bubbles. Two gel
holder cassettes were placed in one tank filled with TGM. An electric current was
applied and negatively charged proteins were transferred to the membrane by
moving towards the anode. The transfer was run at 250 V and 350 mA for 2 h at
4 °C.

I foam pad
e filter paper
I polyacrylamide gel
nitrocellulose membrane
I filter paper

current

e foam pad
A 4 +

Figure 8: Schematic overview of a transfer stack within a gel holder cassette

Protein transfer was checked by staining proteins on the membranes with
Ponceau S. Blots were cut horizontally in 2 or 3 pieces to detect proteins of interest
with different antibodies. For each membrane, a loading control that was not
affected by stimulation was added to check if the same amounts of protein were
initially loaded onto the gels. Histone H3 or succinate dehydrogenase complex,
subunit A (SDHA) were used as loading controls, depending on the size of the
target proteins. Next, TRIS-buffered saline (TBST) was used to destain
membranes, followed by incubation of the membranes with blocking solutions for
30 min on a shaker to block unspecific binding sites. Membranes were incubated
with primary antibodies at 4 °C on a shaker overnight. Different antibodies required
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different solvents and blocking solutions were chosen according to these solvents.
Table 3 summarizes the utilized blocking solutions for distinct antibodies. Of note,
all used antibodies are suitable for detection of the individual antigen in human and
mouse cells according to the manufacturers. After washing the membranes with
TBST three times for 10 min, they were incubated with the according horseradish-
peroxidase-conjugated (HRP) secondary antibodies (see table 3) for 1 h at room
temperature. Membranes were subsequently washed with TBST three times for 10
min and target proteins were detected by chemiluminescence. Membranes were
incubated with luminol and hydrogen peroxide for 1 min during which the
horseradish peroxidase from the secondary antibody catalyzes luminol by
consuming H202, leading to a chemiluminescence detectable by
ChemiSmart5000.

Table 3: List of primary antibodies with their corresponding blocking solutions,
dilution factors and HRP-conjugated secondary antibodies

Primary kDA Solution for blocking  Dilution  Secondary antibody
Antibody & dilution

Collagenl 130 1 % BSA/TBST 1:1000 Anti-rabbit
Fibronectin 280 1 % BSA/TBST 1:1000 Anti-rabbit
Histone 18 3 % milk powder 1: Anti-rabbit
40000

PAI1 45 1 % BSA/TBST 1:2000 Anti-rabbit
pSMAD?2 60 5% BSA/TBST 1:1000 Anti-rabbit
SDHA 70 1 % BSA/TBST 1:2500 Anti-mouse
SMAD2 60 5 % BSA/TBST 1:1000 Anti-rabbit
SMAD3 50 5% BSA/TBST 1:1000 Anti-rabbit
a-SMA 42 1 % BSA/TBST 1:1000 Anti-rabbit
pERK 44/42 3 % milk powder 1:2000 Anti-mouse
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ERK1 44 3 % milk powder 1:5000 Anti-goat

Secondary
antibody
Anti- 3% milk powder 1:5000
mouse
Anti-rabbit 3% milk powder 1:10000
Anti-goat 3 % milk powder 1:2500
10x TBST: 1Ix TGM: Ponceau S:
10 mM TRIS 25 MM TRIS 0.1% Ponceau
150 mM NacCl 192 mM Glycine 5% Acetic acid
0.05% Tween (V/v) 20% MeOH
pH 7.4

5.3.4 Quantification

Pictures taken with the ChemiSmart camera were densitometrically analyzed with
ImageJ by calculating the area under curve (AUC). AUC of the target protein was
normalized to AUC of the loading control and protein expression was calculated as

x-fold over basal (fig 9).
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C Lane AUC AUC PAI1 PAI1/ Mean of PAI1
SDHA SDHA basal expression
cell- cell- x-fold of
associated associated basal
1 basal 31.023.146 3.232.326 0,10 0,12 0,89
2 basal 41638652 5.336.347 0,13 1,10
3 TGF-p | 30.705.338 24.397.045 0,79 6,83
4 TGF-B  36.208.945 29.826.702 0,82 7,09
secreted secreted
1 basal 2.173.397 0,07 0,075 0,92
2 basal 3.369.761 0,08 1,07
3 TGF-B 24.286.631 0,79 10,47
4 TGF-B 27.486.217 0,76 10,05

Figure 9: Densitometric analysis of one exemplary western blot

pHPF were stimulated with TGF- for 24 h, western blot was performed. Blots with the cell-
associated fraction were cut in half to detect PAI 1 (45 kDa) and SDHA (70 kDa). The loading
control of the cell-associated fraction was also used for the secreted fraction. A shows the inverted
pictures taken with the ChemiSmart camera. In B, areas under curve (AUC) created with ImageJ
are displayed. Red lines indicate helplines for AUC quantification. Quantification of AUCs,
normalization to the loading control and calculation of PAI1 expression as x-fold of basal is

summarized in C.
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5.4 Detection of soluble collagens by Sircol™ assay

Secreted collagens were measured with the Biocolor Sircol™ Soluble Collagen
assay kit and the assay was performed according to the manufacturer’s protocol.
The assay is based on the ability of the Sircol™ dye to precipitate and dye soluble
collagens. Sircol™ dye contains Sirius Red, which is an anionic dye containing
sulfonic acid side chains which binds to basic collagens with intact triple helix
organization. All solutions used were included in the assay kit. 500,000 cells were
seeded onto cell culture dishes, incubated overnight and stimulated for 48 hiin 4 ml.
1.6 ml supernatant were transferred to a low-protein-binding tube to avoid albumin
from the medium to bind to the tube, resulting in absorbance of Sircol™ dye. 330 pl
cold collagen isolation & concentration reagent were added per tube. For each
experiment, a negative and a positive control were added. For the negative control,
1.6 ml cell culture medium was added to 330 pl cold collagen isolation &
concentration reagent. For the positive control, 60 pl Collagen standard
(500 pg/ml), which equals 30 pg Collagen, was mixed with cell culture medium to
obtain a finale volume of 1.6 ml, then 330 pl cold collagen isolation & concentration
reagent was added. All samples were mixed and incubated in an ice/water bath
overnight at 4 °C. Then, samples were centrifuged at 14,000 rpm for 30 min at
room temperature (RT). Supernatant was removed by carefully inverting the tube
and keeping tubes upside down on a tissue. During this step, the collagen pellet at
the bottom of the tube was transparent, therefore it was refrained from pipetting
supernatant from the tube. 1 ml Sircol™ dye was added per tube; tubes were
inverted 5 times and agitated at 400 rpm for 30 min at room temperature. After
centrifugation at 14,000 rpm for 30 min at room temperature, supernatant was
removed by inverting tubes and putting them onto paper towels upside down. The
pellet was now dyed and clearly visible. Any excess dye in the tube as well as in
the lid was removed using small rolls formed from absorbent cellulose swabs and
sharpened cotton buds. This step was performed very carefully to achieve
complete removal of unbound dye without destroying the pellet in the process.
750 pl cold acid-salt-wash-reagent were added to each tube followed by
centrifugation at 14,000 rpm for 30 min at room temperature. Supernatant was

removed as described above, 750 ul cold acid-salt-wash-reagent was added and
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tubes were centrifuged at 14,000 rpm for 30 min at room temperature. After
removing supernatant as described above, 250 ul alkali reagent was added and
the pellet was dissolved by vortexing for several minutes. Samples were
transferred in duplicates (100 ul each) onto 96-well plates and absorbance at 555
nm was detected with the FLUOstar Omega microplate reader. Absorbance was

displayed as OD.

5.5 Introduction of nucleic acids into eukaryotic cells

Several cell transfection methods were used to transiently introduce plasmid DNA
or siRNA into living cells. Plasmid DNA was transfected via electroporation or using
the TurboFect™ reagent, whereas siRNA was introduced into cells by

Lipofectamine™ RNAIMAX transfection reagent.

5.5.1 siRNA transfection with lipofectamine

Translation of target genes can be stopped with small interfering RNAs (siRNAS).
siRNAs are short, double stranded RNA segments consisting of 20 — 25 base pairs
which bind to complementary RNA segments, leading to disabling of their function.
This mechanism is known as RNA interference and naturally occurs in viruses
[363]. The endoribonuclease Dicer cuts double stranded RNA to siRNA, which then
builds RNA induced silencing complex (RISC) with other involved proteins. Once
single stranded siRNA binds to the target genes’ complementary strand, the RISC
complex cuts this complementary strand leading to loss of expression of the target
gene (Fig 10). A scrambled siRNA, which does not affect genome expression, is
used as negative control to check for unspecific effects of the transfection method.
Two predesigned siRNAs (Ambion) were introduced into pHPF by Lipofectamine™
RNAIMAX transfection reagent from Thermo Fisher. Lipofectamine entraps siRNA
in liposomes which is able to fuse with negatively charged cell membranes leading
to a release of SIRNA into cytoplasm. For plasmin activity assays, 1 pmol siRNA
was mixed with 0.3 pl Lipofectamine™ RNAIMAX in OptiMEM Medium for each
well of a 96-well plate and incubated for 30 min at RT. 10 pl were then added to
each well and 10,000 cells were added on top in growth medium. Cells were

cultured for 72 hours, stimulated and plasmin activity was measured as described
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in 2.2. For mRNA isolation, 25 pmol siRNA was mixed with 7.5 ul Lipofectamine™
RNAIMAX in OptiMEM Medium for each well of a 6-well plate and incubated for 30
min at RT. 250 pl were then added to each well and 200,000 cells were added on
top in growth medium. Cells were cultured for 72 hours and mRNA was isolated as
described in 4.11.1.

5.5.2 Transfection of plasmid DNA via electroporation

Cells were transfected with reporter plasmids by electroporation using the Neon™
transfection system from Invitrogen. Short electric impulses are applied to the cells,
leading to the formation of pores in the cell membrane through which plasmids can
enter the cells. Buffers used were provided by the manufacturers Neon Kit. Cells
were detached and counted as described above and the desired amount of cells
was centrifuged at 800 x g for 5 min. Supernatant was aspirated and cell pellet was
resuspended in resuspension buffer (100 pl per electroporation step) and mixed
with the plasmid DNA (5 pg per step). It is crucial that cell number and
electroporation settings fit perfectly to ensure that the electric impulses lead to the
desired effect. Therefore, for each cell line, electroporation settings and cell
number were tested to figure out the perfect conditions. For A549 and H1299 cells,
500,000 cells were electroporated at 1450 V for 30 ms with 1 pulse. For pHPF,
since they are considerably larger in size than A549 or H1299 cells, cell number
was reduced to 250,000 cells per electroporation step and they were challenged
with 1650 V 3 times for 10 ms. After electroporation, cells were placed on 96-well
plates (20,000 cells per well) in their respective culture medium and cultured for
24 h. After stimulation, cells were lysed and luciferase activity was measured as
described in 4.7.
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Figure 10: Mechanism of RNA interference

Dicer cuts double stranded RNA to siRNA which is then recruited by the RISC complex. RISC and
siRNA bind to complementary mRNA of the target gene, leading to cleavage of the mRNA and
subsequent degradation.
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5.5.3 Transfection of plasmid DNA via TurboFect™

Cells were transfected with TurboFect™, a solution of cationic polymers which
builds stabile, positively charged complexes with DNA. Thereby, entry of DNA into
the cells is facilitated and DNA degradation within cells is prevented. 70,000 cells
were seeded on 12-well plates and cultivated for 24 h. For each well, the equivalent
volume to 250 ng Plasmid in 50 pl serum free medium was mixed with the double
volume of TurboFect™ reagent in 50 pl serum free medium and incubated for
30 min at RT. 100 pl of this mixture was added to each well, cells were incubated
for 24 h and hereafter stimulated for the desired time periods. After stimulation,

cells were lysed and luciferase activity was measured as described in 4.7.

5.6 Plasmid isolation

Plasmids used for luciferase reporter gene assay were bought as bacteria in agar
stab containing the plasmid. To isolate plasmids, a pipette tip was used to transfer
a small amount of bacteria to a pre-culture tube containing 2 ml LB (lysogeny broth)
medium and the respective antibiotic. After incubation overnight at 37 °C at
250 rpm, 200 pul of the preculture were transferred to a flask containing 200 ml LB
medium with the respective antibiotic. After additional 24 h at 37 °C and 250 rpm,
plasmid isolation was performed using the “NucleoBond Xtra Midi kit for
transfection-grade plasmid DNA” from Macherey-Nagel according to the
manufacturer’s protocol. All used reagents were provided by the manufacturer.
200 ml bacteria suspension with an OD at 600 nm of about 2 were centrifuged for
15 min at 5000 x g at 4 °C and supernatant was discarded. Bacteria were
resuspended in 8 ml resuspension buffer and 8 ml lysis buffer was added. To fasten
cell lysis, tubes were inverted several times. After 5 min at room temperature, 8 ml
neutralization buffer was added. A filter was added to a “NucleoBond Xtra” column,
washed with 12 ml equilibration buffer and bacteria suspension was loaded onto
the column. The filter was washed with another 5 ml equilibration buffer and
removed. The column was washed with 8 ml washing buffer and plasmid DNA was
subsequently eluted with 5 ml elution buffer. 3.5 ml 100 % isopropanol were added
to precipitate DNA and the total volume of 8.5 ml was transferred to five 1, 5 ml

Eppendorf tubes. After 2 min incubation, tubes were centrifuged for 30 min at
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14,000 x g at 4 °C and pellets were washed with 70% EtOH. After centrifugation
for 10 min at 14,000 x g at 4 °C, pellets were air-dried for approximately 15 min
and dissolved in 50 pl IDTE (TRIS/EDTA buffer). DNA concentration and purity
was measured in a photometer by determining absorbance at 260 nm and 280 nm.
1ul of DNA solution was added to the “TrayCell” extension on the BioPhotometer®
from Eppendorf. DNA purity is sufficient when the 260/280 ratio is above 1.8. DNA

was stored at -20 °C until further use.
LB medium:

85.5 mM NaCl
0.5 mM NaOH
1 % trypton/pepton

0.5% yeast extract

5.7 Luciferase reporter gene assay

Firefly luciferase reporter gene assays were used to measure the activity of
SMAD3/4 and YAP/TAZ signaling. The luciferase gene is introduced into DNA and
is transcribed if the respective signaling pathways are activated. Upon SMAD3/4
or YAP/TAZ activation, they bind to the reporter construct which results in
generation of luciferase. Luciferase is an enzyme originating from the firefly
photinus pyralis and catalyses adenosine-triphosphate-dependent oxidation of
luciferine to oxyluciferine. This reaction results in the emission of bioluminescence
which is directly proportional to the number of luciferase molecules and therefore
proportional to the promoter activity. SMAD3/4 activation was measured using the
pPpCAGA-luc reporter construct provided by PD Dr. habil. med. Claudia Staab-
Weijnitz, PhD (CPC Munich), which contains the SMAD3/4 responsive part of the
human SERPINE1 promotor [179]. YAP/TAZ promoter dependent activation was
measured with the 8xGTIIC-luciferase plasmid from addgene [364]. This synthetic
plasmid contains 8 binding sites for TEAD, a transcription factor directly activated
by YAP/TAZ. Plasmids were transfected into cells via electroporation or turbofect
as described in chapter 4.5. After stimulation, 50 pul lysis buffer were added to the
cells and samples were transferred to 96-well plates with white bottom. Luciferase
activity was measured with the FLUOstar Omega microplate reader at 1 s steps for
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10 s. 25 pl luciferase substrate were automatically injected at 2 s and light emission
was displayed as random light units (RLU). The average of RLU from 3 — 10 s were
calculated and background at 1 s was subtracted (Fig 7). Figure 11 shows an

exemplary measurement of a luciferase reporter assay.

Lysis buffer

25 mM TRIS/HCI pH 7.4

4 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid
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luciferin injection

300000+

= TGF-B
- basal

z

2 200000-

1%

©

1

&=

=

ox

[

=

<

£ 100000

time [s]

Figure 11: Exemplary luciferase reporter gene assay

A549 cells were transfected with the 8xGTIIC-luciferase plasmid and stimulated for 24 h with
2 ng/ml TGF-(3. After cell lysis, YAP/TAZ activity was measured. Data shown were obtained from
quadruplicates from one exemplary experiment. Light emission was measured for 10 s with luciferin
being injected at 2 s. Results are displayed as random light units (RLU).
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5.8 Phospho-SMAD2 enzyme-linked immunosorbent assay

(ELISA)

Levels of activated SMAD2 phosphorylated at Serine 465 / 467 were determined
using the PathScan® Phospho-Smad2 Sandwich ELISA Kit from CellSignal.
50,000 cells were seeded onto 24-well plates, kept overnight and stimulated for the
desired times. ELISA was conducted according to the protocol provided by the
manufacturer. All used solutions were included in the kit. After stimulation, cells
were washed with 1 ml ice-cold PBS and lysed on ice for min with 200 pl ice-cold
lysis buffer supplied with Roche cOmplete™ protease inhibitor cocktail. Cells were
scraped from the microwell plates, transferred to a tube and sonicated on ice.
Tubes were then centrifuged for 14,000 rpm at 4 °C for 10 min, supernatant
containing the cell lysate was transferred to a new tube and tubes were kept on
ice. Microwell-stripes coated with SMAD2 mouse monoclonal antibody were
brought to room temperature before starting the assay. 100 pl cell lysate was
added to each well, wells were sealed with adhesive film and incubated overnight
at 4 °C, leading to capturing of phosphorylated and non-phosphorylated SMAD2.
Film was removed and wells were washed by inverting the tubes and washing them
4 times with 200 ul washing buffer. After each washing step, wells were tapped
onto paper towels to completely remove buffer, without letting them dry. 100 pl
reconstituted phospho-SMAD2 rabbit detection antibody was pipetted into each
well, wells were sealed and incubated at 37 °C for 1 h. Wells were then washed 4
times as described above. 100 pl reconstituted secondary anti-rabbit HRP-linked
antibody was added to the wells, wells were sealed and incubated at 37 °C for
30 min. Wells were washed 4 times as described above. 100
3,3',5,5'-tetramethylbenzidine (TMB) substrate was added to the wells, wells were
sealed and incubated for 30 min at room temperature. This step resulted in a blue
color due to oxidation of TMB by horseradish-peroxidase. 100 ul acid stop solution
was added to stop the reaction, leading to a color change from blue to yellow.
Plates were carefully agitated and samples were transferred to a 96-well plate.
Absorbance at 450 nm was detected with the FLUOstar Omega microplate reader
and displayed as (OD). If OD values higher than 1 were measured, the protocol
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was adjusted by shortening TMB incubation time and diluting cell lysates before

adding them to the wells.

5.9 Whole cell PAI1 ELISA

PAI1 protein levels where detected using a second approach besides Western
Blot. Whole cell PAI1 ELISA was performed according to a previously published
protocol [365]. 25,000 cells were seeded onto 24- well plates and stimulated after
24h. Supernatant was aspirated and cells were fixed on the plate by adding 200 pl
4% paraformaldehyde. After 15 min, paraformaldehyde was aspirated and 200 pl
of 50 % ice cold methanol/acetone was added for 5 min to permeabilize cell
membranes. Cells were then washed with 1 ml phosphate-buffered saline (PBS)
and unspecific binding sites were blocked by adding 200 ul 1% BSA/TBST for
15 min. PAI1 primary antibody was diluted 1:1,000 in 1 % BSA/TBST and as
control, histone antibody was diluted 1:5,000 in 1% BSA/TBST. Cells were
incubated with 200 pl primary antibodies for 1h at room temperature, followed by
3 washing steps with 1 ml PBS for 10 min each. Goat-anti-rabbit horseradish-
peroxidase-conjugated secondary antibody was diluted 1:4,000 in 1% BSA/TBST
and 200 pl were added to cells for 45 min. Cells were washed 3 times with 1 ml
PBS for 10 min and 3,3',5,5'-tetramethylbenzidine (TMB) was added which started
the oxidation of TMB by horseradish-peroxidase, resulting in a blue color. After
approximately 10 min incubation in the dark to protect TMB, the reaction was
stopped by adding 50 pl sulfuric acid, resulting in a color change from blue to
yellow. Samples were transferred to a 96-well plate and a blank consisting of 200 pl
TMB and 50 pl sulfuric acid was added. Absorbance at 450 nm was detected with
the FLUOstar Omega microplate reader and displayed as OD. If OD values higher
than 1 were measured, the protocol was adjusted by shortening TMB incubation

time.
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5.10 Water soluble tetrazolium 1 (WST-1) assay

WST-1 is the sodium salt of 4-[3-(4iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-
1,3-benzene disulfonate and is a dye that can be used in quantitative cell viability
assays or cytotoxicity assays. The assay is based on the ability of mitochondrial
dehydrogenases from living cells to cleave tetrazolium salt to formazan [366]. The
resulting amount of formazan dye is directly proportional to the number of

metabolically active cells and absorption of the dye can be measured at 440 nm.

2,000 cells were seeded into 96-well plates and incubated for 24 h. Then, cells
were stimulated in 100 pl for 72 h and WST-1 assay was performed. 10 pl of WST-1
reagent were added to each well, thereby achieving a 1:10 dilution of WST-1
reagent. After 1 h at 37 °C, plates were shaken on a shaker for min and absorbance

at 440 nm was measured.

5.11 Quantitative real-time reverse transcriptase polymerase

chain reaction

Quantitative real-time reverse transcriptase polymerase chain reaction (QRT-PCR)
is used to analyze gene expression. In addition to DNA multiplication as in
conventional PCR, gRT-PCR allows for quantification of DNA and therefore to
conclude on RNA expression. Quantification is achieved by measuring
fluorescence of a DNA-intercalating fluorescent dye which is directly proportional
to the amount of PCR products. Before starting gqRT-PCR, RNA was extracted from

cells and transcribed into DNA via reverse transcription.

5.11.1 RNA Isolation

Cells were seeded onto 6-well plates (150,000 cells per well) and stimulated for
the desired time periods. After stimulation, cells were lysed with 1 ml Trizol reagent
from Sigma containing phenol and guanidinium thiocyanate. Phenol serves as
RNA solvent whereas guanidinium thiocyanate is used for cell lysis by protein
denaturation and enzyme deactivation. Lysis was performed by pipetting up and
down for 5 min at room temperature and transferring samples to Eppendorf tubes.

Samples were stored at -80 °C or directly processed. 200 pl chloroform was added,
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incubated for 2 min and tubes were centrifuged at 12,000 x g for 15 min at 4 °C.
This step resulted in the formation of 3 phases: a lower, organic phase containing
proteins, an interphase containing DNA and the upper, transparent and aqueous
phase containing RNA which was carefully transferred to a new tube. 500 pl 100 %
isopropanol were added to RNA solution to precipitate RNA, incubated for 10 min
at room temperature and centrifuged at 21,000 x g for 10 min at 4 °C. Supernatant
was removed, the pellet was washed with 1 ml 70 % RNAse free ethanol and tubes
were centrifuged at 21,000 x g for 10 min at 4 °C. Supernatant was carefully
removed and pellets were air dried for approximately 15 min. RNA pellets were
then resuspended in 20 pul RNAse-free water at 60 °C for 10 min. RNA
concentration was determined photometrically by measuring absorbance at
260 nm. 1l of RNA solution was added to the “TrayCell” extension on the
BioPhotometer® from Eppendorf. Additionally, absorbance at 280 nm was
measured to check for RNA purity. RNA purity is sufficient when the 260/280 ratio
is above 1.8. RNA was stored at -80 °C.

5.11.2 Reverse transcription

RNA was transcribed into complementary DNA (cDNA) before using it in gRT-PCR
by the enzyme reverse transcriptase. All steps were performed on ice and all used
solutions were provided by the RevertAid first strand cDNA-synthesis kit from
ThermokFischer. In a first step, 1 pl random hexamer primer (100 uM) was mixed
with the equivalent volume of 1 ug RNA solution and RNAse-free water was added
to the tube to reach a final volume of 12 ul. Components were mixed thoroughly
and incubated for 5 min at 65 °C. In the next step, the following components were
added to each tube:

- 4 ul 5 x reaction buffer

- 1 pl RNAse inhibitor (20 U/ul)

- 2 ul DNTP mix (10 mM)

- 1 ul RevertAid reverse transcriptase (200 U/pl)

Tube content was mixed thoroughly, incubated at 25 °C for 5 min, at 42 °C for
60 min and finally for 5 min at 70 °C to stop enzyme function. Samples containing

cDNA were stored at -20 °C until further use.
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5.11.3 Realtime Polymerase chain reaction

The LightCycler® 480 Il from Roche used in this work combines thermocycler and
fluorimeter and measures fluorescence after every elongation cycle. SYBR™
green is a dye which intercalates into DNA and resulting DNA-dye complex can be
excited at 494 nm. Emitted light at 521 nm is detected and correlates with the
amount of DNA in the sample. The crossing point (Cp) value displays the cycle at
which fluorescence is crosses the background fluorescence level to measure
amplification in the early exponential phase (fig 12).

Fluorescence

Cp value exponential
\ phase
ST ) Threshold

Cycles

Figure 12: Graphical representation of gRT-PCR

Fluorescence is measured after every elongation cycle. Cp value is measured in the early
exponential phase and defined as the cycle at which fluorescence first crosses the threshold.

Primers were designed using the “universal probe library assay design center” by
Roche. To prevent amplification of genomic DNA, intron-spanning primers were

designed. An overview of the used primer sequences is shown in table 4.

To ensure the formation of a specific PCR product, a melting curve analysis was
performed with each experiment. Samples were heated continuously to 95 °C while
measuring fluorescence. Upon heating, double strands were separated and dye
dissociated from DNA leading to a change in fluorescence counts. Since the SYBR

green can also bind unspecifically to primer dimers and PCR products and is
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released from these unspecific bindings at considerably lower temperatures, each

sample could be tested for unwanted side products.

All pipetting steps were performed on ice. cDNAs were prediluted 1:50 in nuclease-
free water and added to 96-well gPCR micro well plates. To check for
contamination, a negative control was added consisting of water instead of cDNA.

To each well, the following solutions were added:

- 10 pl 2 x SYBR™ green mastermix
- 1 ul forward primer (10 puM)
- 1 ul reverse primer (10 uM)

SYBR™ green mastermix consists of SYBR green, DNA polymerase and
nucleotide in a buffered solution. Plates were sealed with adhesive film and
centrifuged at 200 x g for 1 min. The following protocol was then started at the

thermocycler:

- 95°C5min

- 95°C15s

- 60°C15s 40 cycles
- 72°C30s

- Melting curve: continuous heating from 60 °C to 95 °C
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Table 4: Primer sequences designed with the “universal probe library assay design

center” by Roche

Target gene  RefSeq forward primer 5 ‘- 3¢ reverse primer 5 ‘- 3¢
actin beta NM_001101.5 ccaaccgcgagaagatga ccagaggcgtacagggatag
SERPINE1 NM_000602.5 aaggcacctctgagaacttca cccaggactaggcaggtg
FN1 NM_212482.4 ccgaccagaagtttgggttct caatgcggtacatgacccct
Col1A1 NM_000088.4 tacagaacggcctcaggtacca  acagatcacgtcatcgcacaac
PLAU NM_002658.6 agtgtcagcagccccact ccccctgagtctcectgg
PLAUR NM_002659.4 (gcccaatcctggagcttga tccecttgcagcetgtaacact
SPINT2 NM_021102.4 gcatccacgagaatgccacg ctgccttctgggagcacttg
TRPM7 NM_017672.5 ttgacattgccaaaaatcatgt cttgttccaaggatccaacc

Quantification was performed by calculating the difference of Cp values (ACp) of

target and housekeeping gene. Cp of housekeeping gene was subtracted from Cp

of the target gene to calculate the ACp value. Since target genes were expressed

higher than housekeeping gene, the negative ACp (- ACp) was calculated and

displayed for better understanding. ACp of unstimulated condition was subtracted

from ACp of stimulated condition to calculate AACp. As mentioned before, a

negative AACp (- AACp) was calculated and displayed. To convert AACp values

into x-fold of basal values, the following formula was used:

An overview of gRT-PCR analysis is shown in figure 13.

x-fold = 2 —AACP
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Figure 13: Exemplary analysis of SERPINE1 mRNA levels in pHPF

SERPINE1 mRNA levels in pHPF were determined by gRT-PCR after 24 h TGF-B stimulation.
mMRNA levels of SERPINE1 and -actin are displayed as cp values (A). ACp (B) was calculated by
subtracting Cp Actin from Cp SERPINEL1l. ACp are displayed as negative ACp for better
visualization (C). ACp basal was subtracted from ACp TGF- B to calculate AACp (D) and values
are displayed as negative AACp (E). AACp values were converted into x-fold of basal values (F).
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5.12 Migration assay

Migratory properties of cells were monitored by a boyden chamber migration
assay. A membrane with 5 UM pore size was used to identify cells that are able to
change their cytoskeleton to actively migrate through these pores. Migratory cells
were then dyed, dye was dissolved and absorption was measured to quantify
migratory cells. Dying of the cells was performed with sulforhodamine B (SRB),
which determines total protein amount. The principle of SRB staining is described

in chapter 5.2.2.

250,000 cells were placed in cell culture inserts in 100 pl growth medium and
inserts were placed in 24- well plates containing 500 ul growth medium. A part of
the inserts was submerged in the medium from the lower chamber and incubated
for 24 h. Medium in upper and lower chambers was then replaced with medium
containing the desired reagent. Basal migration was monitored by using the same
FCS concentration in upper and lower chamber. Serum-induced migration was
monitored by adding low FCS concentration to the upper chamber and high FCS
concentration to the lower chamber, thus cells were migrating within a serum-
gradient. Effects of TGF- or NS8593 were measured by adding the reagents to
the upper chamber. After 24 h stimulation, medium within the inserts was aspirated
and inserts were placed in a new well containing 400 pl SRB dye. After 1 h, inserts
were dipped in 1 % acetic acid to remove unbound dye and cells on top of the
membrane were removed thoroughly with cotton buds. Migrated cells remained
dyed on the bottom of the membrane. The insert was then placed in a new well
containing 200 ul TRIS-base (pH 10.5) and incubated on a shaker for 20 min until
dye was completely dissolved. Samples were transferred to a 96-well plate and
absorbance at 510 nm was measured with the FLUOstar Omega microplate reader

and displayed as OD. An overview of the protocol is shown in figure 14.
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Figure 14: Exemplary workflow of cell migration assay

After 24 h in growth medium, medium in both chambers were replaced with medium of different
FCS concentrations to measure FCS-induced migration. Reagents were added to medium in upper
chamber to monitor effects on migration. After 24 h, medium was removed and inserts were
incubated in SRB solution for 1 h to dye cells. Cells in upper chamber were removed with a cotton
swab, SRB was dissolved in TRIS/HCI base (pH 10.5) and absorption was measured at 510 nm.

5.13 Statistical methods

Experiments were conducted at least 3 times independently and the actual number
of experiments is stated in the corresponding figure legends. In each experiment,
different conditions were measured at least twice and data are shown as mean
with standard error of the mean (SEM). GraphPad Prism 9.0 was used to conduct
distinct statistical hypothesis testing. Three levels of significance were defined
(* p<0.05, ** p<0.01, *** p<0.001). One-sample t-test was used to test for significant
differences between a mean value and a hypothetical value (0, 1 or 100).
Differences of two mean values were tested with two-sample t-test. Multiple mean
values were compared using one-way analysis of variance (one-way ANOVA)
followed by Tukey’s post-hoc-test. Mean values depending on two independent
variables were analyzed using two-way analysis of variance (two-way ANOVA)
followed by Tukey’s post-hoc-test. Statistic tests on normalized data were only

performed after checking for statistical significance of raw data.
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6. Results

6.1 Fluorescence-based live cell measurements of plasmin

activity in lung cells

Increased levels of plasminogen activator and plasmin and subsequent activation
of the plasmin system are crucial for the degradation of ECM proteins, like
collagens or fibronectin. This process is linked to diseases in which ECM
remodeling is dysfunctional, especially in tissue fibrosis or tumor progression [12-
16]. Despite its importance, enzymatic activity of plasmin has rarely been
measured directly. Instead, previous studies mostly focused on PAI1 or uPA
expression as dynamic regulators of plasmin activity in fibrotic or tumorigenic
tissues and concluded on possible changes in plasmin activity [13, 43, 261, 289,
290, 367]. Wu et al. correlated plasmin activity in lung tumor cells to metastasis.
Horowitz et al. described a pro-apoptotic effect of plasmin on the IMR-90 fibroblast
cell line [14, 367]. Interestingly, both studies used exogenous plasminogen (PLG)
in order to detect endogenous plasmin activity. With pulmonary fibroblasts being
the main drivers of fibrosis by producing ECM proteins and since plasmin activity
has never been measured directly in primary human lung fibroblasts, the first aim
of this work was to establish a protocol to monitor plasmin activity in living pHPF
[103, 140].
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Figure 15: Effects of a2-antiplasmin on D-Val-Leu-Lys-AMC-dependent
fluorescence in pHPF

A: Schematic overview of the plasmin activity assay. Cells were seeded into 96-well plates and
after 24 h, supernatant and cells were incubated with the plasmin substrate (D-Val-Leu-Lys-AMC,
50 puM) at 37 °C for 5 h. As controls, cells or medium was either incubated alone or along with the
substrate. Fluorescence intensity of the cell-associated fraction (B) and of the secreted fraction (C)
was measured in 5 min intervals. Data of one exemplary experiment measured in octuplicates are
shown as SEM of RFU. The line at 180 min indicates the standard incubation time used in further
experiments. a2-antiplasmin (500 nM) was added 1 min before starting the measurement.
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Since plasmin acts both in solution and cell-associated when bound to its surface
receptors, the synthetic plasmin substrate D-Val-Leu-Lys-AMC was incubated
directly with pHPF or their corresponding supernatant, as depicted in fig 15 a. D-
Val-Leu-Lys-AMC-dependent fluorescence is thought to be dramatically increased
after the AMC fluorophore has been released by cleavage via plasmin. To assess
the specificity of the substrate, controls were added, where either substrate or cells
were not included. Fig 15 b shows live measurement of D-Val-Leu-Lys-AMC-
dependent fluorescence of the cell-associated fraction of pHPF over 300 min.
When pHPF were incubated with the plasmin-specific substrate, a clear increase
in fluorescence was detected. In cells that were not incubated with substrate, no
increase in fluorescence was measured. Similarly, substrate that was not in contact
with cells showed no increase in fluorescence over time, but signals were higher

than in the control without substrate.

Substrate with no cell contact was therefore used as control for plasmin
measurements to eliminate background (plasmin-independent) fluorescence. Co-
stimulation with the plasmin inhibitor a2-antiplasmin decreased fluorescence
signals, suggesting that fluorescence is indeed dependent on plasmin activity. D-
Val-Leu-Lys-AMC-dependent fluorescence of the secreted fraction is shown in
Fig 15 c. When pHPF supernatant was incubated with the substrate, fluorescence
counts increased over time and this increase was again dampened by a2-
antiplasmin. Substrate alone was added as control as well as substrate incubated
with medium that was never in contact with cells. Both controls did not show an
increase in fluorescence. Of note, in contrast to previous studies using other cells
than pHPF, no addition of exogenous PLG to pHPF was required in order to detect
endogenous plasmin activity of pHPF. However, to further attribute D-Val-Leu-Lys-
AMC-dependent fluorescence to plasmin activity, cells were also stimulated with
the plasmin-precursor plasminogen. As expected, a dramatic increase in
fluorescence in both fractions was observed when plasminogen was added

compared to basal conditions (Fig 16 a and b).
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Figure 16: Effects of plasminogen on D-Val-Leu-Lys-AMC-dependent fluorescence
in pHPF

Cells were incubated for 24 h with plasminogen (PIg; 5 pg/ml or 25 pg/ml) or glycerol as carrier
control. Fluorescence intensity of the cell-associated fraction (A) and of the secreted fraction (B)
was measured in 5 min intervals during incubation with D-Val-Leu-Lys-AMC (50 uM) at 37 °C for
5 h. Data of one exemplary experiment measured in octuplicates are shown as SEM of RFU. The
line at 180 min indicates the standard incubation time used in further experiments.
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Effects of a2-antiplasmin and plasminogen on D-Val-Leu-Lys-AMC-dependent
fluorescence are summarized in fig 17 b. a2-antiplasmin reduced fluorescence to
0.39 £ 0.05 fold of basal in the cell-associated fraction and to 0.59 + 0.02 fold under
basal in the secreted fraction. When 5 pg/ml plasminogen was added, effects on
both fractions were similar with an increase of 2.66 + 0.13 fold over basal in the
cell-associated and of 2.05 + 0.21 fold over basal in the secreted fraction.
Increasing plasminogen concentration to 25 pg/ml resulted in a stronger increase
of fluorescence in the cell-associated fraction (5.41 + 0.26 fold over basal)

compared to the secreted fraction (3.30 = 0.43 fold over basal).
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Figure 17: Analysis of D-Val-Leu-Lys-AMC-dependent fluorescence in pHPF

In A, RFU of secreted and cell-associated fraction after 3 h incubation with D-Val-Leu-Lys-AMC
are compared, n = 3. In B, cells were incubated for 24 h with plasminogen (Plg; 5 pug/ml or 25
pg/ml) or a2-antiplasmin (500 nM) was added 1 min before starting 3 h incubation with
D-Val-Leu-Lys-AMC. Results are displayed as SEM of x-fold of basal, n = 3-5. Statistical analysis
was performed using one-way ANOVA (A) or two-way ANOVA (B) followed by Tukey’s post-test.
Asterisks indicate significant differences to “no cells”, hash signs indicate significant differences to
basal, deltas indicate significant differences between the fractions, # p<0.01, ***##/0AA n<(0,001.

In summary, data shown so far led to the conclusion that the obtained fluorescence
signal can be correlated to a specific D-Val-Leu-Lys-AMC turnover by plasmin, thus
providing a tool to reliably measure plasmin activity in living pHPF. D-Val-Leu-Lys-
AMC dependent fluorescence was therefore defined as indicator of plasmin
activity. Of note, fluorescence of the secreted fraction was significantly higher than
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of the cell-associated fraction, suggesting a different relevance of plasmin that is

secreted or bound to its cell surface receptors. (Fig 17 a).

Finally, plasmin activity was measured in additional human lung cells to validate
functionality of the plasmin activity assay in distinct lung cells. As shown in fig 18,
plasmin activity of a lung epithelial cell line (16-HBE) and of primary human
pulmonary artery endothelial cells (HPAEC) was determined (Fig 18). Plasmin
activity could be measured reliably and plasmin activity was higher in the secreted
fraction than in the cell-associated fraction in these cells, similar to the finding in
pHPF. Thus, the established assay provided a tool for measuring plasmin activity

in human lung cell lines as well as primary cells, independent of the used cell types.
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Figure 18: Comparison of plasmin activity of human lung cells

16-HBE, HPAEC and pHPF were seeded into 96-well plates and after 24 h, fluorescence intensity
of the secreted and cell-associated fraction was measured after incubation with
D-Val-Leu-Lys-AMC (50 pM) for 3 h at 37 °C. Bars represent SEM of basal plasmin activity
displayed as RFU/SRB n = 10.
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6.2 TGF-B affects the plasmin activation system in human lung

cells

6.2.1 TGF-B activates SMAD signaling in pHPF

TGF-B is a central mediator of lung fibrosis by activating SMAD signaling, which
triggers expression of SMAD-dependent genes and leads to enhanced ECM
accumulation [368-370]. Of note, SMAD-dependent ECM accumulation could stem
from direct induction of ECM proteins like collagenl or fibronectin or from reduced
ECM degradation via induction of PAI1 and consequent reduction of plasmin
activity (see chapter 3.4.2.1). Second aim of this work was to study whether the
previously described effects of TGF-B on SMAD signaling and expression of

SMAD-dependent genes are also found in cultivated pHPF.

SMAD activation was examined using the pCAGA reporter plasmid, which contains
the SMAD3/4 sensitive part of the human SERPINE1 promotor [179]. Since no
protocol for transfection of pHPF was available, an electroporation protocol was
optimized in this work in order to achieve sufficient transfection of pHPF.
Electroporation settings of 1650 V and 3 pulses for 10 ms were acquired from a
fibroblast electroporation protocol obtained from the manufacturer of the
electroporation system [371]. In previous experiments using epithelial cell lines,
500.000 cells and 5 pg DNA were used per electroporation step. In fig 19 a, data
of unsuccessful electroporation is shown. 500.000 cells were electroporated with 5
or 10 pg plasmid DNA, but no reporter activity was detectable. Since
electroporation settings need to fit perfectly to the targeted cell type, in order to
ensure successful transfection, and cell number is one factor that influences the
electric field in the sample, different cell numbers were tested. Taking into account
that fibroblasts are considerably larger in size than epithelial cells, reduction of cell
number seemed a reasonable possibility to optimize the electric field. Indeed, when
using 250,000 cells per electroporation step, the best transfection was achieved
and stimulation with TGF-B increased SMAD3/4 reporter activity as expected
(fig 19 b). A summary of SMAD3/4 reporter activity after TGF-f stimulation is
shown in fig 20 a. Reporter activity shown as RLU rose from 80,358 + 7,262 to
394,769 + 25,818 upon TGF- stimulation. Since phosphorylation of SMAD2 is
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crucial for TGF-B signaling, a phospho-SMAD2 ELISA Kit was used and a
significant TGF-B-induced increase of SMAD2 phosphorylation was detected

(fig 20 b).
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Figure 19: Optimization of the electroporation protocol for pHPF

pHPF were electroporated with the SMAD3/4 reporter plasmid. After 24 h, cells were stimulated
with TGF-B (2 ng/ml) and luciferase activity determined. In A, 500.000 cells were transfected with
the indicated amount of plasmid DNA. In B, 250.000 cells were electroporated with 5 pg plasmid
DNA. Data are shown as triplicates from one representative experiment, n = 1. Light emission was
measured for 10 s with luciferin being injected at 2 s. Results are displayed as SEM of random light

units (RLU).
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Figure 20: TGF-B induces SMAD activity in pHPF

In A, the PathScan® Phospho-Smad2 Sandwich ELISA Kit was used to determine SMAD2
phosphorylation after 40 min stimulation with TGF- (2 ng/ml). Bars represent SEM of OD 450
values, n = 3. In B, pHPF were electroporated with the SMAD3/4 reporter plasmid. After 24 h, cells
were stimulated with TGF-B (2 ng/ml) for 24 h and luciferase activity was determined. Bars
represent SEM of x-fold over basal values, n=3. Statistical analysis was performed using
two-sample t-test. Asterisks indicate significant differences to DMSO, * p<0.5, *** p<0.001.
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Figure 21: TGF-B induces SERPINE1, FN1 and Col1A1 mRNA expression in pHPF

SERPINE1, FN1 and Col1lA1 mRNA amounts of pHPF were determined by qRT-PCR after 24
stimulation with TGF-B (2 ng/ml). Bars represent SEM of —ACp or x-fold over basal values, n = 3-
5. Statistical analysis was performed using two-way ANOVA (A) or one-way ANOVA (B) followed
by Tukey’s post-test or one-sample t-test. Asterisks indicate significant differences to basal, hash
signs indicate significant differences to one, ***## p<0.001.
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As stated before, TGF-B-induced SMAD signaling induces transcription of several
genes. Therefore, mMRNA levels of SERPINE1, FN1 and Coll were tested.
Accordingly, mRNA levels of all 3 genes were significantly enhanced after
stimulation with TGF-, however SERPINE1 induction (7.24 + 0.87 fold of basal)
was considerably higher than FN1 (2.37 + 0.13 fold of basal) or Coll (2.35 = 0.33
fold of basal) induction (fig 21 a and b). SERPINE1 expression leads to PAI1
protein formation. Indeed, when stimulated with TGF-B, PAI1 protein levels
increased in both cell-associated and secreted fraction (fig 22 a). When normalized
to the basal PAIL protein levels, TGF-B induced PAI1 protein levels by 2.37 £ 0.22
fold of basal in the cell-associated fraction and by 2.81 + 0.45 fold of basal in the

secreted fraction (fig 22 b).

It could therefore be concluded that TGF-§ affected SMAD signaling and SMAD-
dependent gene expression in cultivated pHPF as expected and that pHPF could
thus be used as cellular model to study pulmonary fibrosis on the cellular level.
Further, the higher induction of SERPINE1 compared to CollAl and FN1 could
indicate that TGF-B-induced SMAD signaling promotes ECM accumulation mainly
via promoting the inhibitor of plasmin activity PAI1, rather than directly inducing

expression of ECM genes.
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Figure 22: TGF-B increases PAI1 protein levels in pHPF

pHPF were stimulated with TGF- (2 ng/ml) for 24 h. Protein amounts of PAI1 were determined in
the cell-associated and secreted fraction via Western Blot and normalized to the loading control
(SDHA) of the cell-associated fraction. Blots with the cell-associated fraction were cut in half to
detect PAI1 (45 kDa) and SDHA (70 kDa). One set of representative blots is shown. Bars represent
SEM of AUC ratios (A) or x-fold of basal (B), n = 3-4. Statistical analysis was performed using two-
way ANOVA (A) or one-way ANOVA (B) followed by Tukey's post-test. Asterisks indicate
significant differences to basal, hash signs indicate significant differences to one, ***## p<0.001.
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6.2.2 TGF-B reduces plasmin activity of pHPF

TGF-B-induced SMAD signaling resulted in increased expression of PAIl
(SERPINE1), a major regulator of the plasminogen activation system. Due to its
inhibitory effects on plasminogen activators, increased levels of PAI1 should
negatively affect plasmin activity. Thus, effects of TGF- on plasmin activity were
investigated in pHPF. TGF-f significantly reduced plasmin activity of pHPF in both
fractions, however with 0.52 + 0.04 fold compared to 0.30 = 0.04 fold under basal,
this effect was higher in the secreted fraction than in the cell-associated fraction
(fig 23 a and b).
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Figure 23: TGF-B reduces plasmin activity of pHPF

pHPF were stimulated with TGF-B (2 ng/ml) for 24 h and fluorescence intensity of the secreted and
cell-associated fraction was measured after incubation with D-Val-Leu-Lys-AMC (50 uM) for 3 h at
37 °C. A: Bars represent SEM of RFU, n = 10. B: Bars represent SEM of % under basal values,
n = 10. Statistical analysis was performed using two-way ANOVA (A) followed by Tukey’s post-test
or one-sample t-test (B). Asterisks indicate significant differences to basal, hash signs indicate
significant differences to zero, deltas indicate significant differences between fractions
*kk[HHHANNA p<0_00 1.

Observed increased PAI1 protein levels after TGF- treatment therefore affected
plasmin activity as expected. In a previous study with the IMR-90 fibroblast cell
line, it was necessary to increase basal plasmin with exogenous plasminogen

addition in order to monitor inhibitory effects of TGF-B [367]. Since the plasmin
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inhibition by TGF- was clearly detectable in lung fibroblasts used in this work, it

was refrained from adding exogenous plasminogen.

To evaluate a possible cellular consequence of TGF-B-mediated decrease in
plasmin activity, migration of pHPF was studied. Cell migration requires
degradation of extracellular matrix and activation of the plasmin system has been

linked to cell migration in previous studies [372, 373].

First, migration at high FCS was monitored to mimic the exact experimental
settings of the plasmin activity assay. In accordance to the reduction in plasmin
activity, TGF-p significantly decreased migration of pHPF in this protocol (fig 24 a).
Additionally, cells were allowed to migrate with or without a serum-gradient. It could
be shown that pHPF migration increases to 0.41 + 0.09 fold over basal within a
serum-gradient (fig 24 b and c). Interestingly, serum-induced migration was
abolished when cells were stimulated with TGF- (fig 24 b and c). Since these
changes in migration could mistakenly be attributed to changes in proliferation,
effects of TGF-B on cell number and viability were studied using the SRB or WST-
1 assay (fig 24 d). Because TGF-f3 did not affect cell number or viability, inhibitory
actions of TGF-B in the migration assay can most likely be attributed to direct
effects on migratory features of pHPF via the observed depression of plasmin

activity.
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Figure 24: TGF-B reduces migration of pHPF
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pHPF were added to the top compartment of Boyden chambers. After 24 h stimulation with TGF-3
(2 ng/ml) cells located at the bottom side of the membrane were quantified. In A, serum-
independent migration at 5% FCS was detected. In B and C, serum-induced (5% FCS) was
compared to serum-independent (0.5 % FCS) migration. Bars represent SEM of OD 560 values or
x-fold over basal values, n = 3-5. In D, cell number was determined via SRB assay and cell viability
was determined via WST-1 assay. Bars represent SEM of x-fold of basal, n= 3-6. Statistical
analysis was performed using two-way ANOVA followed by Tukey's post-test (B), two-sample t-
test (A, C) or one-sample t-test (C). Asterisks indicate significant differences to basal, hash signs
indicate significant differences to zero, ** p<0.01, ***## p<0.001.
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6.2.3 TGF-B signaling in lung tumor cells

After successfully analyzing effects of TGF-B on the plasmin system in pHPF,
TGF-B-promoted regulation of the plasmin system was also investigated in the
context of lung cancer. TGF-B signaling via SMAD proteins has previously been
linked to ECM remodeling and consequent migration of tumor cells [374, 375].
Besides, targeting plasmin activation as modulator of ECM has been shown to
affect tumorigenesis [14, 374, 376-378]. The role of TGF-f in tumorigenesis is
complex, as in early stage cancer cells, TGF- acts as a tumor suppressor, but
promotes cell invasion and metastasis in late stages. This is commonly referred to
as the “TGF-B-paradox” [272-274]. In this work, TGF-B signaling was compared in
a stationary lung tumor cell line (A549) and in a highly invasive and metastatic
tumor cell line derived from the lymph node (H1299). Interestingly, SMADG, an
inhibitor of TGF-B-induced SMAD signaling, is overexpressed in H1299 cells [293].
Thus, activity of SMAD proteins in A549 and H1299 cells was monitored. In fig 25,
kinetics of SMAD2 phosphorylation were analyzed via western blot. While
phosphorylation of SMAD2 peaked at 40 min in both cell lines, it was significantly
lower in H1299 cells compared to A549 cells (fig 25). The same finding was
discovered in fig 26 b using an ELISA specifically detecting pPSMAD2. Here, TGF-[3-
induced SMAD2 phosphorylation was also dramatically higher in A549
(11.82 £ 1.77 fold of basal) compared to H1299 cells (1.30 = 0.23 fold of basal). In
line with these data, TGF-B induced SMAD3/4-dependent reporter activity
significantly higher in A549 than in H1299 cells (fig 27 b). Interestingly, basal H1299
reporter activity was dramatically lower than in A549 (fig 27 a). To investigate if
alternative signaling pathways are induced in H1299 cells, activity of YAP/TAZ was
measured, which has been suggested as target of SMAD-independent TGF-3
signaling in cancer cells [379]. While basal YAP/TAZ reporter activity did not differ
between the cell lines, induction by TGF-B was significantly higher in A549 than in
H1299 cells (fig 27 a and b). It could thus be concluded that TGF- signaling via
SMAD and also via YAP/TAZ was reduced in H1299 cells.
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Figure 25: Kinetics of TGF-B-induced SMAD2-phosphorylation in human lung tumor

cells

Cells were stimulated with TGF-B (2 ng/ml) for the indicated time periods and protein amount of
pSMAD?2 and histone (loading control) were determined via Western Blot. Blots were cut in half to
detect pSMAD2 (60 kDa) together with the loading control histone (18 kDa). One set of
representative blots is shown. Bars represent SEM of x-fold over basal, n = 3. Statistical analysis
was performed using one-sample t-test or two-way ANOVA followed by Tukey's post-test.
Asterisks indicate significant differences to zero and hash signs indicate significant differences

between cell lines, *# p<0.05.
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Figure 26: TGF-B-induced SMAD2-phosphorylation in human lung tumor cells

Cells were stimulated with TGF-B (2 ng/ml) for 40 min and SMAD2-phosphorylation was
determined using the PathScan® Phospho-Smad2 Sandwich ELISA Kit. Bars represent SEM of
OD 450 values (A) or x-fold over basal (B), n = 4. Statistical analysis was performed using two-
way ANOVA followed by Tukey's post-test (A), two-sample t-test (B) or one-sample t-test (B).
Asterisks indicate significant differences to basal, hash signs indicate significant differences to
zero, deltas indicate significant differences between cells, ***##/AM n<( 001.
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Figure 27: Effects of TGF-B on SMAD3/4 or YAP/TAZ activity in human lung tumor
cells

Cells were transfected with the SMAD3/4 reporter plasmid or with the YAP/TAZ reporter plasmid.
After 24 h, cells were stimulated with TGF (2 ng/ml) for 24 h and luciferase activity was determined.
Bars represent SEM of RLU (A) or x-fold of basal (B), n = 10. Statistical analysis was performed
using one-sample t-test or two-way ANOVA followed by Tukey's post-test. Asterisks indicate
significant differences to basal, hash signs indicate significant differences to one, deltas indicate
significant differences between cells, ***##bA0 n<0,001.
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PAI1 expression is regulated by TGF-B/SMAD signaling. Due to the above
mentioned upregulation of the inhibitory SMADG6 in H1299 cells and the observed
reduction in SMAD activity in these cells, a weakened TGF-B—induced SMAD-
dependent gene expression was proposed. Thus, PAI1l protein levels were
compared in A549 and H1299 cells after TGF-B treatment. While TGF- induced
PAI1 protein levels in both fractions of both cell lines, induction was dramatically
lower in H1299 compared to A549 cells (fig 28). In the cell-associated fraction of
H1299 cells, TGF-B induced PAI1 protein levels only by 1.82 + 0.42 compared to
11.78 £ 2.13 fold over basal in A549 cells. Similarly, induction in the secreted
fraction was only 1.08 + 0.29 in H1299 cells in comparison to 3.68 + 1.00 fold over
basal in A549 (fig 28). These data are in accordance with the diminished SMAD
activity in H1299 cells and confirm weakened SMAD-dependent gene expression
in these cells. In accordance to the increased PAIL induction in A549 compared to
H1299 cells, TGF-Binduced expression of the plasmin substrate fibronectin
exclusively in A549, highlighting the distinct effects of TGF-f in solid or metastatic
tumor cells based on alterations in SMAD signaling (fig 28).

Increased plasmin activity has previously been linked to tumor progression,
however plasmin activity has rarely been measured directly, but assumptions on
plasmin activity have been made based on the effects observed on PAI1 or uPA
expression. To analyze, whether the observed differences in TGF-B-induced PAI1
and fibronectin expression were reflected on the level of plasmin activity, a plasmin
activity assay was performed with A549 and H1299 cells. Interestingly, basal
plasmin activity of both tumor cell lines A549 and H1299 was significantly lower
compared to 16-HBE, HPAEC and pHPF (fig 18 and fig 29 b). This finding is
unexpected, since increased activation of the plasmin system has been attributed
to tumor cells, as described above. Surprisingly, the metastatic tumor cell line
H1299 showed significant lower basal plasmin activity than the non-metastatic cell
line A549 (fig 29 a and b). This result is contrary to previously postulated pro-

metastatic effects of plasmin activity [14].

In A549 cells, TGF-B significantly decreased plasmin activity in both fractions
(fig 29 a). Showing a reduction of -0.60 + 0.03 in the cell-associated and -42 + 0.04

fold under basal in the secreted fraction (fig 29 ¢ and 23 b). Surprisingly and in
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contrast to the reduction of plasmin activity observed in pHPF and A549, TGF-$3
stimulation in H1299 cells led to a strong increase in plasmin activity in both
fractions (fig 29 a). In the secreted fraction, an increase of 0.93 + 0.16 fold over
basal was detected, TGF-3 therefore nearly doubled basal plasmin activity (fig
29 c). The effect was smaller in the cell-associated fraction, but still a significant
increase of 0.41 = 0.07 fold over basal was observed (fig 29 c). This data show for
the first time a direct correlation of PAI1 expression and plasmin activity in tumor
cells and suggest that altered TGF-f signaling in distinct tumor cells affects plasmin

activity differently.
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Figure 28: TGF-B-induced PAI1 or fibronectin protein levels in human lung tumor
cells

A549 and H1299 cells were stimulated with TGF- (2 ng/ml) for 24 h and protein amounts of PAI1,
fibronectin and SDHA (loading control) were determined via Western Blot. Blots of the cell-
associated fraction were cut in half to detect PAI1 (45 kDa) or fibronectin (280 kDa) together with
SDHA (70 kDa). The loading control of the cell-associated fraction was also used for the secreted
fraction. One set of representative blots is shown. Bars represent SEM of x-fold over basal, n = 4-7.
Statistical analysis was performed using two-way ANOVA followed by Tukey's post-test or one-
sample t-test. Asterisks indicate significant differences between A549 and H1299 cells and hash
signs indicate significant differences to zero, * p<0.05, #** p<0.01, *****# p<0.001.
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Figure 29: Effects of TGF-B on plasmin activity in human lung tumor cells

Cells were stimulated with TGF-f (2 ng/ml) for 24 h and fluorescence intensity of the secreted and
cell-associated fraction was measured after incubation with D-Val-Leu-Lys-AMC (50 pM) for 3 h at
37°C. A, B: Bars represent SEM of plasmin activity, n =14. C: Bars represent SEM of %
over/under basal values, n = 14. Statistical analysis was performed using two-way ANOVA (A)
followed by Tukey's post-test, two-sample t-test (B) or one-sample t-test (C). Asterisks indicate
significant differences to zero, hash signs indicate significant differences to basal, deltas indicate
significant differences between the two cell lines, # p<0.01, ***##RAAA n<(0.001.
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6.2.4 Altered TGF-B signaling in lung tumor cells

Since the increase in plasmin activity in H1299 cells after stimulation with TGF-3
was entirely unexpected, mRNA levels of modulators regulating plasmin activity
were analyzed in A549 and H1299 cells.

First, mMRNA levels of the SERPINEL1 (PAI1, fig 30 a) and SPINT2 (HAIZ2, fig 30 b)
gene were compared after TGF- treatment. Interestingly, H1299 cells have been
shown to express lower levels of HAI2 protein and SPINT2 mRNA compared to
A549 cells [14]. However, effects of TGF-B on SPINT2 expression have not yet
been described. H1299 cells showed higher basal SERPINE1 expression than
A549 cells (fig 30 a). TGF-B increased mRNA expression to 5.67 = 0.46 in A549,
but only to 1.93 + 0.41 fold of basal in H1299 cells (fig 30 a and e). This finding
correlates with the previously shown effects on PAI1l protein levels (fig 28).
Expression of the SPINT2 gene leads to production of the HAI2 protein, a direct
plasmin inhibitor [14]. H1299 showed significantly lower SPINT2 expression
compared to A549 cells, as expected from the previous study. Interestingly, TGF-3
decreased SPINT2 expression to 0.34 + 0.04 fold of basal in A549 (fig 30 b and e),
but had no effects in H1299 cells. Thus, regulation of HAI2 levels does not account
for the plasmin induction by TGF- in H1299 cells. Further, mRNA levels of PLAU,
the gene encoding for uPA and PLAUR, which encodes the uPA receptor were
analyzed. While no differences in basal PLAU or PLAUR expression were
detected, TGF-( led to a significant decrease of PLAU and PLAUR in A549 and to
an increase of PLAU in H1299 cells (fig 30 ¢, d and e). With plasmin being the
product of plasminogen cleavage by uPA, the effects of TGF-f on PLAU
expression could count for the distinct effects of TGF-3 on plasmin activity in A549
and H1299 cells.
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Figure 30: TGF-B-induced mRNA expression in human lung tumor cells

A549 and H1299 cells were stimulated with TGF-B (2 ng/ml) for 24 h and SERPINE1 (A), SPINT2
(B), PLAU (C) and PLAUR (D) mRNA was determined by gRT-PCR. Bars represent SEM of —Acp
(A-D) or x-fold of basal (E), n = 3-4. Statistical analysis was performed using two-way ANOVA
followed by Tukey's post-test (A-D), one-sample t-test (E) or two-sample t-test (E). Asterisks
indicate significant differences to basal, hash signs indicate significant differences to one, deltas
indicate significant differences between the two cell types, * p<0.05, ** p<0.01, ***###/AMA n<(0.001.
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To study a cellular consequence of the distinct effects observed of TGF- on
plasmin activity and to see how this affects solid tumor cells in comparison to
metastatic tumor cells, A549 and H1299 cells were tested in a migration assay.
Firstly, serum-independent migration was measured, thereby simulating conditions
of the plasmin activity assay. The solid tumor cell line A549 showed increased
basal migration compared to the metastatic cell line H1299 (fig 31 d). TGF-p
affected migration of both cells accordingly to its effects on plasmin activity: TGF-3
increased migration of H1299, but decreased migration of A549 (fig 31 d). When
migrating within a serum gradient, migration of H1299 cells was reduced by TGF-j3,
whereas migration of A549 cells was enhanced by the cytokine (fig 31 c). These
effects however could also be attributed to the changes on basal serum-
independent migration after TGF-[3 stimulation (fig 31 a and b). These data suggest
that TGF-[ signaling is crucial for migratory features of cancer cells and that directly

targeting TGF-B-signaling may be a means to modulate migration of cancer cells.
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Figure 31: Effects of TGF-B on migration of human lung tumor cells

H1299 (A) or A549 (B) cells were added to the top compartment of a Boyden chamber. After 24 h
stimulation with TGF-B (2 ng/ml) cells located at the bottom side of the membrane were quantified
In A, B and C, serum-induced (10 % FCS) was compared to serum-independent (0.5 % FCS)
migration. In D, serum-independent migration at 10 % FCS was detected. Bars represent SEM of
OD 560 values or % of basal values n = 3-6. Statistical analysis was performed using two-way
ANOVA followed by Tukey's post-test. Asterisks indicate significant differences to basal, hash
signs indicate significant differences between A549 and H1299, **p<0.05, ™# p<0.01,
*** n<0.001.
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6.2.5 Activity of extracellular-regulated kinases-1/2 (ERK-1/2) affects TGF-B

signaling in lung tumor cells

A549 and H1299 cells carry a mutation in the proto-oncogenes K-ras or N-ras,
respectively, which both activate the MEK/ERK signaling pathway [297-299].
Additionally, MEK/ERK signaling has been shown to interact with TGF-B/SMAD
signaling and the plasmin system [304-306, 380]. Therefore, in order to obtain first
data about the underlying signaling events responsible for the unusual effects of
TGF-B on plasmin activity in H1299 cells, basal and TGF-B-induced ERK1/2
phosphorylation was studied in A549 and H1299 cells. As shown in fig 32 a, basal
ERK1/2 phosphorylation was significantly higher in H1299 cells compared to A549
cells, while total levels of ERK1 were comparable (fig 32 b). After stimulation with
TGF-B for 24 h, ER1/2 phosphorylation levels were significantly increased in both
cell lines (fig 32 c¢). With 2.18 + 0.09 fold of basal, induction of ERK1/2
phosphorylation was, however, significantly higher in H1299 compared to
1.46 £ 0.15 fold of basal in A549 cells. Since increased levels of phosphorylated
ERK1/2 could also be explained by an increase in expression of the protein, ERK1
levels were studied. Levels of ERK1 remained unchanged after stimulation with
TGF-B, thus effects of TGF-B on ERK1 expression could be excluded (fig 32 d).
These data thus give a first hint at a distinct importance of ERK1/2 activation in
A549 and H1299.

To further decipher whether ERK1/2 plays a role in the effects observed on plasmin
activity in H1299 cells, the ERK-inhibitor PD184352 was tested. Firstly, basal
plasmin activity significantly increased in H1299 upon ERK inhibition, but not in
A549 cells (fig 33 a and b). While TGF- effects in A549 cells remained unchanged
during co-stimulation with PD184352, the enhancing effect of TGF-3 on plasmin in
H1299 cells was no longer detectable, instead a significant decrease in plasmin
activity was observed (fig 33 a and b). When normalized to basal values, the
TGF-B-induced increase in plasmin activity of 0.96 + 0.26 over basal was reversed
to an inhibition of plasmin activity of 0.36 £ 0.11 under basal upon PD184352
incubation (fig 33 c). This reduction of plasmin activity was similar to the TGF-§-
induced reduction in A549 with 0.45 £ 0.03 fold under basal (fig 33 c). These data
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strongly indicate that ERK1/2 activity is responsible for the unexpected effect of

TGF-B on plasmin activity.

ERKZ1/2-inhibition has previously been linked to the YAP/TAZ signaling pathway
and SMAD signaling in lung cells [177, 252]. Thus, SMAD3/4 and YAP/TAZ
reporter activity upon ERK1/2-inhibition was also studied. As shown in fig 34 a,
PD184352 increased basal SMAD3/4 reporter activity of H1299, but not of A549
cells. In contrast, no effect of PD184352 on basal YAP/TAZ activity was detected
(fig 34 b). In A549, TGF-B-induced SMAD3/4 and YAP/TAZ reporter activity was
significantly reduced with PD184352, but not in H1299 (fig 34 ¢ and d). These data
indicate distinct effects of ERK1/2 signaling on SMAD or YAP/TAZ signaling in
A549 and H1299 cells.

A kDA B «pA
44/42 pERK1/2 44 ERK1
17 O S— S S | histone 17 histone
A549 H1299 A549 H1299
0.84 0.8+
Hit#
2 ®
5 __ 0.6 _ 0.6
23 s3 T
=% 2%
S0 T £ 5 04
-2 c=2
¥ £
&~ 0.2 W 0.2
Q.
0.0- 0.0~
A549 H1299 A549 H1299
C kDA
44/42 i — | " — s S | DERK1/2
17 — — — w»| histone
basal TGF-B basal TGF-B
A549 H1299
1.59 # O basal P
) wxx  E TGF- ? 95
© &8 #H
o c%
2.04
2 1.0 &3
< w o
2 # T % 157 T
2 T 5§
= * =2 £ 1.0
5 %] 3%
= w 6 0.5
T —_ &2
o &
I-g_ o 0.0-
£
= A549 H1299

0.0-

A549

H1299

108



kDA
44 PERSSa L , 4 " ERK1
17 O ——— Y — — —— | ———— . —— histone
basal TGF-B basal TGF-B
A549 H1299

1.0+
T 0.8- [ basal
g T M TGF-
(] ——
2 0.6
2
2
2 0.4+
X
&5 0.2-

0.0-

A549 H1299

Figure 32: Basal and TGF-B-induced ERK1/2 phosphorylation and ERK1 levels in A549
and H1299 cells

A549 and H1299 cells were stimulated with TGF- (2 ng/ml) for 24 h and protein amounts of pERK1/2,
ERK1 and histone (loading control) were determined via Western Blot. Blots were cut in half to detect
pERK1/2 (44/42 kDa), ERK1 (44 kDa) and the loading control histone (18 kDa). Basal levels of
pERK1/2 (A) and ERK1 (B) or effects of TGF-3 on pERK1/2 (C) or ERK1 (D) are displayed. One set
of representative blots is shown. Bars represent SEM of AUC ratios or x-fold of basal, n = 3. Statistical
analysis was performed using two-way ANOVA followed by Tukey's post-test or two-sample t-test.
Asterisks indicate significant differences to basal, hash signs indicate significant differences between
A549 and H1299 cells, *# p<0.05, # p<0.01, ****## p<0.001.
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Figure 33: Effects of PD184352 on plasmin activity in human lung tumor cells

A549 (A) or H1299 cells (B) were stimulated with PD184352 (10 uM), TGF-B (2 ng/ml) or co-
stimulated for 24 h and fluorescence intensity of the secreted fraction measured after incubation with
D-Val-Leu-Lys-AMC (50 pM) for 3 h at 37 °C. Bars represent SEM of RFU/SRB ratios (A, B) or x-fold
over/under basal (C), n = 3. Statistical analysis was performed using two-way ANOVA followed by
Tukey’'s post-test or one-sample t-test. Asterisks indicate significant differences to zero and hash

signs indicate significant differences to basal or DMSO, ** p<0.01, ***### p<0.001.
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Figure 34: Effects of PD184352 on SMAD3/4 or YAP/TAZ activity in human lung
tumor cells

Cells were transfected with the SMAD3/4 reporter plasmid (A, C) or with the YAP/TAZ reporter
plasmid (B, D). After 24 h, cells were stimulated with TGF-$ (2 ng/ml) or PD184352 (10 uM) or co-
stimulated for 24 h and luciferase activity was determined. Bars represent SEM of RLU (A, B) or
% of basal (C, D) n=5. Statistical analysis was performed using two-way ANOVA followed by
Tukey's post-test. Asterisks indicate significant differences to basal, *** p<0.001.

Since ERK1/2 activity is crucial for cell proliferation and survival, possible cytotoxic
effects of PD184352 were assessed using SRB assay. After 24h incubation, no
effects on cell proliferation were visible in both cell lines, indicating that the
abovementioned effects of PD184352 are independent of cytotoxic effects (fig 35
a). After 5 d of stimulation, PD184352 significantly reduced cell number in both cell
lines (fig 35 b). Interestingly, after five days, TGF-B was highly cytotoxic for A549
cells, but not for H1299 cells (fig 35 b and d). TGF-B-induced cell toxicity was also
tested after 24 h, in order to exclude that TGF-[3 effects on plasmin activity in A549
cells (see chapter 6.2.3) relied on cytotoxic effects, but no effects could be detected
(fig 35 c). Finally, during co-stimulation of TGF-g and PD184352 for 5 d, TGF-j3-
induced cell toxicity was completely reversed in A549, while no effects where
visible in H1299 (fig 35 d).
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Figure 35: Effects of TGF- or PD184352 on cell number in human lung tumor cells

Cells were stimulated with TGF-B (2 ng/ml) or PD184352 (10 uM) or co-stimulated for or 24 h (A,
C) or 5d (B, D) and cell number determined with the SRB assay. B Bars represent SEM of OD
510 values, n =6-8. A, C, D Bars represent SEM of x-fold of DMSO values, n = 6. Statistical
analysis was performed using two-way ANOVA (B, D) followed by Tukey's post-test or one-sample
t-test (D). Asterisks indicate significant differences to DMSO and hash signs indicate significant
differences to 1, ***## p<0.001.
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6.3 TRPM7 activity affects the plasmin activation system in

human lung cells

6.3.1 Blockade of TRPM7 activity enhances plasmin activity in pHPF

TRPM7 has recently been proposed as potential drug target in fibrotic diseases
due to its association with the development of heart and kidney fibrosis [312, 330,
331]. Downregulation of TRPM7 in MRC5 cells, a fetal human lung fibroblast cell
line, led to reduction of TGF-B-induced collagenl expression, a substrate of active
plasmin [333]. Interestingly, TRPM7 has been shown to directly phosphorylate
SMAD?2 via its kinase domain in T-cells [329]. Apart from changes in uPA
expression in lung cancer cells, TRPM7 activity has however not been linked to the
plasmin system before [345]. Likewise, effects of TRPM7 in pHPF are unknown.
Thus, it was proposed that SMAD2 could be a possible target of TRPM7 to affect
the plasmin system and consequently ECM in pHPF.

To assess a possible link between TRPM7 and plasmin activity, the small molecule
TRPM7 blocker NS8593 was used [324]. pHPF were treated with different
concentrations of NS8593 and plasmin activity in the secreted or cell-associated
fraction was measured. After 24 h stimulation, a concentration dependent increase
of plasmin activity was found in the cell-associated fraction of pHPF (fig 36 a
and e). A significant increase of 1.10 = 0.12 fold over basal with 50 uM NS8593, of
0.63 £ 0.09 for 25 uM and of 0.30 = 0.06 for 12.5 uM was found (fig 36 e). Increased
plasmin activity was also observed in the secreted fraction, with 0.28 + 0.06 for
50 uM and 0.02 * 0.05 for 25 uM, the effect was noticeable smaller than in the cell-
associated fraction (fig 36 b and f). No increase in plasmin activity in both fractions
was found after 4 h stimulation with NS8593, indicating that immediate blockade
of TRPM7 has no effects on the plasmin system (fig 36 c-f). As NS8593 not only
blocks TRPM7 but also SK channels, the selective SK blocker apamin was used
as control [325, 326, 381]. No significant effects of apamin on plasmin activity were
observed in both fractions, indicating that TRPM7 but not SK channels are linked
to the plasmin system (fig 37 a-c).
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Figure 36: NS8593 enhances plasmin activity of pHPF

pHPF were stimulated with the indicated concentrations of NS8593 for 24 h (A, B) or 4 h (C, D)
and fluorescence intensity of the cell-associated (A, C, E) and secreted (B, D, F) fraction measured
after incubation with D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C. Plasmin activity is displayed as
SEM of RFU/SRB ratios (A-D) or x-fold over DMSO (E, F), n = 3-8. Statistical analysis was
performed using two-way ANOVA followed by Tukey’s post-test (A) or one-sample t-test (E, F).
Asterisks indicate significant differences to DMSO, hash signs indicate significant differences to
zero, * p<0.05, *# p<0.01, ****# p<0.001.
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Figure 37: Apamin does not affect plasmin activity of pHPF

pHPF were stimulated with Apamin (100 nM) for 24 h (A) or 4 h (B) and fluorescence intensity of
the secreted and cell-associated fraction was measured after incubation with D-Val-Leu-Lys-AMC
(50 uM) for 3 h at 37 °C. Plasmin activity is displayed as SEM of RFU/SRB ratio (A, B) or % over/
under basal (C), n = 3-4.

To confirm the effects of TRPM7 blockade on plasmin activity, a second TRPM7
blocker was used. The xenicane diterpenoid Waixenicin A was isolated from the
Hawaiian soft coral Sarcothelia edmondsoni and is a, to NS8593 structurally

unrelated blocker of TRPM7 activity [323]. Waixenicin A increased plasmin activity
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in a dose-dependent manner in the cell-associated fraction of pHPF (fig 38 a
and c). With an increase of 1.13 £+ 0.13 fold over basal at 10 uM and 0.30 + 0.08 at
5 uM, these effects were similar to those observed with NS8593 (fig 38 c). In the
secreted fraction, a slight increase of plasmin activity of 0.40 £+ 0.13 fold over basal

was detected with the highest concentration of Waixenicin A (fig 38 b and d).
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Figure 38: Waixenicin A enhances plasmin activity of pHPF

pHPF were stimulated with indicated concentrations of Waixenicin A for 24 h and fluorescence
intensity of the secreted (B, D) and cell-associated (A, C) fraction was measured after incubation
with D-Val-Leu-Lys-AMC (50 puM) for 3 h at 37 °C. Plasmin activity is displayed as SEM of
RFU/SRB ratio (A, B) or % over EtOH (C, D), n = 4. Statistical analysis was performed using two-
way ANOVA followed by Tukey’'s post-test (A) or one-sample t-test (C, D). Asterisks indicate
significant differences to EtOH, hash signs indicate significant differences to zero, # p<0.05,
** p<0.01, ***## p<0.001.
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Figure 39: TRPM7 blockade enhances plasmin activity of pHPF

pHPF were stimulated with NS8593 (25 uM) or Waixenicin A (10 uM) for 24 h. In A, fluorescence
intensity of the secreted and cell-associated fraction was measured after incubation with
D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C. Plasmin activity is displayed as SEM of x-fold over
the corresponding carrier control, n = 3-8. In B, cell number was determined via SRB assay and
cell viability was measured using the WST-1 assay in C. Bars represent SEM of x-fold of the carrier
control, n = 3-6. Statistical analysis was performed with one-sample t-test. Asterisks indicate
significant differences to zero, * p<0.05, ** p<0.01, *** p<0.001.
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Since TRPM7 function is crucial for cell survival, both NS8593 and Waixenicin A
have been reported to inhibit proliferation in other cell types than pHPF [323, 324].
Thus, effects on cell number and cell viability at those concentrations that showed
the highest effects on plasmin activity in pHPF were tested and plasmin activity
was normalized to the cell number. While 25 uM NS8593 did not have a significant
effect, 50 uM NS8593 significantly reduced cell number to 0.85 + 0.04 fold under
basal and cell viability to 0.73 + 0.03 fold under basal (fig 39 b and c). 10 uM
Waixenicin A reduced cell number to 0.62 + 0.03 fold under basal, therefore clearly
showing higher cytotoxicity than NS8593 (fig 39 b). The effects of 25 uM NS8593
and 10 uM Waixenicin A on plasmin activity are summarized in fig 39 a. In the cell-
associated fraction, NS8593 increased plasmin activity by 0.53 + 0.05 fold over
basal and Waixenicin A by 1.05 £ 0.12 fold over basal. Only minor effects of both

blockers were detected in the secreted fraction (fig 39 a).

To confirm that TRPM7 is the target of NS8593, siRNAs against TRPM7 were
introduced into pHPF. TRPM7 siRNAs significantly decreased TRPM7 mRNA
levels to 0.54 + 0.05 fold of control siRNA (fig 40 a and b), while cell number
remained unaffected (fig 40 c). Besides, TRPM7 siRNA increased basal cell-
associated plasmin activity to 1.27 £ 0.10 fold compared to the control siRNA,
confirming that TRPM7 activity restrains plasmin activity in pHPF (fig 40 d). Further,
TRPM7 siRNAs reduced effects of NS8593 but not of TGF- on plasmin activity,
strengthening the theory that TRPM?7 is the cellular target of NS8593 linking it to
plasmin activity (fig 40 e).
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Figure 40: TRPM7 siRNA reduces TRPM7 mRNA levels and enhances plasmin
activity in pHPF

pHPF were transfected with TRPM7 or control siRNA. 72 h post transfection cells were stimulated
with NS8593 (25 pM) or TGF- (2 ng/ml) for 24 h. TRPM7 mRNA amounts were determined by
gRT-PCR 72 h post-transfection and are displayed as -Acp (A) or x-fold of control siRNA (B), n =
4.1n C, cell number was determined via SRB assay. Bars represent SEM of x-fold of control sSiRNA,
n = 4. Fluorescence intensity of the secreted (TGF-B) and cell-associated (NS8593) fraction was
measured after incubation with D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C. The effect of TRPM7
SiRNA on basal plasmin activity as x-fold of control siRNA is displayed in D. Plasmin activity is
displayed as SEM of x-fold of basal, n = 4 in E. Statistical analysis was performed using two-way
ANOVA (E) followed by Tukey's post-test, two-sample t-test (A) or one-sample t-test (B, D).
Asterisks indicate significant differences to control siRNA, hash signs indicate significant
differences zero, ** p<0.05, ** p<0.01, ** p<0.001
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6.3.2 Blockade of TRPM7 activity reduces PAI1 and fibronectin protein
levels and PAIL mRNA expression in pHPF

Since direct effects of NS8593 on plasmin activity in pHPF were excluded by the
data obtained after stimulation for 4 h (fig 36 c-f), it seemed likely that NS8593
indirectly affects plasmin activity via modulation of gene expression. Because PAIl
is a major modulator of plasmin activity, effects of TRPM7 on PAI1 protein levels
were monitored in a first step. For this purpose, pHPF were stimulated with 25 pM
NS8593 or 10 uM Waixenicin A. Indeed, both NS8593 and Waixenicin significantly
reduced basal PAI1 protein levels in the cell-associated fraction (fig 41 a and b).

NS8593 additionally reduced PAI1 protein levels in the secreted fraction (fig 41 a).
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Figure 41: TRPM7 blockade reduces PAIl protein levels in pHPF

Cells were stimulated with NS8593 (25 uM, A) or Waixenicin A (10 uM, B) for 24 h. Protein
amounts of PAI-1 were determined in the cell-associated and secreted fraction via Western Blot
and normalized to the loading control (SDHA) of the cell-associated fraction. Blots with the cell-
associated fraction were cut in half to detect PAI-1 (45 kDa) and SDHA (70 kDa). One set of
representative blots is shown. Bars represent SEM of AUC ratios, n = 4. Statistical analysis was
performed using two-way ANOVA followed by Tukey's post-test. Asterisks indicate significant
differences between the TRPM7 blocker and the corresponding carrier control, ** p<0.01,
*** p<0.001.
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It was then tested, if the increase in plasmin activity affects plasmin substrates
such as fibronectin. Again, both TRPM7 blockers significantly reduced fibronectin

protein levels in the cell-associated fraction (fig 42 a and b).
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Figure 42: TRPM7 blockade reduces fibronectin protein levels in pHPF

Cells were stimulated with NS8593 (25 uM, A) or Waixenicin A (10 uM, B) for 24 h. Protein amounts
of fibronectin were determined in the cell-associated and secreted fraction via Western Blot and
normalized to the loading control (SDHA) of the cell-associated fraction. Blots of the cell-associated
fraction were cut in half to detect fibronectin (280 kDa) and SDHA (70 kDa). One set of
representative blots is shown. Bars represent SEM of AUC ratios, n = 3. Statistical analysis was
performed using two-way ANOVA followed by Tukey's post-test. Asterisks indicate significant
differences between the TRPM7 blocker and the corresponding carrier control, * p<0.05, ** p<0.01.
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To examine if TRPM7 blockade affects mMRNA levels of proteins dependent on
TGF-f signaling, SERPINE1, FN1 and Col1A1 mRNA expression was measured
after co-stimulation with NS8593 and TGF-. Interestingly, SERPINEL levels were
significantly reduced from 7.24 + 0.87 fold of basal to 4.87 + 0.33 fold of basal,
while FN1 and Col1A1 mRNA remained unchanged (fig 43), indicating that TRPM7

blockade specifically interferes with SERPINE1 expression.
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Figure 43: TRPM7 blockade reduces SERPINE1, but not FN1 and Col1lA1 mRNA
expression in pHPF

SERPINE1, FN1 and Col1lA1 mRNA amounts of pHPF were determined by qRT-PCR after 24
stimulation with TGF-B (2 ng/ml) or NS8593 (25 puM) or co-stimulation. Bars represent SEM of
x-fold over basal values, n = 4. Statistical analysis was performed using two-way ANOVA followed
by Tukey’s post-test or one-sample t-test. Asterisks indicate significant differences to basal, hash
signs indicate significant differences to one, ***## p<0.001.

Finally, to assess a possible cellular consequence for pHPF, NS8593 was tested
in a cell migration assay. When migrating at high FCS, therefore mimicking the
experimental conditions of the plasmin assay, pHPF showed significantly
enhanced cell migration with NS8593 (fig 44 a). Furthermore, when migrating
within a serum gradient, NS8593 significantly enhanced migration of pHPF from
0.28 £ 0.04 to 0.56 £0.13 fold over basal (fig 44 b and c). Thus, modulating
plasmin activity by TRPM7 blockade possibly affects migration of pHPF.
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Figure 44: TRPM7 blockade increases migration of pHPF

pHPF were added to the top compartment of a Boyden chamber. After 24 h stimulation with
NS5893 (10 uM) cells located at the bottom side of the membrane were quantified. In A, serum-
independent migration at 5 % FCS was detected. In B and C, serum-induced (5 % FCS) was
compared to serum-independent (0.5 % FCS) migration. Bars represent SEM of OD 560 values or
x-fold over basal values, n = 3-5. Statistical analysis was performed using two-way ANOVA
followed by Tukey's post-test (B), one-sample t-test (C) or two-sample t-test (A, C). Asterisks
indicate significant differences to basal, hash signs indicate significant differences to zero, *
p<0.05, **## p<0.01, ## p<0.001.
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6.3.3 Comparison of plasmin activity in pHPF from healthy or PF donors

Data shown until now originated from pHPF which were provided by 2 donors and
purchased from PromoCell. To confirm that the observed effects of NS8593 are
comparable in pHPF from different suppliers and in different culture media, pHPF
from a third, healthy donor were purchased from Lonza together with pHPF from a
donor diagnosed with pulmonary fibrosis. First, basal plasmin activity of both
donors were compared, expecting a lower plasmin activity in the PF donor due to
excessive ECM accumulation in fibrotic tissue. Indeed, pHPF from a PF donor
showed significantly lower basal plasmin activity. Basal plasmin activity in the cell-
associated fraction was 0.19 £ 0.03 fold lower compared to the healthy donor and

even 0.51 £ 0.04 fold lower in the secreted fraction (fig 45).
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Figure 45: Comparison of plasmin activity in pHPF derived from a healthy or a PF
donor

pHPF from a healthy donor (Lonza: CC-2512) or a donor with pulmonary fibrosis (PF) (Lonza: CC-
7231) were cultivated for 24 h and fluorescence intensity of the secreted and cell-associated
fraction was measured after incubation with D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C . Bars
represent SEM x-fold under basal values, n = 12. Statistical analysis was performed using one-
sample t-test. Hash signs indicate significant differences to zero, ## p<0.001.
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Next, effects of TGF-B were compared. As shown in fig 46 a-c, TGF-B reduced
plasmin activity similarly in all three pHPF pools and no difference was detected,
indicating that TGF-B signaling is not altered in fibroblasts from fibrotic tissue.
NS8593 increased plasmin activity in the cell-associated fraction in all 3 pHPF
pools and no significant difference was observed in healthy pHPF from PromoCell
or Lonza, thus confirming that the effects of NS8593 can be transferred to pHPF
from different suppliers (fig 47 a-c). However with 0.83 £ 0.10 fold over basal, the
enhancing effect of NS8593 was significantly higher in pHPF from a PF donor
compared to both healthy pHPF from PromoCell or Lonza with 0.47 +0.09 and
0.53 £ 0.05 fold over basal, respectively (fig 47 a-c). In summary, these data
indicate that the plasmin system plays an important role in the context of pulmonary
fibrosis and show an increased sensitivity towards TRPM7 blockade in pHPF from
a PF donor. Thus, TRPM7 blockers could be used to selectively target the plasmin

system of fibrotic tissue.

125



400000~ 1 basal
M TGF-B
AAA
< @ 300000
£ T
w ==
835
AT
- & 200000
$2
° £
$2 AAA
"]
© 100000 -
T
. d
0- -
healthy donor PF donor

o

=
°
1

e
[
1

Plasmin activity (x-fold under basal)
y & & A

o k)

1 1

o
@
L

w |
#
ith
w

secreted

cell-associated

B

500000

400000+
_|_

300000

200000+

Cell-associated plasmin
activity (RFU/SRB)

100000

3 basal
| TGF-B

healthy donor

I pHPF PromoCell
3 pHPF Lonza
I pHPF PF donor

PF donor

Figure 46: Effects of TGF-B on plasmin activity in pHPF derived from a donor with

pulmonary fibrosis

pHPF from a healthy donor (Lonza: CC-2512) or a donor with pulmonary fibrosis (PF) (Lonza: CC-
7231) or pHPF from PromoCell were stimulated with TGF- (2 ng/ ml) for 24 h and fluorescence
intensity of the secreted and cell-associated fraction was measured after incubation with
D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C . Bars represent SEM of RFU/SRB ratios of one
exemplary experiment (A, B) or x-fold under basal values (C), n = 6. Statistical analysis was
performed using two-way ANOVA followed by Tukey's post-test (A, B) or one-sample t-test (C).
Asterisks indicate significant differences to basal, hash signs indicate significant differences to
zero, deltas indicate significant differences between distinct cell pools, *#p<0.05, ** p<0.01,

wrxli#ILAL n<(0.001.
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Figure 47: Effects of NS8593 on plasmin activity in pHPF derived from a donor with
pulmonary fibrosis

pHPF from a healthy donor (Lonza: CC-2512) or a donor with pulmonary fibrosis (PF) (Lonza: CC-
7231) or pHPF from PromoCell were stimulated with NS8593 (25 uM) for 24 h and fluorescence
intensity of the secreted and cell-associated fraction was measured after incubation with
D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C. Bars represent SEM of RFU/SRB ratios of one
exemplary experiment (A, B) or x-fold over basal values (C), n = 6. Statistical analysis was
performed using two-way ANOVA followed by Tukey's post-test (A, B, C) or one-sample t-test (C).
Asterisks indicate significant differences to DMSO, hash signs indicate significant differences to
zero, deltas indicate significant differences between distinct cell pools, 2 p<0.05, 22 p<0.01,
ekl 0<0,001.
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6.3.4 Blockade of TRPM7 activity enhances plasmin activity in human lung

cells

Considering that effects of TRPM7 blockade on plasmin activity in pHPF have not
been reported before, data presented in this work is unique. In order to clarify
whether the effects of TRPM7 blockade were specific for pHPF, effects of NS8593
stimulation were tested in two additional lung cell types, 16-HBE cells and primary
HPAEC. Since activation of the plasmin system has not only been associated with
pulmonary fibrosis but also as an important factor to modulate tumor cell migration,
effects of TRPM7 blockade on plasmin activity were also monitored in the lung
tumor cell lines A549 and H1299.
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Figure 48: TRPM7 blockade enhances plasmin activity in 16-HBE cells

16-HBE cells were stimulated with NS8593 (25 uM) or Apamin (100 nM) for 24 h and fluorescence
intensity of the secreted and cell-associated fraction was measured after incubation with
D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C. Bars represent SEM of RFU/SRB ratios, n = 4-10.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s post-test. Asterisks
indicate significant differences to basal, *** p<0.001.
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In the non-tumor epithelial 16-HBE cells, TRPM7 blockade significantly increased
plasmin activity in the cell-associated fraction and the apamin control showed no
effects (fig 48). In primary human pulmonary artery endothelial cells (HPAEC),
NS8593 did not lead to an increase in plasmin activity in the cell-associated
fraction, but it did so in the secreted fraction (fig 49). However, the increase was
relatively small and the apamin control showed a slight increase as well, indicating
that in these cells, effects of NS8593 did not originate from specifically targeting
TRPM?7 (fig 49).
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Figure 49: Effects of TRPM7 on plasmin activity in HPAEC

HPAEC were stimulated with NS8593 (25 uM) or Apamin (100 nM) for 24 h and fluorescence
intensity of the secreted and cell-associated fraction was measured after incubation with
D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C. Bars represent SEM of RFU/SRB ratios, n = 4-10.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s post-test. Asterisks
indicate significant differences to basal, *** p<0.001.

In the human lung tumor cell lines A549 and H1299, TRPM7 blockade resulted in
a significant increase in plasmin activity in the cell-associated fraction, similar to
the effect in pHPF (fig 50 and 51). No effects were detected in the secreted
fractions. Additionally, no changes in plasmin activity were detected with apamin,
indicating that NS8593-induced plasmin activity was due to blocking of TRPM7
function (fig 48, 50 and 51).
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Figure 50: TRPM7 blockade enhances plasmin activity in A549 cells

A549 cells were stimulated with NS8593 (25 uM) or Apamin (100 nM) for 24 h and fluorescence
intensity of the secreted and cell-associated fraction was measured after incubation with
D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C. Bars represent SEM of RFU/SRB, n =4-10.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s post-test. Asterisks
indicate significant differences to basal, *** p<0.001.
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Figure 51: TRPM7 blockade enhances plasmin activity in H1299 cells

H1299 cells were stimulated with NS8593 (25 uM) or Apamin (100 nM) for 24 h and fluorescence
intensity of the secreted and cell-associated fraction was measured after incubation with
D-Val-Leu-Lys-AMC (50 puM) for 3 h at 37 °C. Bars represent SEM of RFU/SRB ratios, n = 4-10.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s post-test. Asterisks
indicate significant differences to basal, *** p<0.001.
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These data indicate that TRPM7 blockers could be used as selective tools to target
plasmin activity in different types of lung cells. As previously described, TRPM7
blockade has been shown to inhibit cell proliferation. In fig 52, effects of NS8593
on cell number and viability on the used lung cells are summarized, but no effects

on cell number or viability were detected in the distinct cells.
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Figure 52: Effects of NS8593 on cell number and cell viability

A549, H1299, 16-HBE or HPAEC cells were stimulated with 25 uM NS8593 for 24 h. Cell number
was determined via SRB assay (A) and cell viability via WST-1 assay (B). Bars represent SEM of
x-fold of DMSO, n = 3-6.
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6.4 TRPM7 affects plasminogen activation system in human

lung cells after sustained TGF-B stimulation

6.4.1 TGF-B induces differentiation of fibroblasts to myofibroblasts

The next aim of this work was to induce fibroblast to myofibroblast differentiation
in cultured pHPF in order to analyze a potential role of TRPM7 blockers in this
process. TGF-B treatment for 48 h at low serum concentrations is an established
protocol to induce differentiation of pulmonary fibroblasts to myofibroblasts which
is characterized by secretion of ECM proteins like collagenl and fibronectin as well
as increased levels of PAI1 and a-SMA [175, 353, 354].

First, effects of TGF-B on the protein levels of fibrotic markers were analyzed.
TGF-B significantly enhanced protein levels of a-SMA in the cell-associated
fraction and PAIL in cell-associated and secreted fraction, indicating the successful
differentiation to myofibroblasts (fig 53 a and b). Consequently, fibronectin and
collagenl protein levels were significantly increased in both fractions by TGF-f3
stimulation, displaying the ability of generated myofibroblasts to deposit ECM
proteins (fig 53 ¢ and d). In line with this notion, TGF- was shown to significantly
enhance mMRNA levels of SERPINEL to 3.42 + 0.32, of FN1 to 2.68 + 0.15 and of
Col1A1 to 3.38 + 0.32 fold of basal (fig 54). Summarized, the applied protocol was
suitable for successful fibroblast to myofibroblasts differentiation in cultivated
pHPF.
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Figure 53: Sustained TGF-B-exposure elevates levels of fibrotic markers in pHPF

Cells were stimulated with TGF-$ (2 ng/ml) for 48h, protein amounts of a-SMA (A), PAI1 (B),
fibronectin (C), collagenl (D) were determined in the cell-associated and secreted fraction via
Western Blot and normalized to the loading control (SDHA) of the cell-associated fraction. Blots of
the cell-associated fraction were cut in half to detect a-SMA (42 kDa), PAI1 (45 kDa), fibronectin
(280 kDa) or collagenl (130 kDa) together with SDHA (70 kDa). One set of representative blots is
shown. Bars represent SEM of AUC ratios, n = 3-5. Statistical analysis was performed using two-
way ANOVA (B, C, D) followed by Tukey’'s post-test or two-sample t-test (A). Asterisks indicate

significant differences to basal, * p<0.05, ** p<0.01, *** p<0.001.
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Figure 54: TGF-B induces mRNA expression of SERPINE1, FN1 and Col1Alin pHPF

SERPINEL, FN1 and Col1A1 mRNA amounts of pHPF were determined by qRT-PCR after 48 h
stimulation with TGF-B (2 ng/ml). In A, bars represent SEM of —Acp and in B, x-fold over basal
values, n =4. Statistical analysis was performed using two-way ANOVA followed by Tukey's
post-test (A) or one-sample t-test (B). Asterisks indicate significant differences to basal, hash signs
indicate significant differences to one, ** p<0.01, ***## p<0.001.

6.4.2 Blockade of TRPM7 activity inhibits TGF-B induced differentiation of

fibroblasts to myofibroblasts

Stimulating pHPF with TGF-$ for 48 h results in the differentiation of fibroblasts to
myofibroblasts which produce excessive amounts of ECM, thereby imitating
fibrosis on a cellular level. Since therapeutic options for fibrosis are insufficient,
especially in late stages of the disease, modulating plasmin activity to counteract
ECM production seems a promising approach. To investigate if effects of TRPM7
blockade on plasmin activity in the differentiation protocol were comparable to the
effects described above, effects of NS8593 on plasmin activity were measured
after 48 h stimulation with NS8593. As shown in fig 55, NS8593 induced plasmin
activity in the same manner, with an increase of 0.89 + 0.13 fold over DMSO
(fig 55). Enhancing effects on plasmin activity of the secreted fraction were
noticeable smaller. Thus, TRPM7 blockade was investigated in TGF-B3-mediated

effect on plasmin activity.
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Figure 55: NS8593-induced plasmin activity after 48 h

pHPF were stimulated with NS8593 (25 puM) for 48 h in medium supplied with 0.5% FCS and
fluorescence intensity of the secreted and cell-associated fraction was measured after incubation
with D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C. Plasmin activity is displayed as SEM of x-fold
over corresponding carrier control, n = 3. Statistical analysis was performed with one-sample t-test.
Asterisks indicate significant differences to zero, ** p<0.01, *** p<0.001.

Incubation with TGF-B led to a significant reduction of plasmin activity in the
secreted fraction but not in the cell-associated fraction, similar to the data obtained
after 24 h (fig 56 a and b). When normalized to basal values, NS8593 was able to
counteract TGF-B-induced inhibition of plasmin activity by elevating it from
0.86 + 0.03 to 0.68 £ 0.06 fold under basal (fig 56 c). Possible antiproliferative
effects of NS8593 in the 48 h stimulation protocol were investigated, but no effects

on cell number or cell viability could be detected (fig 56 d).
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Figure 56: TRPM7 blockade increases basal plasmin activity and counteracts
effects after sustained TGF-8 exposure in pHPF.

pHPF were stimulated with NS8593 (25 uM) or TGF-B (2 ng/ml) or co-stimulated for 48 h and
fluorescence intensity of the secreted and cell-associated fraction was measured after incubation
with D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C. Plasmin activity is displayed as SEM of
RFU/SRB ratio (A, B) or x-fold under basal (C), n = 5. In D, Cell number was determined via SRB
assay and cell viability was measured using the WST-1 assay. Bars represent SEM of x-fold of
DMSO, n = 3-6. Statistical analysis was performed using two-way ANOVA followed by Tukey’'s
post-test. Asterisks indicate significant differences to basal and hash signs indicate significant
differences to DMSO, **# p<0.05, ™ p<0.001.
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Figure 57: TRPM7 blockade inhibits basal and TGF-B-induced PAIL protein levels in
pHPF

Cells were stimulated with TGF-B (2 ng/ml), NS8593 (25 uM) or co-stimulated for 48 h. Protein
amounts of PAI1 were determined in the cell-associated and secreted fraction via Western Blot
and normalized to the loading control (SDHA) of the cell-associated fraction. Blots of the cell-
associated fraction were cut in half to detect PAI1 (45 kDa) and SDHA (70 kDa). One set of
representative blots is shown. Bars represent SEM of AUC ratios, n = 4. Statistical analysis was
performed using two-way ANOVA followed by Tukey's post-test. Asterisks indicate significant
differences to basal PAI1 expression and hash signs indicate significant differences to
TGF-B-induced PAI1 expression, **# p<0.01, ## p<0.001.

To strengthen the hypothesis that TRPM7 blockade affects the plasmin system
after sustained TGF-f stimulation, PAI1 protein levels were investigated. Indeed,
co-stimulation of NS8593 and TGF-B significantly reduced TGF-B-induced PAIl
protein levels in both fractions (fig 57). Additionally, basal PAIL protein levels were
significantly inhibited from 0.16 + 0.03 to 0.06 £ 0.01 (AUC ratio) by NS8593 in the
cell-associated fraction (fig 57). Considering the small AUC values for basal PAIL1
protein levels obtained by western blot, PAI1 ELISA was used as a second method
to confirm this finding. As shown in fig 58, TRPM7 blockade with NS8593 inhibited
basal and TGF-B-induced PAI1 protein levels. To show that NS8593 affects PAIl

protein levels specifically via targeting TRPM7, the effects of apamin were studied.
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As shown in fig 59, apamin did not affect basal or TGF-B-induced PAIl protein
levels. Thus, a connection of TRPM7 and plasmin activity after TGF-f3 stimulation

was found.
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Figure 58: TRPM7 blockade inhibits basal and TGF-B-induced PAI1 protein levels in
pHPF

Cells were stimulated with TGF-B (2 ng/ml), NS8593 (25 uM) or co-stimulated for 48 h and protein
amounts of PAI1 and SDHA were determined via whole-cell ELISA. Bars represent SEM of OD
450 ratios detected via ELISA, n = 3. Statistical analysis was performed using two-way ANOVA
followed by Tukey's post-test. Asterisks indicate significant differences to basal PAI1 expression
and hash signs indicate significant differences to TGF-B-induced PAI1 expression, # p<0.05,
** p<0.01.

Further, effects of TRPM7 on the fibrotic marker a-SMA and on the ECM proteins
fibronectin and collagenl were studied. Protein levels of fibronectin were
significantly inhibited by NS8593 in the cell-associated fraction under basal or
TGF-B-stimulated conditions (fig 60). Similarly, basal a-SMA proteins levels were
reduced from 0.56 + 0.08 to 0.13 £ 0.02 (AUC ratio) and induction by TGF- was
lowered from 0.98 £ 0.12 to 0.18 + 0.03 fold over basal (fig 61). Finally, basal
collagenl protein levels were significantly inhibited by NS8593, however no
significant effect was seen on TGF-B-induced protein levels (fig 62). Since Western
Blot failed to reproduce the results, a second approach was used for measuring
collagen in pHPF. Sircol™ assay measures secreted collagens and TGF-[3-
induced secretion of collagens was significantly inhibited by NS8593 (fig 63).
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Figure 59: Apamin does not affect TGF-B-induced PAIL protein levels in pHPF

Cells were stimulated with TGF-B (2 ng/ml), Apamin (100 nM, C) or co-stimulated for 48 h and
protein amounts of PAI1 and SDHA (loading control) were determined in the cell-associated
fraction via Western Blot. Blots were cut in half to detect PAI1 (45 kDa) and SDHA (70 kDa). One
set of representative blots is shown. Bars represent SEM of AUC ratios, n = 3. Statistical analysis
was performed using two-way ANOVA followed by Tukey’s post-test. Asterisks indicate significant
differences to basal PAI1 expression, * p<0.05, ** p<0.01.
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Figure 60: TRPM7 blockade inhibits basal and TGF-B-induced fibronectin protein
levels in pHPF

Cells were stimulated with TGF-3 (2 ng/ml) or NS8593 (25 uM) or co-stimulated for 48 h. Protein
amounts of fibronectin and SDHA (loading control) were determined in the cell-associated and
secreted fraction via Western Blot and normalized to the loading control (SDHA) of the cell-
associated fraction. Blots of the cell-associated fraction were cut in half to detect fibronectin
(280 kDa) and SDHA (70 kDa). The loading control of the cell-associated fraction was also used
for the secreted fraction. One set of representative blots is shown. Bars represent SEM of AUC
ratios or x-fold over basal, n = 4. Statistical analysis was performed using two-way ANOVA followed
by Tukey’s post-test. Asterisks indicate significant differences to the carrier control, * p<0.05.
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Figure 61: TRPM7 blockade inhibits basal and TGF-B-induced a-SMA protein levels
in pHPF

Cells were stimulated with TGF-f3 (2 ng/ml) or NS8593 (25 uM) or co-stimulated for 48 h and protein
amounts of a-SMA and SDHA (loading control) were determined in the cell-associated fraction via
Western Blot. Blots of the cell-associated fraction were cut in half to detect a-SMA (42 kDa) and
SDHA (70 kDa). One set of representative blots is shown. Bars represent SEM of AUC ratios or
x-fold over basal, n = 4. Statistical analysis was performed using two-sample t-test (A). Asterisks
indicate significant differences to the carrier control, *** p<0.001.
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Figure 62: TRPM7 blockade inhibits basal collagenl protein levels in pHPF

Cells were stimulated with TGF-B (2 ng/ml) or NS8593 (25 uM) or co-stimulated for 48 h. Protein
amounts of collagenl and SDHA (loading control) were determined in the cell-associated and
secreted fraction via Western Blot and normalized to SDHA of the cell-associated fraction. Blots of
the cell-associated fraction were cut in half to detect collagenl (130 kDa) and SDHA (70 kDa). The
loading control of the cell-associated fraction was also used for the secreted fraction. One set of
representative blots is shown. Bars represent SEM of AUC ratios or x-fold over basal, n = 4.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s post-test. Asterisks
indicate significant differences to the carrier control, * p<0.05.
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Figure 63: TRPM7 blockade inhibits TGF-B-induced collagen secretion from pHPF

pHPF were stimulated with TGF-$ (2 ng/ml) or NS8593 (25 pM) or co-stimulated for 48 h and
secreted collagen amounts were determined using Sircol™-soluble collagen assay. Bars represent
SEM of OD 555 values, n = 5. Statistical analysis was performed using two-way ANOVA followed
by Tukey's post-test. Asterisks indicate significant differences to basal, hash signs indicate
significant differences between DMSO and NS8593, * p<0.05, # p<0.01.
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Importantly, two possibilities for SMADs to enhance ECM production have been
reported. Firstly, by directly inducing transcription of fibronectin and collagen and
secondly via modulation of the plasmin system. Thus, to evaluate whether the
effects of NS8593 on ECM proteins were due to direct effects of SMAD on these
proteins or via modulation of the plasmin system, mRNA levels of FN1, COL1Al
and SERPINEL1 after stimulation with TGF- and NS8593 were detected. On the
MRNA level, NS8593 inhibited TGF-B-induced expression of SERPINE1 from
3.42 +0.32 to 2.37 £ 0.19 fold over basal, but not of FN1 or Col1Al, indicating that
TRPM7 blockade selectively targets TGF-B-mediated induction of SERPINE1
(fig 64).
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Figure 64: TRPM7 blockade reduces SERPINEL, but not FN1 and Col1lA1 mRNA
levels in pHPF

SERPINE1, FN1 and Col1A1 mRNA amounts of pHPF were determined by qRT-PCR after 48
stimulation with TGF-B (2 ng/ml) or NS8593 (25 puM) or co-stimulation. Bars represent SEM of
x-fold over basal values, n = 4. Statistical analysis was performed using two-way ANOVA followed
by Tukey's post-16test or one-sample t-test. Asterisks indicate significant differences to basal,
hash signs indicate significant differences to one, # p<0.05, ***### p<0.001.

TGF-f induces fibroblast to myofibroblast differentiation via phosphorylation of the
transcription factor SMAD2. Two assays were used to monitor SMAD2
phosphorylation in this work. Firstly, a pSMAD2 ELISA was used and TGF- was
shown to significantly induce SMAD2 phosphorylation (fig 65 a). Stimulation with
NS8593 reduced TGF-f induction from 2.02 + 0.31 to 0.74 £ 0.12 fold over basal
(fig 65 a). Western blot data of pSMAD2 confirmed these findings: TGF- induction
of 3.76 = 1.09 was decreased to 0.25 + 0.23 fold over basal after stimulation with
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NS8593 (fig 65 b). Importantly, total SMAD2 protein levels remained unchanged
after TGF-B or NS8593 stimulation, indicating that TRPM7 blockade targets
phosphorylation rather than expression of SMAD2 (fig 66 a).
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Figure 65: Effects of TRPM7 blockade on SMAD2 phosphorylation in pHPF

In A, the PathScan® Phospho-Smad2 Sandwich ELISA Kit was used to determine
SMAD2phosphorylation after 40 min stimulation with TGF-B (2 ng/ml) and/or NS8593 (25 uM).
Bars represent SEM of OD 450 values or x-fold over basal, n = 3. In B, cells were stimulated with
TGF-B (2 ng/ml) or NS8593 (25 uM) or co-stimulated for 48 h and amount of pSMAD2 and
histone (loading control) were determined via Western Blot. Blots were cut in half to detect
pSMAD?2 (60 kDa) and histone (18 kDa). One set of representative blots is shown. Bars represent
SEM of or x-fold over basal, n = 4. Statistical analysis was performed using two-sample t-test (A, B)
or two-way ANOVA (A) followed by Tukey’s post-test. Asterisks indicate significant differences to
DMSO, ** p<0.01, *** p<0.001.
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Figure 66: Effects of TRPM7 blockade on SMAD protein levels in pHPF

Cells were stimulated with TGF- (2 ng/ml) or NS8593 (25 puM) for 48 h and protein amounts of
SMAD2 (A), SMAD3 (B) and histone (loading control) were determined via Western Blot. Blots
were cut in half to detect SMAD2 (60 kDa) or SMAD3 (50 kDa) together with their loading control
histone (18 kDa). One set of representative blots is shown. Bars represent SEM of AUC ratios,
n = 3-8. Statistical analysis was performed using one-way ANOVA followed by Tukey’'s post-test.
Asterisks indicate significant differences to DMSO, ** p<0.01, *** p<0.001.

SMAD3 has been reported to be reduced upon TGF-B stimulation in human
pulmonary fibroblasts [173, 175]. Consistently, TGF- was found to reduce SMAD3
protein levels in this work (fig 66 b). Interestingly, TRPM7 blockade with NS8593
also led to a reduction of SMAD3 protein levels (fig 66 b). To finally confirm the role
of TRPM7 in TGF-B signaling in lung fibrosis, TGF-B-induced SMAD3/4 activation
was studied. As shown in fig 67 a, NS8593 inhibited TGF-f induced SMAD3/4
activity from 10.65 * 2.06 to 4.65 * 0.46 fold over basal, while the apamin control
showed no effects. TGF-B-induced YAP/TAZ activation remained unchanged with
NS8593, indicating that TRPM7 blockade specifically targets TGF-B signaling at
the level of SMAD activity (fig 67 b).
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Figure 67: Effects of TRPM7 blockade on SMAD3/4 and YAP/TAZ activity in pHPF

pHPF were electroporated with the SMAD3/4 reporter plasmid (A) or with the YAP/TAZ reporter
plasmid (B). After 24 h, cells were stimulated with TGF-B (2 ng/ml), NS8593 (25 puM) or Apamin
(100 nM) or co-stimulated for 48 h and luciferase activity was determined. Bars represent SEM of
x-fold over basal values, n = 5. Statistical analysis was performed using one-way ANOVA followed
by Tukey’s post-test. Asterisks indicate significant differences to the carrier control, ** p<0.01.

In summary, these data propose TRPM7 blockade as a promising approach to
selectively modulate the plasmin system in pHPF by interfering with TGF-B/SMAD
signaling, resulting in enhanced plasmin activity and consequent degradation of

ECM proteins.

6.4.3 Assessing the TRPM7 function linked to the plasmin system

TRPM?7 consists of an ion channel permeable for bivalent cations and a kinase
domain that phosphorylates TRPM?7 itself or other substrates. Romagnani et al.
could show that SMAD?2 is a direct substrate of the TRPM7 kinase, therefore
TRPM7 kinase has been proposed as the link to the plasmin system in this work
[329]. The TRPM7 blockers NS8593 and Waixenicin A do not distinguish between
these functions [323, 324]. In fact, TG100-115 is the only compound available that
has been proposed to selectively inhibit TRPM7 kinase but not channel function in
breast cancer cells [327]. Kinase inhibition has however only been reported under
defined conditions and has never been reported after 24 or 48 h. Initially introduced
as inhibitor of phosphoinositide 3-kinase isoforms gamma and delta, selective
inhibition of TRPM7 remains however rather questionable [328]. As shown in

fig 68a, incubation with TG100-115 did not affect plasmin activity. In line with this
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notion, no effects of TG100-115 were detected on basal as well as TGF-B-induced

PAI1 protein levels (fig 68 b).
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Figure 68: Effects of TG100-115 on plasmin activity or PAI protein levels

pHPF were stimulated with TGF-B (2 ng/ml) or TG100-115 (10 uM) or co-stimulated for 48 h. In A,
fluorescence intensity of the secreted and cell-associated fraction was measured after incubation
with D-Val-Leu-Lys-AMC (50 uM) for 3 h at 37 °C. Bars represent SEM of x-fold under basal
values, n = 3. In B, protein amounts of PAI1 and SDHA (loading control) were determined via
Western Blot. Blots were cut in half to detect PAI1 (45 kDa) and SDHA (70 kDa). One set of
representative blots is shown. Bars represent SEM of AUC ratios, n = 3. Statistical analysis was
performed using two-way ANOVA followed by Tukey's post-test. Asterisks indicate significant
differences to DMSO, ** p<0.01, *** p<0.001.

In order to discriminate between the two TRPM7 functions independently of
pharmacological tools, a genetically modified mouse model was used, where lysine
at position 1646 was replaced by arginine, therefore eliminating kinase activity
[329, 382]. Basal protein levels of fibrotic markers from pulmonary fibroblast
isolated from wild type or TRPM7-K1646R mice were compared in fig 69. Basal
protein levels of PAI1, fibronectin and a-SMA were not distinguishable between
murine and human pulmonary fibroblasts, and kinase deficiency did not affect

basal protein levels of these fibrotic markers.
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Figure 69: Comparison of fibrotic markers in TRPM7-WT and TRPM7-K1646R
primary mouse pulmonary fibroblasts

Basal protein levels of fibrotic markers in pMPF isolated from TRPM7-WT or TRPM7-K1646R mice
were determined by Western Blot. Blots were cut in half to detect a-SMA (42 kDa), PAI1 (45 kDa)
or fibronectin (280 kDa) together with their loading control SDHA (70 kDa). One set of
representative blots is shown. Results are compared to data from pHPF (fig 15). Bars represent
SEM of AUC ratios, n = 4-5.

To investigate if TGF-B affects primary mouse pulmonary fibroblasts (pMPF)
comparably to pHPF, SMAD signaling was studied. Indeed, SMAD3/4 reporter
activity and pSMAD?2 protein levels detected by Western blot were significantly
increased after TGF-f stimulation of pMPF derived from both mouse genotypes
(fig 70 a and b). Yet, no differences were detected between pMFP from wild type
or TRPM7-K1646R mice. Further, induction of fibrotic markers by TGF-B was
examined. Fig 71 a-c show TGF-B-induced elevation of a-SMA, PAI1 and
fibronectin. While TGF-f significantly induced all of the above-mentioned fibrotic
markers, no difference was seen when cells from wild type or TRPM7-K1646R

mice were compared (fig 71 a-c).
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Figure 70: TGF-B enhances SMAD activity in pMPF

pMPF isolated from TRPM7-WT or TRPM7-K1646R mice were stimulated with TGF- (2 ng/ml) for
48 h. In A, pMPF were electroporated with the SMAD3/4 reporter plasmid 24 h before stimulation
and luciferase activity was determined. Bars represent RLU, n=4. In B, protein amounts of
pSMAD2 and histone (loading control) were determined via Western Blot. Blots were cut in half to
detect pPSMAD2 (60 kDa) and histone (18 kDa). One set of representative blots is shown. Bars
represent SEM of AUC ratios, n = 5. Statistical analysis was performed using two-way ANOVA
followed by Tukey’'s post-test. Asterisks indicate significant differences to basal, *** p<0.001.
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Figure 71: TGF-B enhances protein levels of fibrotic markers in pMPF

pPMPF isolated from TRPM7-WT or TRPM7-K1646R mice were stimulated with TGF-f (2 ng/ml) for
48 h. Protein amounts of a-SMA (A), PAI1 (B), Fibronectin (C) and SDHA (loading control) were
determined via Western Blot. Blots were cut in half to detect a-SMA (42 kDa), PAI1 (45 kDa) or
fibronectin (280 kDa) together with their loading control SDHA (70 kDa). One set of representative
blots is shown. Bars represent SEM of AUC ratios, n = 4-5. Statistical analysis was performed
using two-way ANOVA followed by Tukey’s post-test. Asterisks indicate significant differences to
basal, *** p<0.001.
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In pMPF, TGF-B enhanced SMAD activity and protein levels of fibrotic markers
comparably to pHPF, thus, the next step was to analyze effects of NS8593.
However, neither SMAD3/4 activity nor PAI1 protein levels were affected by
TRPM7 blockade in pMPF from wild type mice, in contrast to the strong effects in
pHPF, pointing at species-specific effects of TRPM7 activity (fig 72 a and b).
SMAD3/4-dependent reporter activation was also measured after stimulation with
TG100-115, however no effects were detected (fig 72 a). In addition to pMPF, the
mouse fibroblast cell line L929 was tested in the plasmin assay in order to analyze
whether the lack of effects after TRPM7 blockade was specific for the isolated
pMPF or a common feature of mouse-derived cells. Interestingly, TGF-B did not
affect plasmin activity in pMPF or L929 cells. Similarly, NS8593 showed no effects
on plasmin activity in pMPF or L929, implying that the entire plasmin system in
mice may be regulated via different signaling pathways compared to the human

system (fig 72 c-f).

Further, effects of TGF-B on SMAD3 protein levels appeared to be completely
different compared to pHPF. When stimulated with TGF-f, no changes in SMAD3
expression in pMPF were detected, in contrast to the strong inhibition observed in
pHPF (fig 73). In summary, several species-specific differences were detected

concerning TGF-B signaling and actions of NS8593.
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Figure 72: NS8593 does not affect SMAD3/4, PAI1 protein levels or plasmin activity
in pMPF or L929 cells

WT pMPF or L929 cells were stimulated with TGF-3 (2 ng/ml), NS8593 (25 uM) or TG100-115 (10
puM) for 48 h. In A, pMPF were electroporated with the SMAD3/4 reporter plasmid 24 h before
stimulation and luciferase activity was determined. Bars represent RLU, n=3. Protein amounts of
PAI1 and histone or SDHA (loading control) were determined via Western Blot in B. Blots were cut
in half to detect PAI1 (45 kDa) and SDHA (70 kDa). One set of representative blots is shown. Bars
represent SEM of AUC ratios, n = 3. In C-F, plasmin activity of pMPF or L929 cells was determined.
Bars represent x-fold over/under basal, n=4-8.
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Figure 73: Effects of TGF-B on SMAD3 protein levels in pMPF

WT pMPF were stimulated with TGF-f (2 ng/ml) for 48 and protein amounts of SMAD3 and
histone (loading control) were determined via Western Blot. Blots were cut in half to detect SMAD3
(50 kDa) or histone (18 kDa). One set of representative blots is shown. Bars represent SEM of
AUC ratios, n = 6.

6.4.4 TRPMY7 blockade counteracts epithelial to mesenchymal transition in

human lung tumor cell lines

TGF-B has been shown to induce epithelial to mesenchymal transition relevant for

tumor progression during 48 h stimulation [284]. Therefore, the relevance of TGF-f3

and NS8593 mediated effects on the plasmin system in the context of lung tumor

was studied in this work. Indeed, when human lung cancer cell lines A549 and

H1299 were stimulated with TGF-3, EMT markers PAIL and fibronectin significantly

increased (fig 74 a and 75 a). Of note, TGF- induction of PAI1 and fibronectin in
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H1299 was dramatically lower compared to A549 cells, which stands in accordance
with the findings shown in fig 28. To assess a possible role of TRPM7 on TGF-B-
induced EMT, cells were stimulated with NS8593 or co-stimulated with NS8593
and TGF-B. NS8593 reduced TGF-B-induced PAI1 protein levels from 18.31 + 1.08
to 12.39 + 1.51 fold over basal and fibronectin protein levels from 7.21 £ 1.77 to
1.15 £ 0.19 fold over basal in A549 cells (fig 74 a).
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Figure 74. Effects of TRPM7 blockade on TGF-dependent PAIL1 or fibronectin
protein levels in A549 cells

A: A549 cells were stimulated with TGF-f (2 ng/ml) or NS8593 (25 pM) or co-stimulated for 48 h
and protein amounts of PAI1, fibronectin and SDHA (loading control) were determined via Western
Blot. Blots were cut in half to detect PAI1 (45 kDa) or fibronectin (280 kDa) together with their
loading control SDHA (70 kDa). One set of representative blots is shown. Bars represent SEM of
AUC ratios or x-fold over basal, n = 3-5. In B, cell number was determined via SRB and cell viability
via WST-1 assay. Bars represent SEM of x-fold of DMSO, n = 3-6. Statistical analysis was
performed using one-sample t-test or two-way ANOVA followed by Tukey’'s post-test. Hash signs
indicate significant differences to the carrier control and asterisks indicate significant differences to
zero, # p<0.05, **#* p<0.01, *** p<0.001.

Additionally, a reduction of basal fibronectin expression in A549 cells was observed
(fig 74 a). In H1299 cells, NS8593 significantly reduced TGF-B-induced PAIl
protein levels to 0.51 + 0.06 fold compared to 0.85 + 0.10 fold over basal and
fibronectin protein levels to 0.39 £ 0.16 compared to 0.70 + 0.18 fold over basal
(fig 75 a). Besides, NS8593 inhibited basal PAI1 and fibronectin protein levels in
H1299 cells (fig 75 a). Of note, no adverse effects of NS8593 on cell number or
cell viability were observed with this stimulation protocol in either of the cell lines
(fig 74 b and 75 b). This data suggests a role of TRPM7 in TGF-B-induced EMT of

lung tumor cells.
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Figure 75: Effects of TRPM7 blockade on TGF-dependent PAI1 or fibronectin
protein levels in H1299 cells

A: H1299 cells were stimulated with TGF-B (2 ng/ml) or NS8593 (25 uM) or co-stimulated for 48 h
and protein amounts of PAIL, fibronectin and SDHA (loading control) were determined via Western
Blot. Blots were cut in half to detect PAI1 (45 kDa) or fibronectin (280 kDa) together with their
loading control SDHA (70 kDa). One set of representative blots is shown. Bars represent SEM of
AUC ratios or x-fold over basal, n = 3-5. In B, cell number was determined via SRB and cell viability
via WST-1 assay. Bars represent SEM of x-fold of DMSO, n =3-6. Statistical analysis was
performed using one-sample t-test or two-way ANOVA followed by Tukey’s post-test. Hash signs
indicate significant differences to the carrier control and asterisks indicate significant differences to
zero, *# p<0.05, #* p<0.01, ****# p<0.001.
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7. Discussion

This work established a protocol for reliable measurements of plasmin activity in
distinct lung cells. Data provided in this study revealed a correlation between
plasmin activity, TGF-B/SMAD signaling and PAI1 expression in pHPF. Further,
unique effects of TGF- on plasmin activity in a late stage compared to an early
stage tumor cell line were found. In addition, small molecule inhibitors of TRPM7
were found to increase plasmin activity, thus being the first description of a link
between plasmin activity and an ion channel. TRPM7 was found to restrain plasmin
activity by supporting TGF-B-mediated PAI1 expression, thus reducing degradation
of ECM proteins in distinct lung cells. TRPM7 blockers are thus presented as

valuable tools to increase plasmin activity and to target ECM accumulations.

7.1 Measurement of plasmin activity

Plasmin activity is key in degrading ECM proteins and thus linked to diseases with
aberrant ECM remodeling like fibrosis or cancer. Increased plasmin activity has
previously been attributed to tumor cells in advanced stages by promoting
migration of cells and invasion into other tissues. Surprisingly, plasmin activity has
rarely been measured directly, instead conclusions on plasmin activity were drawn
from analyzing modulators of plasmin activity like uPA or PAIL. Thus, the first aim

of this work was to establish a plasmin activity assay using a synthetic substrate.

As previously described, the synthetic substrate D-Val-Leu-Lys-AMC is cleaved by
active plasmin [356]. While the substrate is not cleaved by other proteases like
factor Xa, a-thrombin or uPA, it is cleaved by kallikrein, however to a far lesser
extent compared to plasmin, as explained in detail in chapter 5.2 [356, 357]. In this
work, several controls were added to live-measurements of both cellular fractions
to ensure specific detection of plasmin activity (see chapter 6.1). That way,
unspecific interactions between the substrate and the cell culture medium were
excluded. Further, by adding the plasmin inhibitor a2-antiplasmin, fluorescence
signals significantly decreased [45]. Accordingly, addition of the plasmin precursor

plasminogen significantly increased fluorescence [18]. Thus, changes in
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fluorescence were defined as plasmin-dependent turnover of D-Val-Leu-Lys-AMC

to reliably monitor plasmin activity.

Plasmin acts when bound to its receptor or when in solution, however previous
studies exclusively used cell supernatant to measure plasmin activity [30, 31]. In
this work, plasmin activity was measured in the cell-associated and in the secreted
fraction of cells and thus provides data of cell-bound plasmin activity for the first
time. Basal plasmin activity was significantly higher in the secreted fraction of all
tested cells, suggesting an increased activity of plasmin when released from its
receptor (fig 18). However, it should be noted that due to the experimental setup,
the volume of the supernatant was considerably larger than the volume of the cell-
associated fraction. Fibroblasts have a volume of 2000 um? per cell and epithelial
cells only have around half of that volume, thus the total volume of the cells within
one well of the plate used in the experiments is around 0.01 — 0.02 pl [383, 384].
The volume of the secreted fraction was 50 ul per well, thus the actual plasmin

concentration might be even higher in the cell-associated fraction.

As mentioned above, only a few studies measured plasmin activity directly. In
these studies, exogenous plasmin was added to measure plasmin activity.
Exogenous plasminogen was most likely added because the studies aimed at
measuring inhibitory effects of TGF-$ and thus saw a need to artificially increase
the basal level of plasmin activity. In contrast to that, the results presented in this
work clearly show basal plasmin activity as well as the inhibition of plasmin activity
by TGF-B in pHPF without the addition of exogenous plasminogen (fig 23). It is
possible that distinct cell types differ in their basal plasmin activity and thus
determine whether exogenous plasminogen is needed. However, pHPF used in
this work show no need for that and are comparable to the embryonic lung
fibroblast cell line IMR-90 used in a previous study. Further, plasmin activity without
exogenous plasminogen was successfully measured in several cell types,
including primary cells pHPF and HPAEC as well as the epithelial lung cell line
16-HBE and two lung tumor cell lines, A549 and H1299. It thus seems likely that
previous studies had to artificially increase plasmin activity due to restriction in
sensitivity of their detection device. Data presented clearly demonstrates that this

approach is not necessary with the experimental setup used in this work, since a
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significant and stable decrease of plasmin activity after TGF-B stimulation was
observed without the addition of exogenous plasminogen. A positive side effect of
not having to add exogenous plasminogen is the representation of native cellular
conditions, since binding of plasminogen to its receptor is known to activate various
signaling pathways relevant for cellular processes and inflammatory responses [3,
385, 386].

In summary, this work provides a valuable and reliable tool for future studies to
decipher the role of plasmin activity in various lung cell types.

7.2 TGF-B-dependent regulation of plasmin activity in pHPF

The canonical TGF-B signaling pathway via SMAD proteins regulates expression
of a variety of genes, including SERPINEL1, which encodes the negative modulator
of plasmin activation PAIL. It is a well described pathway and correlates with
enhanced ECM deposition in fibrotic diseases. Aim of this work was to confirm the
functionality of TGF-f signaling in pHPF. Since no protocol for transfection of pHPF
was available, a new protocol for successful electroporation of pHPF was
established to study SMAD3/4 activity. It could be confirmed that TGF- signaling
promotes SMAD3/4 activity and SMAD2 phosphorylation in pHPF (fig 20). Further,
MRNA expression and protein levels of the known TGF-B-dependent genes
SERPINEL (PAI1), Col1A1l (collagenl) and FN1 (fibronectin) were tested. Indeed,
all three genes were induced by TGF- stimulation on the mRNA and on the protein
level. Interestingly, mRNA induction of these three genes seem to follow distinct
kinetics (fig 78).

In line with the measurement of plasmin activity in both cellular fractions, protein
levels were also assessed in the cell-associated and in the secreted fraction. PAIL,
fibronectin and collagenl protein levels were increased in both fractions to a similar
extent by TGF-f3 (fig 22).

In summary, TGF- affects SMAD signaling and expression of SMAD dependent
genes as expected in pHPF. TGF-B signaling via SMAD proteins is not only
important in the context of the plasminogen activation system, but is also known to

be of utmost importance in the differentiation of fibroblasts to myofibroblasts and
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the concomitant upregulation of fibrotic markers. As expected, an increase of
fibrotic markers like a-SMA, fibronectin and collagenl was found after prolonged
TGF-B stimulation of pHPF (see chapter 6.4.1).

Despite the importance of TGF-B on modulators of the plasminogen activation
system like PAI1 and on proteins of the ECM, direct effects of TGF- on plasmin
activity have rarely been measured in tumor cells or pHPF. As expected and in line
with the effects of TGF-B on PAI1, a decrease of plasmin activity after TGF-3
stimulation was found in the secreted fraction of pHPF. This result is in line with
previously published results that measured inhibition of plasmin activity after TGF-3
stimulation in the cell supernatant [358, 367]. Additionally, inhibition of plasmin
activity was measured in the cell-associated fraction in this work, therefore
providing first data for the effects of TGF-B in distinct cellular fractions.
Interestingly, the inhibitory effect of TGF-3 on plasmin activity was notably stronger
in the secreted fraction compared to the cell-associated fraction. Plasmin activity
in these distinct fractions could have different effects. While cell-associated
plasmin activity might primarily affect the cell itself or the cells nearby, cells might
secrete plasmin to affect cells farther away within the tissue or the lung. Thus,
TGF-B would mainly reduce the cells ability to secrete plasmin. Of note, the effects
of TGF-B on plasmin activity correlated with a decreased cell migration, thus
providing a possible link between plasmin and migration of cells. In summary, this
work describes for the first time an inhibitory effect of TGF- on plasmin activity in
pHPF.
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7.3 Differences in the regulation of plasmin activity in lung

tumor cells

In accordance with the statements postulated in the literature, increased basal
plasmin activity was expected in the tumor cell lines A549 and H1299 compared to
non-tumor cell lines [14, 82]. However, the opposite was true and tumor cell lines
exhibited lower basal plasmin activity than all other tested cells. It could be
discussed that cell lines in culture lose certain cellular features or undergo changes
in key characteristics upon passaging, thus future studies should include testing of
primary lung cancer cells in this assay [387]. Further, migratory and invasive
features of lung cancer cells might not be determined by basal levels of plasmin
activity, but rather by responses to certain stimuli and consequent regulation of the

plasmin system.

Further, as described in chapter 3.4.4, it has yet to be clarified whether and how
basal plasmin activity differs between an early stage tumor cell line (A549) and a
metastatic tumor cell line (H1299). Surprisingly, this work demonstrates that
plasmin activity of invasive H1299 cells was significantly lower than of A549 cells
(fig 29). Possible explanations for this unexpected finding are described in the
following paragraph. In view of the data provided in this work and the complex
regulation of the plasmin system, the necessity arises to directly measure plasmin
activity rather than concluding from plasmin modulators. Thus, the establishment
of the plasmin activity assay in this work provides a valuable tool for future studies

to decipher the role of plasmin in the tumor environment.

TGF-B signaling via SMAD proteins has been linked to increased migration of
tumor cells, however the role of TGF-f in tumor progression is complex and is
thought to depend on the stage of the tumor. Thus, SMAD activity and PAIl

expression of A549 and H1299 cells was tested in this work.

SMAD2 phosphorylation and SMAD3/4 activation were significantly increased in
both cell lines after TGF-B stimulation, with SMAD2 phosphorylation peaking at 40
min. Accordingly, PAIL protein levels were induced by TGF-f3 in both cell lines. The
plasmin substrate fibronectin was, however, only induced in A549 cells after TGF-3
stimulation. Of note, TGF-B-induced SMAD2 phosphorylation, SMAD3/4 activity
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and PAI1 expression were significantly lower in H1299 cells, suggesting a different
regulation or importance of this pathway in these cell lines (see chapter 6.2.3).
Inhibitory SMADs like SMADG inhibit TGF-f signaling by competing with R-SMADs
or Co-SMAD4, thereby preventing SMAD?2 activation by the receptor or nuclear
translocation of the SMAD complex [168, 169].The overexpression of SMADG in
H1299 cells mentioned in chapter 3.4.4 could thus possibly explain reduced
SMAD2 phosphorylation as well as lower SMAD3/4 activity observed in these cells.
In line with that finding, basal SMAD3/4 activity was dramatically lower in H1299
cells. Measurement of YAP/TAZ activity as SMAD-independent TGF-B signaling
target revealed further differences between the two cell lines. YAP/TAZ is known
to promote EMT of cancer cells, thus a higher YAP/TAZ activity is assumed in the
invasive H1299 cells [237]. However, no differences in basal YAP/TAZ activity and
even a higher induction by TGF-B in A549 cells were observed (fig 27). This result
is in line with the assumption that A549 cells exhibit higher RhoA activity due to
their loss of DLC1, since YAP/TAZ is a prominent target of RhoA signaling. TGF-
has however been shown to induce YAP/TAZ signaling via ERK1/2, thus increased
ERK1/2 postulated in H1299 cells due to their N-ras mutation should manifest in a
higher YAP/TAZ activation [252]. Thus, more research is needed to decipher the
role of YAP/TAZ in these cell lines. In summary, data on SMAD and YAP/TAZ
activity in A549 and H1299 cells further undermine the possibility of distinct effects
of TGF-B.

To assess a possible consequence of lower TGF-B-induced SMAD signaling and
PAI1 expression in H1299 cells compared to A549 cells, plasmin activity after
TGF-B stimulation was compared in the two cell lines. Similar to the effects
observed in pHPF, TGF-B decreased plasmin activity in A549 cells. However, an
entirely unexpected observation in contrast to that was found in H1299 cells, where
TGF-f stimulation led to a strong increase of plasmin activity (fig 29). This finding
is uniqgue and was followed by extensive research to decipher the differences of
TGF-B on plasmin activity in early and late stage lung tumor cells. As mentioned
before, H1299 cells showed significant lower SMAD activation and PAIL protein
levels after TGF- stimulation, however these findings cannot explain the dramatic

difference observed in plasmin activity. Thus, it appears that not only SMAD-
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mediated PAI1 levels account for the modulation of plasmin activity and that the
complexity of the plasminogen activation system in tumor cells has previously been
underestimated. Therefore, mRNA levels of several possible modulators of plasmin
activity were analyzed (fig 30). In accordance with the reduced PAI1 protein
induction by TGF-B in H1299, TGF-B-induced SERPINE1 mRNA expression levels
were also significantly lower in H1299 cells. Basal expression of the direct plasmin
inhibitor SPINT2 (HAI2) was lower in H1299, as expected from the literature [14].
Interestingly, TGF-B decreased SPINT2 expression in A549, which stands in
contrast to its decreasing effects on plasmin activity, thus suggesting that
SERPINEL1 is the major modulator of plasmin activity in these cells. In H1299 cells,
SPINT2 expression was not affected by TGF-B, thus regulation of SPINT2 does
not provide an explanation for the increase in plasmin activity in H1299 cells.
Further, PLAU (uPA) and PLAUR (uPA receptor) mRNA levels were analyzed.
Interestingly, TGF-B decreased PLAU and PLAUR in A549, which stands in
contrast to a previously reported increase in UPAR expression by TGF-B in these
cells [388]. One explanation for these different findings could be the stimulation
procedure, since cells were stimulated in medium containing FCS in this work, but
experiments from previously published results were conducted in the absence of
FCS. The additional FCS, containing a variety of growth factors and hormones,
might affect the plasmin activation system via various signaling pathways. ERK1/2
for example, which has been reported to be activated by FCS, induces uPAR
expression and might explain the aberrant effects of TGF- on uPAR expression
observed in this work [389, 390]. Further studies are required to decipher the
effects of serum on uPAR expression in distinct cells. However, TGF-f increased
PLAU mRNA levels in H1299, thereby providing a first possible explanation for
increased plasmin activity by TGF-f in these cells. Indeed, increased levels of uPA
are established biomarkers for invasive tumors and downregulation of uPA has
been shown to reduce invasion of breast cancer cells [285, 391]. A previous study
reported that TGF-B-induced uPA expression is dependent on ERK1/2 signaling in
keratinocytes, thus increased ERK1/2 activity postulated in H1299 cells due to their

N-ras mutation may explain the high levels of uPA [299, 300, 389].
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In summary, it seems likely that distinct pathways are activated depending on the
presence or absence of TGF-3: The possible pathways for basal (fig 76) and TGF-3
stimulated (fig 77) conditions are depicted in two schematic overviews. Under basal
conditions, H1299 show decreased SMAD activity, which can be explained by the
SMADG6 overexpression reported in these cells. Despite that, basal PAI1 protein
levels are higher than those observed in A549 cells, pointing to distinct regulation
of PAI1 expression, independently of SMAD signaling. An explanation might be the
increased ERK1/2 activity in H1299 cells due to their N-ras mutation, which leads
to increased AP-1 induction, consequent PAIL1 expression and plasmin inhibition.
Importantly, YAP/TAZ does not seem to have a function in the regulation of basal
plasmin activity in H1299 cells. As depicted in chapter 3.4.4, higher RhoA activity
postulated in A549 may result in increased AP-1 and SMAD7 activity, in this case
dependent on YAP/TAZ signaling, and consequent SMAD inhibition, thus
explaining higher plasmin activity in A549 cells under basal conditions. However,
data presented in this work does not support this theory, since basal SMAD2
phosphorylation and SMAD3/4 were not found to be lower in A549 cells compared
to H1299 cells. Despite that, these differences in RhoA activity might account for
the strongly diminished YAP/TAZ activity observed in H1299 cells. To test the
importance of RhoA signaling in this context, future studies could determine levels
of AP-1 and SMAD7 under basal conditions.
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Figure 76: Schematic overview of a possible mechanism explaining lower basal
plasmin activity in H1299 cells

AP-1: activator protein 1, PAI1: plasminogen activator inhibitor 1, SARA: SMAD anchor for receptor
activation, P in yellow circle indicates phosphorylation.
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Figure 77: Schematic overview of a possible mechanism explaining the dramatic

increase in plasmin activity in H1299 cells after TGF-B stimulation

AP-1: activator protein 1, PAI1: plasminogen activator inhibitor 1, ROCK: Rho-kinase, SARA:
SMAD anchor for receptor activation, uPA: urokinase plasminogen activator, P in yellow circle

indicates phosphorylation

In the presence of TGF-3, SMADG6 overexpression in H1299 cells could possibly
explain lower SMAD and PAI1 induction by inhibiting SMAD signaling. Moreover,
lower RhoA activity compared to A549 cells might also account for reduced SMAD,
YAP/TAZ and AP-1 activity, resulting in reduced PAI1 expression. In compliance
with this concept, lower YAP/TAZ induction by TGF-3 was observed in H1299 cells.
However, while these differences may explain why TGF-f3 does not reduce plasmin
activity as observed in A549 cells, it seems unlikely that these differences account
for the strong increasing effects on plasmin activity in H1299 cells. Increased
ERK1/2 activity due to the N-ras mutation leading to inhibition of SMAD signaling
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and PAI1 expression might additionally explain the increase in plasmin activity in
H1299 cells. Most interestingly, plasmin-dependent activation of ERK1/2 and AP-1
has been reported, thus proposing a positive feedback loop [392, 393]. As plasmin
promotes ERK1/2 activity as well as AP-1 transcriptional activity, SMAD signaling
and PAI1 expression would be even further decreased, thereby eliminating TGF-[3-
induced PAIL expression via SMAD signaling. This mode of action combined with
induction of uPA by TGF-B may give a possible explanation for the increase in
plasmin activity in H1299 cells upon TGF-f stimulation. Besides, uPA induction by
TGF-B has been shown to be dependent on ERK1/2 signaling, thus increased
ERK1/2 activity may further increase plasmin activity in these cells [389].
Accordingly, TGF-B-induced ERK1/2 phosphorylation was found to be higher in
H1299 cells compared to A549 cells (fig 32 c). To support this theory, future studies
should determine whether uPA induction by TGF-B is dependent on ERK1/2

activity in these cells.

To decipher cellular consequences of distinct TGF-B-mediated plasmin activity, cell
migration was measured (fig 31). Interestingly, the metastatic cell line H1299
showed lower basal (not serum-induced) migration than the early stage A549 cells.
While unexpected and not in line with the postulated stages of disease of these
cell lines, this result still fits to the observed lower basal plasmin activity in H1299
cells. Considering the importance of YAP/TAZ and RhoA for cellular migration, it
seems plausible that H1299 cells, who are thought to exhibit lower RhoA activity
and who display significantly lower YAP/TAZ activity than A549 cells, also show
reduced migration. When performed at the same conditions as the plasmin activity
assay, TGF-B affected cell migration of both cell lines according to its distinct
effects on plasmin activity in these cells, by increasing migration of H1299 cells
and decreasing migration of A549 cells. It thus seems that basal features of lung
tumor cells do not decide about the invasiveness of the cells, but rather the different
responses to TGF-B. This finding stands in contrast to previously described
increase in migration after TGF-B stimulation in A549 cells [394-396]. However,
previous studies performed migration assays within a serum-gradient, thus
measuring chemotaxis induced migration. When the protocol was changed and

cells were allowed to migrate within a serum gradient, TGF-f3 reduced migration of
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H1299 cells but increased migration of A549 cells, thus showing opposite effects
compared to the basal migration assay. Increased migration of A549 after TGF-$3
stimulation in this protocol fits to previously reported effects. However, these
effects were considerably smaller than those observed under basal, non-gradient
conditions and could also stem from the effects of TGF-3 on basal migration at low
serum concentration. It thus appears that the well-established and widely used
protocol for assessing migration with a chemoattractant is reliable and suitable to
address defined scientific questions. However, measurement of serum-
independent migration as a so far unattended opportunity to monitor cellular
migration is revealed as suitable means to decipher the consequences of plasmin
activity in this work. In summary, effects of TGF-B on plasmin activity seem to
correlate with migratory features in both cell lines and targeting TGF-§ signaling

might affect migration of cancer cells.

7.4 Role of ERK1/2 in TGF-f signaling in lung tumor cells

The observed increase in plasmin activity in H1299 cells after TGF-f8 stimulation is
unexpected and unique. While several factors, like reduced SMAD signaling and
PAI1 expression compared to A549 offer a hint at different signaling pathways in
these cell lines leading to stronger reduction of plasmin activity in A549 cells, they
do not provide an explanation for the observed increase in plasmin activity. Thus,
this work aimed at determining the difference in signaling pathways upon TGF-
stimulation in these cells. A549 cells carry a K-ras mutation, while H1299 cells carry
a N-ras mutation, thus A549 and H1299 cell possibly differ in ERK1/2 activity. As
shown in this work, H1299 display higher basal ERK1/2 phosphorylation levels
than A549 cells, fitting to the assumption that the N-ras mutation in these cells
leads to activation of ERK1/2 (fig 32a). With the above-mentioned positive
feedback loop of plasmin and ERK1/2 activity and the dependency of uPA
induction by TGF-B on ERK1/2 signaling, the next logical step was to look at the
consequences of ERK1/2 inhibition on plasmin activity in these cells. To further
decipher the differences of TGF- on plasmin activity in distinct tumor cell lines, a
MEK1/2 inhibitor was used to determine the role of ERK1/2 activity. ERK1/2

inhibition increased basal plasmin activity in H1299 cells, but not in A549 cells, thus

167



implying greater relevance of ERK1/2 signaling in H1299 cells (fig 32). Most
interestingly, upon ERK1/2 inhibition, the increase in plasmin activity observed in
H1299 after TGF- stimulation was completely eliminated and even inverted to a
decrease in plasmin activity, just as observed in A549 cells (fig 32). Thus, ERK1/2
seems to be responsible for the unique effects of TGF-3 observed in H1299 cells,
and blockade of ERK1/2 seems to adjust the effects of TGF-B in H1299 to those
observed in A549 cells. Accordingly, basal SMAD3/4 activity increased in H1299
after ERK1/2 blockade, thereby resembling the effect observed in A549 cells (fig
33). Further, ERK1/2 blockade reduced TGF-B-induced SMAD3/4 and YAP/TAZ
activity in A549, but not in H1299 cells, supporting the assumption of differences
in the effects of ERK1/2 signaling on SMAD or YAP/TAZ signaling in these cells
(fig 34). In summary, ERK1/2 signaling alone and in combination with TGF-3
signaling seems to be of utmost importance in conferring differences in tumor cell
lines from early or late stages of the disease. Further, inhibition of ERK1/2 seems
to break the above-mentioned positive feedback loop in invasive lung cancer cells
to a great extent, thus being able to restore TGF-f signaling to its normal state. Of
note, mutations in K-ras are predominantly found in NSCLC while N-ras mutations
are not frequently found, thus this work provides novel insight into cellular

mechanisms for lung tumor cells with a specific N-ras mutation [296].

Interestingly, TGF-B seemed to be highly toxic to A549 cells after 5 days of
stimulation, which was completely reversed with simultaneous ERK1/2 blockade.
H1299 cells were unaffected by both protocols (fig 35). In view of this data, testing
ERK1/2 blockade in migration and invasion assays seems a promising approach
for future studies to assess the consequence of ERK1/2 and TGF-f interactions in
tumor cell lines. Interestingly, growth inhibition of H1299 cells has previously been
reported upon MEK1/2 blockade [300].
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7.5 TRPMY7 restrains plasmin activity in human lung cells

Due to its bifunctionality, TRPM7 could possibly affect cellular mechanisms via its
kinase domain or by modulating levels of Ca?*, Mg?* or Zn?* via its channel activity.
It has yet to be clarified whether TRPM7 kinase is essential for TRPM7 channel
function. Few studies reported that channel activity depends on a functional kinase
domain [327, 397, 398]. By contrast, other studies clearly show that kinase activity
is not required [329, 399]. Of note, TRPM7 kinase is regulated by Mg?*, thus
depending on the channel function [397]. An interdependency of channel function

and kinase activity has therefore to be assumed.

As described in chapter 3.5.2, TRPM7-mediated levels of distinct cations are
indeed considered as crucial factor influencing fibrotic diseases. Du et al stated
that TRPM7-mediated Ca?* levels support atrial fibrosis [330]. However, the
methods used in this study could not exclude that the observed effects were
dependent on Mg?* levels or kinase function. Of note, they used the TRPM7
blocker 2-APB, which is not considered as selective TRPM7 blocker, as described
in chapter 3.5.2. While they confirmed their findings by silencing TRPM7 with a
small hairpin RNA, this method can also not distinguish between the cations
involved. Besides, knockout of TRPM7 channel function may lead to loss of
TRPM7 kinase function, thus effects observed could also be attributed to kinase

dependent signaling.

Rios et al discovered antifibrotic effects of TRPM7-mediated Mg?* levels in cardiac
fibrosis [312]. However, as they stated in their conclusive remarks, these effects
can only be partly attributed to Mg?*, since effects of other cations cannot be
excluded. They observed reduced Mg?* in heterozygous kinase-deficient mice and
thus correlated TRPM7 kinase and Mg?* levels to the observed fibrotic phenotype.
However, hypomagnesemia in these mice might hint at a reduced channel function
in addition to the reduced kinase function, as proposed by Romagnani et al [329].
Thus, a clear correlation of a TRPM7 function to the observed effects remains

guestionable.
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As a general remark, there is a tremendous difference concerning the kinetics of
usage of TRPM7 blockers. Cation levels determined with the patch clamp
technique are commonly measured after blockade of the channel in the range of
seconds to a few minutes [325]. Conclusions on expression of fibrotic markers or
cellular processes conferring a fibrotic phenotype are however typically drawn after
48 h [175, 353]. Thus, it seems questionable whether prolonged blockade of
TRPM?7 can still be attributed to a change in specific cation levels, as stated in the
above-mentioned studies. Of note, the widely used TRPM7 blockers NS8593 and
Waixenicin A cannot distinguish between both functions, thus blockade of TRPM7
leads to blockade of both kinase function and channel activity [324, 342, 343].
Moreover, TRPM7 blockers can also not distinguish between the regulation of
distinct cations [325, 337]. In summary, so far, no study achieved to assign the
effects observed in fibrotic diseases to a specific TRPM7 function and further

studies are required to decipher distinct effects of channel and kinase function.

In addition to the suggested effects of TRPM7 by modulating cation levels, TRPM7
has been shown to promote fibrosis by supporting PI3K/Akt or SMAD signaling
pathways [312, 400]. Due to a direct interaction of TRPM7 kinase and SMAD2 in
T-cells, regulation of cellular processes via its kinase domain seems likely [329].
While above-mentioned previous studies suggested TRPM7 as crucial modulator
of fibrotic diseases, e.g. in supporting kidney and cardiac fibrosis, no involvement
of TRPM7 in pulmonary fibrosis has been described yet [330, 331]. Thus, this work
aimed at analyzing the effects of TRPM7 blockade under basal and TGF--
stimulated conditions in pHPF and to decipher the role of the two TRPM7 functions
using a genetically modified mouse model with TRPM7-kinase deficiency.

Herein, it could be shown, that two structurally unrelated TRPM7 blockers reduced
basal PAI1 and fibronectin protein levels in pHPF (see chapter 6.3.2). On the
MRNA level, TRPM7 blockade reduced SERPINE1 expression, but not FN1 or
Col1A1l, suggesting that TRPM7 specifically modulates SERPINE1 expression,
which may lead to degradation of fibronectin proteins via plasmin activity (see
chapter 6.3.2). To test this hypothesis, plasmin activity after TRPM7 blockade was
measured. Both structurally unrelated TRPM7 blockers as well as siRNA against

TRPM?7 significantly enhanced plasmin activity of pHPF and the elevation was
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higher in the cell-associated fraction than in the secreted fraction (see chapter
6.3.1). Importantly, off-target effects of the TRPM7 blocker NS8593 could be
excluded by using the apamin control (fig 37). Since effects of TRPM7 blockade
on plasmin activity have not been reported before, data shown in this work is
unique. This work therefore describes for the first time TRPM7 as plasmin activity
inhibitor and provides TRPM7 inhibitors as new small molecules to enhance
plasmin activity. Activation of the fibrinolytic system is an emergency treatment for
heart attacks or acute pulmonary embolisms, but prominently used thrombolytic
drugs to increase plasmin activity are difficult to dose correctly and usage is
accompanied by severe side effects. Thus, the results presented in this work

provide a new treatment option by targeting TRPM7.

Considering the unique nature of plasmin enhancement after TRPM7 blockade in
pHPF reported in this work, it was aimed at monitoring the effects of TRPM7
blockade in additional cell types. Indeed, TRPM7 blockade increased plasmin
activity in three additional lung cell lines (fig 48, 50, 51). Thus, effects of TRPM7
blockade were not specific for pHPF but appear to be a general feature in
pulmonary cells. Since TRPM7 blocker have been previously reported for their
antiproliferative effect, plasmin activity measurements were normalized to the cell
number. Further, several concentrations of the blockers have been tested in this
work and experiments were conducted using concentrations that did not (in the
case of NS8593) or only slightly (in the case of Waixenicin A) reduce overall cell
number (fig 39). It should be noted however, that reduced cell number after
Waixenicin A stimulation would not result in increased plasmin activity and would
even dilute the enhancing effect on plasmin activity. To decipher a cellular
consequence of increased plasmin activity after TRPM7 blockade, cellular
migration was measured. Indeed, TRPM7 blockade increased serum-independent
as well as serum-induced migration, thus revealing TRPM7 as possible target to

modulate cell migration
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Figure 78: Kinetics of TGF-B-induced SERPINE1l, FN1 and CollAl1 mRNA
expression in pHPF

SERPINEL, FN1 and Col1lA1 mRNA amounts of pHPF were determined by qRT-PCR after 24 h
and 48 h stimulation with TGF-B (2 ng/ml). Data is shown as SEM of x-fold over basal values,
n = 3-5. Statistical analysis was performed using two-way ANOVA followed by Tukey’s post-test.
Asterisks indicate significant differences to zero, ** p<0.01, *** p<0.001.

TRPM7 blockade enhanced plasmin activity after 24 and 48 h, however it did not
so after 4 h (see chapter 6.3.1). Thus, TRPM7 activity likely affects plasmin activity
indirectly via regulating gene expression rather than acutely. Therefore, SMAD
signaling after TRPM7 blockade was analyzed. SMAD signaling is key in TGF-f3
conveyed effects on plasmin activity and ECM remodeling. Indeed, TRPM7
blockade decreased TGF-B-induced SMAD2 phosphorylation, SERPINE1 mRNA
expression and PAIL protein levels (see chapter 6.4.2). Thus, SMAD-dependent
signaling and its effects on the PAI1 promoter emerged as a possible link between
TRPM7 and plasmin activity. Accordingly, TRPM7 blockade counteracted effects
of TGF-B on plasmin activity in the secreted fraction and inhibited TGF-B-induced
protein levels of fibrotic markers. Importantly, TRPM7 blockade did not affect
MRNA levels of FN or Col1A1l, suggesting that TRPM7 targets ECM protein levels
indirectly via modulation of SERPINE1 and subsequent plasmin activity. This
finding is especially important since late stages of fibrosis require degradation of
ECM to achieve tissue restoration. Explanations for the selective effect of TRPM7
on TGF-B-induced SERPINEL expression can only be speculated. Of note, TGF-[3-
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induced mMRNA levels of FN1 and Col1ALl rose linearly, but SERPINE1 expression
peaked at 24 h and then declined (fig 78). This could indicate distinct modes of
actions of TGF-B/SMAD signaling on these promoters. Besides, all three promoters
contain binding sites for several transcription factors other than SMAD, thus the
regulation may not be solely dependent on TGF-B/SMAD signaling. These distinct
kinetics therefore suggest differences of TGF-B signaling on these SMAD-
dependent promoters and thus different effects of TRPM7. However, the promoters
of these genes also carry binding sites for transcription factors other than SMADs.
According to this, TRPM7 blockade selectively reduced TGF-B-induced SMAD but
not YAP/TAZ activity (fig 67). Such specific effects of TRPM7 may explain the
selective targeting of SERPINEL, but further studies are required to determine why
TRPM?7 blocker affect SERPINEL, but not FN1 or Col1Al expression.

In summary, TRPM7 likely promotes TGF-B signaling via SMAD proteins and
thereby modulates plasmin activation. A possible implication of TRPM7 on the

fibrinolytic system is summarized in figure 79.

Next goal was to decipher a role of TRPM7 during prolonged TGF- stimulation.
Fibroblast to myofibroblast differentiation was achieved upon TGF-f stimulation of
pHPF for 48 h and confirmed by evaluation of mMRNA and protein levels of the
fibrotic markers a-SMA, collagenl, fibronectin and PAI1 (see chapter 6.4.1).
TRPM7 blockade inhibited TGF-B-induced protein levels of all tested fibrotic
markers, thus suggesting an inhibition of fibroblast to myofibroblast differentiation
(see chapter 6.4.2). Importantly, TGF-B-induced mRNA levels of FN1 and Col1Al
were not affected, but SERPINE1 levels were strongly inhibited by TRPM7
blockade (fig 64). Effects on fibrotic markers could further be correlated to plasmin
activity, since inhibitory effects of TGF-B on plasmin activity were reduced by
TRPM7 blockade, suggesting that reduced protein levels of collagenl and
fibronectin stem from increased degradation by plasmin and not from direct
modulation of these genes (fig 56). Interestingly, TRPM7 siRNA did not affect the
inhibitory effect of TGF- on plasmin activity (fig 40). One possible explanation for
this finding could be that downregulation of TRPM7 via siRNA was not as efficient
as its blockade using NS8593. Besides, TRPM7 mRNA levels may not linearly

correlate with protein levels, thus the effects of SIRNA could be even smaller.
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Finally, TRPM7 blockade reduced SMAD signaling, thus confirming the

involvement of TGF-B-signaling via SMAD signaling in this context.

pIasr:ninogen tPA/UPA
activators

m ECM degradation

(fibronectin/collagen)
) TGF-p plasminogen plasmin
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= TGF-B plasminogen
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Figure 79: Schematic overview of the proposed implication of TRPM7 on the
fibrinolytic system

Plasminogen to plasmin activation is mediated by plasminogen activators tPA and uPA.
Active plasmin degrades components of the extracellular matrix (ECM) like fibronectin and
collagens. TGF-B-signaling via SMAD proteins induces expression of plasminogen-
activator-inhibitor 1 (PAI1), thereby inhibiting plasmin activation. TRPM7 supports TGF-8
signaling and thereby restrains plasmin activation.

The finding that TRPM7 blockade mostly affects plasmin activity in the cell-
associated fraction stands in contrast to the effects of TGF-3, which acts mostly on
the secreted fraction. One possible explanation could be that different kinetics lead
to activation or inhibition of plasmin activity. Besides, enhanced plasmin activity
due to TRPM7 blockade probably depends on protein levels of PAIL. Since PAIl

levels are higher in the cell-associated fraction than in the secreted fraction,
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inhibitory effects on basal PAI1 levels can be stronger in the cell-associated

fraction and thus affect plasmin activity to a greater extent.

In accordance, pHPF from a healthy donor and a donor with PF were compared
(see chapter 6.3.3). Due to the pathophysiological appearance of PF which
includes excessive accumulation of ECM, lower plasmin activity was expected in
the PF donor. Indeed, plasmin activity of both fractions was significantly lower
compared to pHPF from the healthy donor. Importantly, TGF- reduced plasmin
activity similarly in both cell pools, but TRPM7 blockade led to a significantly higher
increase in plasmin activity in cells from the PF donor. Thus, while TGF- signaling
leading to plasmin activity seems unaltered in fibroblasts from fibrotic tissues, they
may be more susceptible to agents modulating TRPM7 activity. Thereby, this work
reveals TRPM7 as promising target to selectively modulate ECM accumulation in

fibrotic tissues and achieve tissue restoration even in late stages of the disease.

Besides its role in fibrotic diseases, plasmin has also been reported to degrade
fibronectin among other ECM components to facilitate invasion of tumor cells to
surrounding tissues. Thus, TRPM7 blockade leading to increased plasmin activity
and reduced fibronectin levels may actually be fatal and support tumor progression.
It therefore seems promising to test TRPM7 agonists on the effects of plasmin
activity and ECM degradation. However, TRPM7 overexpression is reported for
several cancer types and associated with enhanced migration and tumor growth.
One possible explanation could be that TRPM7 channel function and kinase
activity possess distinct cellular functions regarding tumor cell migration and
invasion. Thus, further studies are required to decipher the role of TRPM7 functions

on tumor progression.

While fibronectin is a prominent part of the ECM, it is also considered a marker of
EMT. Similar to the differentiation of fibroblasts, sustained TGF- exposure has
been shown to induce EMT of tumor cells, which is a relevant step in the
progression of the disease. Data provided in this work confirmed induction of EMT
markers PAI1 and fibronectin after 48 h TGF-f stimulation and TRPM7 blockade
significantly reduced both markers in both cell lines (see chapter 6.4.4). These

findings suggest an additional role for TRPM7 as potential target to modulate EMT
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of lung tumor cells. In summary, this work provides evidence for TRPM7 as

potential target for fibrotic and malignant diseases.

As mentioned before, TRPM7 consists of an ion channel and a kinase domain,
which phosphorylates serines and threonines of TRPM7 itself or of other
substrates. SMAD signaling is key in TGF-B-conveyed effects on plasmin activity
and ECM remodeling. As TRPM7 kinase is known to phosphorylate SMAD2 in
T-lymphocytes, it seemed a promising target for modulation of TGF-§ signaling
[329]. One aim of this work was to assess which function of TRPM7 is involved in
SMAD signaling and plasmin activity. However, no pharmacological tools are
available to selectively inhibit one of the TRPM7 functions. Thus, a mouse model
was used with a point mutation at Lysine 1646, which is essential for kinase
function [329]. Using these TRPM7-K1646R and TRPM7-WT mice, discrimination
between kinase and ion channel function of TRPM7 is possible. Basal expression
of fibrotic markers in pMPF from both genotypes were comparable to those
observed in pHPF, suggesting that neither the isolation procedure nor the different
cell culture media affected these protein levels (fig 69). Fibrotic markers, SMAD2
phosphorylation and SMAD3/4 activity were induced by TGF-B in the same manner
as reported for pHPF, thus TGF- signaling seemed comparable in murine and
human primary pulmonary fibroblasts (fig 70-71). However, in pulmonary
fibroblasts isolated from mice, TRPM7 blockade did not affect TGF-B-induced
SMAD3/4 activity, PAI1 protein levels and plasmin activity (fig 72). It was thus
concluded that interactions between TRPM7 and TGF-f3 in lung fibroblasts are
species specific. Interestingly, SMAD3 protein expression was not decreased after
TGF-B stimulation in the murine cells and no effects on plasmin activity were
observed after TGF-f stimulation (fig 72, 73). These findings hint at further species-
specific differences of TGF- signaling, independently of TRPM7.

Plasmin activity was additionally measured in another murine fibroblast cell line,
which was entirely unaffected by TRPM7 blockade or TGF-B stimulation,
suggesting that the entire plasminogen activation system may be regulated
differently in mice compared to the human system (fig 72). Of note, it is known that

the sequence of the promoter region of the PAI1 gene in rats is different than in
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humans and that PAI1 from mice and human have structural and sequence
differences, thus a different regulation of PAI1 and subsequent plasmin activity
seems likely in different species [231]. It was thus refrained to further use the
murine fibroblasts to analyze effects of TRPM7 on TGF-f signaling and plasmin
activation. Further, no statement could be made regarding the TRPM7 function
involved in the modulation of TGF-B signaling and plasmin activity in pulmonary

fibroblasts.

As stated previously, TRPM7 could affect cellular processes via modulating cation
levels or via its kinase domain. Ca?* signaling via calmodulin has been reported to
reduce SMAD signaling in HEK-293 cells and R-SMADs have been shown to bind
to calmodulin in a calcium dependent way [401, 402]. Further, the SMAD2/3
phosphatase PPM1a inhibits TGF/SMAD signaling dependent on Mg?* in MRC5
cells [403]. Inhibition of channel function and reduced Ca?* and Mg?* levels in the
cell would therefore increase SMAD activity, however no such effect was observed
in this work. Since specific effects of TRPM7 kinase on SMAD2 phosphorylation
have been reported before, it thus seems more likely that TRPM7 affects cellular
processes leading to its effect on plasmin activity via its kinase domain [329].
However, these effects were observed after 10 min stimulation with TGF- and
therefore display fully distinct kinetics than the experiments performed in this work.
It should also be noted, that cellular processes may vary hugely when using a
blocker for 48 h comparing to using a genetically deficient mouse, which never

possessed a kinase function.

Due to the unavailability of suitable tools to specifically target one function of
TRPM?7, this work thus faced the same problems as previous works and only
assumptions on the function involved can be made. Just recently, a study identified
small molecules that selectively inhibit the channel function of TRPM7, thus a

selective effect of the channel moiety could be targeted in future studies [404].

Despite that, TRPM7 blocker emerge as possible treatment option to target

plasmin activation and ECM degradation in pulmonary fibroblasts. TRPM7

supports TGF-B-induced ECM accumulation by inhibiting the proteolytic

degradation by plasmin. It selectively affects TGF-B-induced PAI1 expression and
177



not directly affects expression of ECM proteins. Thus, plasmin activation after
TRPM7 blockade leading to degradation of proteins of the ECM might be crucial
for targeting accumulated ECM in late stages of pulmonary fibrosis and reveal a

possibility for tissue restoration.
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9. Appendix

List of abbreviations

ANOVA analysis of variance

AP-1 activator protein 1

AUC Area under curve

BSA Bovine serum albumin

cDNA complementary DNA

Co-SMAD co-mediator SMAD

Cp Crossing point

DLC1 deleted in liver cancer 1

DMSO dimethyl sulfoxide

ECM extracellular matrix

EDTA Disodium ethylenediaminetetraacetic acid
EGFR Epidermal growth factor receptor
ELISA Enzyme-linked Immunosorbent Assay
EMT epithelial to mesenchymal transition
ERK1/2 extracellular signal-regulated kinase 1/2
FCS Fetal calf serum

GDP guanosine diphosphate

GEF guanine nucleotide exchange factor
Grb2 growth factor receptor bound protein 2
GTP guanosine triphosphate

HAI2 hepatocyte growth factor activator inhibitor 2
HCI Hydrochlorid
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HPAEC primary human pulmonary artery endothelial
cells

HRP horseradish-peroxidase

ILD interstitial lung disease

IPF idiopathic pulmonary fibrosis

I-SMAD inhibitory SMAD

JNK c-Jun amino terminal kinase

kDa Kilo dalton

LATS1/2 large tumor suppressor kinase 1/2

LB lysogeny broth

MAPK mitogen activated protein kinase

MEK1/2 MAP2K MAPK/ERK1/2 kinase

MH2 Mad homology 2

MMP matrix-metalloproteinase

NSCLC non-small cell lung cancer

oD Optical density

PAGE polyacrylamide gel electrophoresis

PAI1 plasminogen activator inhibitor 1

PBS phosphate buffered saline

PF pulmonary fibrosis

pHPF primary human pulmonary fibroblasts

PI3K/Akt phosphoinositide 3-kinase/ protein kinase B

PLG plasminogen

pMPF Primary mouse pulmonary fibroblasts
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PPM1A protein phosphatase, Mg?*/Mn?* dependent
1A

gRT-PCR Quantitative real-time reverse transcriptase
polymerase chain reaction

RFU Random fluorescence unit

RhoA Ras homolog family member A

RISC RNA-induced silencing complex

RLU Random light unit

ROCK Rho-associated kinase

R-SMAD receptor-regulated SMAD

RT room temperature

SARA SMAD anchor for receptor activation protein

SDHA succinate dehydrogenase complex, subunit A

SDS sodium dodecyl sulfate

SEM standard error of the mean

SiRNA small interfering RNAs

SK channels

small conductance Ca?* -activated K~

channels
SRB sulforhodamine B
TAK1 TGF-B-activated kinase 1
TAZ WW domain-containing protein
TBST TRIS-buffered saline
TEAD TEA domain family member
TGF-B transforming growth factor 3
TMB 3,3',5,5"-tetramethylbenzidine
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tPA tissue-type plasmin activator

TRIS Tris-(hydroxymethyl)-aminomethan
TRP transient receptor potential
TRPM7 transient receptor potential cation channel,

subfamily M, member 7

uPA urokinase-type plasmin activator

uPAR urokinase-type plasmin activator receptor
WST-1 Water soluble tetrazolium 1

WT Wild type

YAP Yes-associated protein

a-sma a-smooth muscle actin
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