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Abstract

Melanoma arises from the malignant transformation of melanocytes. It only represents
5-10 % of skin cancer, but accounts for 90 % of the deadly outcomes - the overall
deadliest form of all skin cancers and has a high capacity for metastasis. Morphological
changes during epithelial-to-mesenchymal transition (EMT), e.g. cells become more
spindle shaped, contribute to metastasis, and metastasis is always accompanied by a
loss of adhesion. The focus of this thesis is on the two last mentioned items. Two
corresponding xenograft derived cell lines of cutaneous (YDFR-C) and brain metastatic
(YDFR-CB) cells from the same patient were examined. The adhesion behavior of the
mentioned tumor cells (YDFR-C and YDFR-CB) were examined with the aid of a de-
adhesion assay, morphological changes were determined by Imaging, and the impact of
the three chosen drugs (Celecoxib, Lovastatin, and Yoda-1) on them was investigated.
Moreover, a total protein profiling of both cell lines in every condition (untreated control,
Celecoxib, Lovastatin, and Yoda-1) was performed.

It could be proven that adhesion in the metastatic YDFR-CB cell line is more pronounced
than in the cutaneous YDFR-C cell line. Against other scientific observations, Lovastatin
strengthened adhesion in brain metastatic YDFR-CB cells and had furthermore no
impact on the adhesion behavior of cutaneous YDFR-C cells. Nevertheless, it had a
strong impact on the cell morphology as cells became more spindle-like. Yoda-1
treatment seemed to be contrary concerning the adhesion behavior and the morphologic
changes: Cells which had not experienced shear stress before (YDFR-C) showed a
strong response concerning de-adhesion behavior, whereas cells already having
experienced shear stress (YDFR-CB) once before, showed a strong morphological
response. It seems that nicotinamide N-methyltransferase (NNMT) could function as a
molecular biomarker for melanoma. To date, this thesis is the first to compare and put in
relation the de-adhesion behavior of human melanoma cells originated from a primary

and secondary tumor of the same patient.



Zusammenfassung

Das Melanom entsteht aus der malignen Transformation von Melanozyten. Obwohl es
nur 5-10 % aller Hautkrebsarten einnimmt, ist es fiir 90 % der Todesfalle verantwortlich
und bildet somit die todlichste Hautkrebsart. Ein Grund dafir ist seine hohe
Bereitwilligkeit zur Metastasierung. Morphologische Veranderung (z.B. die Zellen
werden spindelférmiger) wahrend der epithelial-zu-mesenchymal Transition (EMT) tragt
zur Metastasenbildung bei, und Metastasierung ist auch immer mit einem Verlust von
Adhéasion verbunden. Auf den beiden letztgenannten Punkten liegt der Fokus dieser
Arbeit. Zwei korrespondierende, von Patientenmaterial abgeleitete Xenograft-Zelllinien
von kutanen Zellen (YDFR-C) und Gehirnmetastasen (YDFR-CB) desselben Patienten
wurden untersucht. Es wurde das Adhasionsverhalten beider Zelllinien (YDFR-C und
YDFR-CB) mithilfe eines De-Adhasions-Assays bestimmt, morphologische
Veranderungen anhand von Imaging erfasst und deren Beeinflussung durch die drei
ausgewahlten Drugs Celecoxib, Lovastatin und Yoda-1 untersucht. Zusétzlich wurde ein
gesamtes proteomisches Profil beider Zelllinien (YDFR-C und YDFR-CB) und jedes

Zustandes (unbehandelte Kontrolle, Celecoxib, Lovastatin, Yoda-1) erstellt.

Die Ergebnisse zeigten, dass Sekundartumore (YDFR-CB Zelllinie) ein starkeres
Adhasionsverhalten als Primartumore (YDFR-C Zelllinie) aufwiesen. Entgegen anderen
wissenschaftlichen Beobachtungen zeigte Lovastatin in dieser Untersuchung eine
Verstarkung des Adhasionsverhaltens in der metastatischen YDFR-CB Zelllinie und
beeinflusste das Adhéasionsverhalten in der YDFR-C Zelllinie nicht. Jedoch veranderte
sich die Morphologie beider Zelllinien signifikant in Richtung einer spindelartigen Form.
Die Behandlung mit Yoda-1 zeigte ein kontrares Bild von Adhasionseigenschaften und
morphometrischen Verénderungen auf: Das Adhasionsverhalten von Zellen, welche
bisher noch keiner Scher-Beanspruchung ausgesetzt waren (YDFR-C) wurde bei
Behandlung mit Yoda-1 stark beeinflusst, wohingegen Zellen, welche bereits einmal
einer Scher-Beanspruchung ausgesetzt waren (YDFR-CB), starke morphologische
Veranderung aufwiesen. Des Weiteren scheint N-Methyltransferase (NNMT) als ein
molekularer Biomarker fir das Melanom zu fungieren. Zurzeit ist diese Arbeit die erste,
welche das Adhéasionsverhalten von menschlichen Melanom Zellen untersucht, die aus

einem priméren, sowie sekundéaren Tumor desselben Patienten stammen.
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3 Introduction

Skin cancer, which is generally classified into the two subtypes melanoma and non-
melanoma [1, 2], is increasing during the last years [3—6] and is one of the most common
group of cancers worldwide [5-7]. The most widespread among the non-melanoma
subtypes are the basal cell carcinoma accounting for 80 — 85 %, and the squamous cell

carcinoma accounting for 15 — 20 % of all cases [2].

The melanoma subtype on the other hand divides into three categories (based on their
point of origin): cutaneous melanoma, mucosal melanoma and ocular 4 [8], with
cutaneous melanoma being the far most common category with more than 90 % of
melanoma cases [9], which arise from the malignant transformation of melanocytes [10,
11]. In this thesis we focus on cutaneous melanoma which can be in situ (limited to the
epidermis) and invasive (where melanocytes invade the dermis). There are four major

forms of invasive cutaneous melanoma and their percentual range of occurrence [11]:

Table 1: Major forms of cutaneous melanoma [11], adapted by author

major forms of . percentual range
abbreviation
cutaneous melanoma of occurrence
Superficial spreading melanoma | SSM 41 %
Nodular melanoma NM 16 %
Lentigo maligna melanoma LMM 2.7-14 %
Acral lentiginous melanoma ALM 1-5 %*

*higher percentage in African American or Asian population

For the sake of completeness it should be mentioned that in the 4™ edition of the “WHO
classification of skin tumors” of the year 2018 [12], an updated melanoma classification
(based on pathways) [13] was presented, in which the melanoma subtypes were divided
into two groups based on their etiology, namely in those arising from sun exposure
(further divided depending on the degree of cumulative solar damage [CSD]) and those
arising independently from sun exposure (named as “non-solar” category) [11, 14]. Thus
9 types of melanoma development could be distinguished (based on their clinical and
histologic morphology, epidemiology, and genomic characteristics) [14], 7 of them being
cutaneous melanoma [15] (and including the 4 major forms of cutaneous melanoma
mentioned above). The development of each melanoma subtype was assigned to a

pathway from the underlying precursor lesion onwards [14].

The term “malignant melanoma”, especially used from the 1950-ies onwards, implies
that there might be “benign melanoma” as well, which can lead to confusion and

misunderstanding. In recent years the term “melanoma” has become more current as a



melanoma is always malignant [16]. The term “cutaneous melanoma” is often used
synonymously with “melanoma” as well in many articles [1, 4, 6, 8, 11, 17-19]. Therefore,
in this thesis, “malignant melanoma” as well as “cutaneous melanoma” will be termed

“melanoma” (MN).
3.1 Melanoma in our society — a short overview

The expression “melanoma” is derived from the two Greek words melas meaning “dark”
and oma meaning “tumor”. Its earliest historical evidence was found in Peruvian
mummies radiocarbon dated about 400 BC [20]. Today, MN only represents 5 — 10 % of
skin cancer [7] but accounts for 90 % of the deadly outcomes [11] — the overall deadliest
form of skin cancers [3, 5, 11, 17, 18], which accounts for 1.7 % of all new cancer cases
diagnosed worldwide [21]. For the year 2020, 325,000 new cases (53.5 % male | 46.5 %
female) of MN were expected worldwide and 57,000 deaths (56.1 % male | 43.9 %
female) correlated with MN. For 2040 the worldwide prediction is even worse: 510,000
new cases (a 56.9 % increase) are estimated annually and 96,000 correlated deaths (a
68.4 % increase) [6]. The current MN data for the US (estimated for 2022) [22], the EU-
27 and Austria (estimated for 2020) [23] listed in Figure 1 show that men are more

affected than women.

estimated new cutaneous melanoma cases

53.5% /n\ 57. 3% 52.1% /ﬂ\ 50.5% ﬁ\
/174 000 ﬁ /57 180 /. 55400 ‘ Z 1030
* : * 42.7% 7- i 47.9% * 49.5% '
151 000 42 600 50 970 1010
worldwide USA EU-27 Austria
2020 2022 2020 2020

estimated deaths from cutaneous melanoma

56.1% 66. 4% 57. 4% 59.5% /i\

/ 32000“ ﬁ v, 50] / 9460 / 250
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336% ; 405% ’

R 25000 2 570 7 030 170

worldwide USA EU-27 Austria
2020 2022 2020 2020

Figure 1: estimated new melanoma cases and deaths based on data published in [6, 22, 23], designed by
author



The MN incidence-rates vary strongly between countries because of different racial skin
phenotypes (the risk to develop MN in the American white population is on average
approximately 30 times higher compared to the African American population - calculated
from [24], see also 4.4) and variations in sun exposure [25]. In regions of the world where
most people with light complexion have intermittent intense sun exposure — during short
holidays for example — 80% of MNs develop [26]. The most vulnerable and affected

phenotypes are elderly people with fair skin, blue eyes and red hair [7].

The incidence also differs according to age (see also 4.3). Younger and middle-aged
people are more affected (with a linearly rise between 25 to 50 years [25], with a peak at
65 [27] and a median age of 57 years when diagnosed). Differences between sexes also
occur. Women predominate until the age of 40, whereas at the age of 75 men’s incidence
is 3 times higher. According to parts of the body, MN in women prevails at arms and legs,
in men at the back [25]. UV-exposure also plays an important role (see also 4.1). More
than 5 incidents of severe sunburn double the risk to develop MN [4], sunburns in
childhood and adolescence are even responsible for the highest risk at all [4, 26]. UV
radiation from artificial sources like sunbeds is also associated with an increased risk to

develop MN, so that sunbeds are formally classified to be carcinogenic in humans [4].
3.1.1 Metastasis

MN arises from the malignant transformation of melanocytes [10, 11], which stem from
greatly migratory neural crest cells [28]. The differentiating step from a pre-cancerous
neoplasm to malignant cancer is its invasion through the basement membrane [29].
When tumor cells detach from the original primary tumor and spread through the vascular
or lymphatic systems to form new (secondary) tumors at distant locations (e.g organs),
this is called metastasis [30—33]. Metastasis is the major reason for treatment failure [30,
33] and the high mortality rate of cancer [31, 32, 34] - up to 90 % of all cancer deaths
result from metastasis [32, 35].

There are 5 different stages for MN lesions to be classified (0, I, II, Ill, IV) — see Figure
2. The lower the stage, the better the prognosis. Stage 0 means melanoma in situ [36],
without spreading into deeper parts of the skin — e.g. dermis [3]. Stage IV denotes distant
metastatic MN [36], where metastasis has occurred from the primary tumor to remote
parts of the body like (but not limited to) liver, lungs or brain [3, 5], for more details see
[37].
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Figure 2: Architecture of the skin and overview over the different diagnostic stages of melanoma [37],
adapted by author
At the time of diagnosis, about 90 % of MN are primary tumors with no signs of
metastasis at all (stage 0) [11]. These primary MN patients are successfully treated by
surgery [3, 5] and show an approximated 5-year survival rate of 99 % [5] and a 10-year
survival rate of 75 — 95 %. Nevertheless, although even thin tumors can disseminate,

more than 85 % of MN will not metastasize [11].

Prognosis becomes significantly worse with patients at a late-stage disease (stage V)
[18]. The 5-year survival rate for metastatic MN is about 27 % [5], thel0-year survival

rate is only about 10 % [3].

Brain metastasis is diagnosed in 60 % of metastatic MN patients and found in 80 % at
autopsy of affected people. The 5-years survival rate amounts to 23 % [8], but the 1-year
overall survival rate could be extended from 20 — 25 % to 80 — 85 % because of the great
advances of systemic therapy [38]. Generally, mortality rate has decreased significantly
since the first immune checkpoint inhibitors (like ipilimumab) and BRAF kinase inhibitors
(like vemurafenib) were approved [39]. During pregnancy, MN is the most common
malignancy (31 % of all cancers), but only 0.9 % of women will get this diagnosis while
being pregnant. Still, current data suggest that pregnancy neither affects the melanoma
risk nor melanoma survival. This is also the case with contraceptive pill and hormone

replacement therapy [11].



3.2 Architecture of the skin and the role of melanocytes

As an aggressive cancer, MN appears on the skin and starts in melanocytes [40] — cells
helping to protect the skin from UVR damage [41].

The skin is the largest organ of the human body and accounts for about 15 — 17 % of the
total body weight — adults have between 1.5 to 2 m? of skin [7]. Its primary function is to
protect against and repair environment-based physiological and molecular damage [42].
It is structured into three layers, the epidermis, dermis, and hypodermis. The epidermis
(avascular and enervated) is made of different types of stratified cells, of which the
keratinocytes (80 %) and the melanocytes (5 — 10 %) are the most common [1]. The
epidermis is 0.03 — 0.13 mm thick [7]. The basement membrane (0.5 — 1 um thick)
separates the epidermis from the dermis, which consists of collagen, elastin fibers,
fibroblasts and the amorph extracellular matrix (ECM). It includes blood and lymphatic
vessels [1] and is 1.1 mm thick [7]. The hypodermis is the deepest layer of the skin and
is not clearly separated from the dermis. It connects the skin with the underlying muscles

and contains adipocytes [1] — see Figure 2.

Melanocytes (MCs) take part in the defense system against ultraviolet radiation (UVR)-
mediated DNA damage (further details in 4) providing melanin, a complex
macromolecule that absorbs and scatters UVR, to the adjacent keratinocytes (KCs). In
the skin of an average individual there are nearly 3 billion cutaneous MCs, corresponding
to about 1,500 MCs per mm?. They divide less than twice a year [41], and their
proliferation and melanin production is induced by UVR mediated DNA damage of KCs
in a p53 dependent manner (see Figure 3). The tumor-suppressor protein p53 stimulates
transcription from POMC (pro-opiomelanocortin) gene promoter. POMC is a
multicomponent precursor polypeptide and is then processed into a-MSH (melanocyte-
stimulating hormone), ACTH (adrenocorticotropic hormone) and 3-endorphin [43]. The
secreted a-MSH binds to its receptor MC1R (melanocortin 1 receptor) on the surface of
the MCs in the basal epidermis [44]. MC1R transduces this extracellular signal to the
downstream effector MITF (microphthalmia-associated transcription factor) in a cAMP
(cyclic adenosine monophosphate) dependent way [45], thus stimulating melanin
production in specialized lysosomal-related organelles named melanosomes [46]. MITF
regulates the expression of the main enzymes in melanogenesis, tyrosinase (TYR),
tyrosine-related protein-1 (TYRP-1) and tyrosine-related protein-2 (TYRP-2) [46]. These
enzymes are mainly involved in the transformation of the amino acid tyrosine into
melanin [47]. Melanin is then transferred via melanosomes from MCs to KCs where it
protects their nucleus from UVR mediated DNA damage [41]. Each MC can provide

about 40 KCs with melanin [48]. Besides providing a shield against UVR, melanin may

5



also have negative effects and can attenuate the efficiency of radiotherapy,
chemotherapy and phototherapy, what can promote tumor growth and progression [49].
COX-2 is linked to pigmentation — in MC, silencing COX-2 suppresses melanogenesis

and reduces pigmentation [50].
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Figure 3: melanin production induced by UVR [51]

There are two major kinds of melanin, eumelanin and pheomelanin [45]. Eumelanin is
an insoluble [46], inert, dark brown/black pigment [52] which is prevalent in people with
brown and black hair [53]. The more eumelanin is present in the epidermis, the darker
the skin complexion appears and the better the UVR shielding properties are [52].
Pheomelanin is a soluble [46], sulfur containing [53], reddish/yellow pigment which
prevails in individuals with red hair, pale skin and freckles. Pheomelanin has a poor UV
protection capacity compared to eumelanin and amplifies UVA mediated ROS [54].



4 Melanoma risk factors

There are environmental and host risk factors that lead to the development of MN [4, 13,
25, 39], but it is important to note that MN is not a single tumor entity and therefore does

not follow a homogeneous profile of risk factors and prognosis [55].
4.1 Ultraviolet radiation (UVR) from natural and artificial sources

UVR is the most important risk factor for the development of MN [5, 6, 11, 13, 45, 55—
57]. It is estimated that about 90 % of the MN cases are caused by UVR, mostly from
sunlight [45].

4.1.1 Natural UVR source - sunlight

According to their biological effects, the UV range (200 — 400 nm) can be subdivided into
three spectral regions: UVA (320 — 400 nm), UVB (290 — 320 nm) and UVC (200 — 290
nm) [58]. The UVC range reaching the earth is neglectable, as nearly all is absorbed by
the ozone layer. This is important as the DNA absorption maximum with 260 nm lies
within the UVC spectrum, which makes them highly mutagenic [59]. A large proportion
(70 — 90 %) of UVB is also absorbed by the stratosphere [60]. Therefore about 5 % of
the electromagnetic spectrum that reaches the earth is comprised by UVR [58, 60] with
a radiation spectrum ranging from 290 — 400 nm [60]. On a summer’s day, the terrestrial
UVR comprises about 94 % of UVA and 6 % of UVB [58].

The wavelengths of sunlight can penetrate variably deep into the different layers of the
skin and can be absorbed there by different cellular biomolecules. UVA can reach the
dermal layer of the skin whereas UVB penetrates the epidermis [61]. UVA as well as
UVB cause DNA damage via different mechanisms, with UVB being absorbed directly
by nuclear DNA, and UVA damaging DNA indirectly via reactive oxygen species (ROS)
[42]. Both result in carcinogenesis [44], but in MN pathogenesis the exact role is yet to
be clarified [61]

UVA makes up the prominent part of UVR and penetrates deeper into the skin, but is
less genotoxic in comparison to UVB [62]. Although UVA is poorly absorbed by DNA, it
causes indirect damage to DNA via endogenous UVA chromophores that trigger the
formation of ROS. Those chromophores are still not fully characterized [63], potential
candidates contained in the skin are among others flavins, porphyrins and melanin [42,
63]. Oxidation of nucleotide bases affects the DNA by promoting mispairing, which leads
to mutagenesis. The transversion of the purine base guanine (G) to the pyrimidine base
thymine (T) is a well-known mutation caused by ROS. This amounts to the oxidation of

guanine (at the eighth position) which causes the formation of 8-hydroxy-2'-
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deoxyguanine (8-oxo-dG). 8-oxo-dG often pairs with adenine (A) instead of cytosine (C),
and this substitution mutates a G/C pair into an A/T pair. To avoid oxidative mutagenesis,

the base excision repair (BER) pathway can reverse oxidative damage in DNA [44].

UVB is higher in energy than UVA. It damages DNA by direct absorption of UV-photons
by pyrimidine bases [44, 61], which leads to the formation of two major and highly
mutagenic photoproducts [44], cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-
4)-pyrimidone photoproducts (6-4PPs) [44, 61]. CPDs are more abundant in formation,
whereas 6-4PPs are more mutagenic [42]. One day’s sun exposure results in up to 10°
UV-photoproducts in every keratinocyte exposed [64]. The UV-induced photoproducts
lead to a bulky lesion that distort the DNA helix, can impair transcription and block DNA
replication [65]. The nucleotide excision repair (NER) pathway identifies and repairs
CPDs and 6-4PPs [62] as well as other bulky DNA lesions [44]. If unrepaired,
photoproducts can result most frequently in C > T and CC > TT transition mutations [65,
66] (also known as UV fingerprint mutations [65]).

UVR-induced ROS can furthermore trigger different inflammatory pathways (e.g. MAPK,
AKT/PKB, JAK-2 and STAT-3) which upregulate COX-2-mediated PGE, production
leading to tumor progression. In MN, COX-2 is associated with DNA damage, tumor

survival, resistance to apoptosis, immune resistance, invasiveness and metastasis [67].
4.1.2 Artificial UVR sources

Besides from sunlight, people may also be exposed to UVR from artificial sources by
various lamps at home (e.g. for cosmetic purposes) or at work (e.g. for research, medical
or industrial purposes), but the main source for artificial UVR arises from tanning devices
[68]. Modern tanning beds mainly operate in the UVA range, only a small proportion (<
5 %) lies in the UVB range —which corresponds to the normal ratio of UVA to UVB on a
sunny day [68]. Yet tanning devices are designed to provide rapid tan, so the emitted
UVR-doses are accordingly high [69]. The UVA intensity in tanning beds is 10 — 15 times
higher than the UVA radiation at midday sun [70]. As a consequence, these UVA doses
received per unit of time during one tanning session are higher than those received
during sunbathing or daily life [60]. In the year 2009, WHQO’s International Agency for
Research on Cancer (IARC) classified UV-emitting tanning devices (sunbeds) as Group
1 carcinogens to humans [71]. People using a sunbed at least once in their lives are at
20 % higher risk for MN than individuals never having used such a device, and each
additional annual session adds approximately another 2 % of risk [72]. The first use of
tanning beds before the age of 35 increases the risk for developing MN significantly to
75 % [60].



4.1.3 Vitamin D and cancer

On the one hand UVR is a potential environmental factor for MN [5, 6, 11, 13, 45, 55—
57], on the other hand it is required for the synthesis of Vitamin D [44, 61, 73, 74]. 10 %
of the fat-soluble Vitamin D is derived from exogenous sources (diet and supplements),
whereas 90 % is synthesized endogenously in the skin at UVB exposure. Nevertheless,
as mentioned above, UVR is associated with skin cancer including MN [74]. The optimal
trigger for Vitamin D synthesis is a sub-erythemal dose of UVR, whereas longer UV
exposure only results in linearly increased DNA damage but not in a higher Vitamin D
level [69]. A common phenomenon after the diagnosis of MN is sun avoidance, which
leads to a deficiency of Vitamin D [75]. Yet the correlation between Vitamin D and MN is
not clarified [74, 76]. Recent studies suggest that MN patients show suboptimal levels of
Vitamin D [75-77] and therefore bear a higher risk for MN as well as a worse prognosis
[75, 77]. It is therefore recommendable to keep a good balance between sun exposure

and sun protection [74].
4.2 Socioeconomic status and lifestyle (including occupation)

Individuals with higher Socioeconomic status (SES), especially those who are highly
educated, have an increased risk for developing MN, while having at the same time a
decreased mortality rate [78]. A hypothesis for this could be that this population is more
regardful in consulting a dermatologist. Lower SES individuals on the other hand get MN
diagnosis at a later-stage and therefore have higher mortality rates — maybe because
they have less vigilance concerning MN risk [78].

Lifestyle risk factors associated with the development of MN are among others obesity
(BMI — obese persons bear an almost 4-fold risk for MN) [57], marital status (unmarried
and widowed persons tend to a lifestyle associated with a greater risk), the use of tanning

beds and recreational UV exposure (as mentioned above) as well as occupation [78].

Occupation also may play a decisive role in the development of MN. Different
professional fields have specific occupational risk factors like agricultural and
manufacturing workers, electronics workers, lithographs, printers, airline pilots and cabin
crew [79]. Airline pilots and crew members for example have about twice the risk to
develop MN [80, 81], pilots also are at twice the risk to die from MN as the general

population [80].



4.3 Sex and Age

In the US, the probability for the white population to develop MN is about 1.5-times higher
when you are male than when you are female (calculations based on [24]). In EU-27,
however, it is only 1.1 times higher (calculation based on [23]).

In Europe, the incidence for MN has increased tremendously over the last few years in
adults over 60, especially in men [11]. Younger and middle-aged people are more
affected (with a linearly rise between 25 to 50 years [25], with a peak at 65 [27] — about
two thirds of all new cases being diagnosed at the age of 55 to 84, and a mean age of 65
[82]. Women predominate until the age of 40, whereas at the age of 75 men’s incidence
is 3 times higher [25]. Compared to male MN patients, female patients exhibited a
survival advantage, lower risk of progression and a decreased probability to develop
nodal and visceral metastasis [83]. The median time for women to develop distant

metastasis was significantly later (7.5 months) compared to men [84].

According to parts of the body, MN in women prevalils at the limbs (57 %), in men on the
trunk (43 %) [85]. Generally speaking, MN arises at younger ages at less sun exposed
sites like the trunk and limbs, at older ages at parts of the body that are more exposed

like face, neck and ears (especially in men also scalp) [6].
4.4 Skin type (phototype) and geographical location

Phototype and geographical place of residence are two key risk factors in MN
development [86]. The highest incidences of MN observed can be found with
predominantly fair skinned people [13] (mostly Caucasians of Fitzpatrick phototypes |
and Il [86]) living in areas of the world with very high UV radiation [7, 13], such as
Australia and New Zealand (about 50 cases of MN per 100,000 each year), followed by
North America (in lower latitudes, about 30 cases per 100,000 each year). In both North
America and Europe at higher latitudes the MN incidence has risen steadily during the
last decades. [13]. In Europe, the highest incidence rates occur in Northern European
countries, whereas Southern European countries are not affected to such degrees. The
reason for this might be the higher pigmentation of the skin and the rather chronic sun

exposure at southern countries [25].

In Brazil, the largest country of South America, there is a statistically significant
correlation between European ancestry (geographically grouped together as stemming
from Central Europe and Latin Europe, but especially Germany or Italy) and a higher risk
for developing MN. Being of indigene ancestry, on the other hand, seems to have a

protective effect [87].
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If you compare the US data of the cancer statistics for African American 2022 [24]
concerning African Americans and the white population and their incidence for MN, the
incidence rate is approximately 33 times higher in white men and about 27 times higher

in white women than in their African American counterparts.

In South Africa there are about 81 % Black Africans and approximately 8 % White African
population. For the White African population, the probability to develop MN is about 20
times higher compared to the Black African population. This protection is ascribed to the
higher epidermal melanin with black people that acts as an endogenous sun protection
factor of approximately 13.4 [88].

4.5 Immunosuppression

Immunosuppression can be triggered by UVR — which is called “photoimmunology” [89,
90] or by immunomodulating drugs (including both immunosuppressants and systematic
corticosteroids to prevent organ transplantation reaction or to treat autoimmune
diseases) [91]. Inmunosuppressed persons (e.g. solid organ transplant patients, SOTP)
are at an increased risk to develop MN [91-94]. Generally, in this group the risk for
developing MN is more than 2 times higher compared to the general population. With
some SOTP subgroups like renal transplant patients the risk is about 2.5, in liver and
heart transplant patients about 5 times higher than in the background population This
higher MN risk in the last subgroup may be based on more intense immunosuppressive
therapies [92]. If you look at the risk to develop non-keratinocyte skin cancers in SOTPs,
MN constitutes the most common cancer with 61.8 % [95].

4.6 Family history of MN

The term “familial melanoma” is used when two or more first degree family members
(such as parents, children or siblings), or three or more relatives on the same side of the
family (independent of the degree of relationship) have developed MN [96]. About
5 - 10 % of all MN cases appear in families [13, 97-99].

Affected genes for familial MN are above all CDKN2A, which is the major high
penetrance susceptibility gene and is identified in 20 — 40 % of all cases. Mutations in
other predisposition genes like CDK4, BAP1, MITF, POT1, ACD, TERF2IP, and TERT
are uncommon and only explain further 10 % of familial MN. Nevertheless about 50 %
of all incidents in MN families remain unexplained concerning the underlying genetic

susceptibility [97] and seem to carry private mutations [13].

Individuals out of families with a MN history show a 74 % increased risk for the

development of MN compared to individuals with no family history. Affected families have
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a 94 % increased risk for MN on the trunk (abdomen, upper and lower back, buttock, hip,
shoulder, and thigh) and an 83 % increased risk for MN on the upper and lower
extremities. This is independent of mole count and pigmentary traits. The personal risk
to develop MN within a family with positive history is 3 to 8 times higher. True genetic
susceptibility may not always be the reason for a positive family history of MN, similar
behavior within a family, for example concerning UV protection or recreational habits,

may lead to MNs resulting from chronical sun exposure [100].

4.7 Number of Nevi

The term “nevi” is synonymously used with “moles”, “melanocytic nevi”, “common nevi’
or “pigmented skin lesion” within different papers [3, 19, 28, 82, 88, 101-105] — in this

thesis they will be termed consistently as “nevi”.

Nevi are benign lesions [3, 102] and form pigmented clusters or nests of round (non-
dendritic) melanocytes [104] leading to dark spots on the skin because of the tendency
of the melanocytes to retain melanin [3]. Benign nevi show cytological and architectural
features (symmetry and circumscription) that distinguish them from MNs. Dependent on
where they can be found they are junctional (within the epidermis), dermal (within the

dermis) or compound (within both epidermis and dermis) [104].

Nevi are viewed as markers [103] and precursors [19, 103] for an increased MN-risk and
the number of nevi constitutes a highly important risk factor for the development of MN.
An individual with a high density of nevi (101 — 120 nevi) bears an almost seven-fold
likelihood for MN than people with very few nevi (0 — 15 nevi) [19]. The percentage of
MNs associated with pre-existent nevi ranges from 20-50 % [102, 103, 106-108], but
most nevi are stable and regress rather than progress. Therefore it is not recommended
to preventatively excise them [14]. The estimated risk for a single nevus to progress into
MN is very low but increases with age. It ranges from 1:200,000 for both sexes until the
age of 40 and peaks with men older than 60 (1:33,000) per year [103].

The number of atypical (dysplastic) nevi also accounts for an independent and highly
significant risk factor. Compared with persons lacking atypical nevi, the existence of any

atypical nevus bears a 10-fold risk for the development of MN [19].

Nevi can be congenital (present at birth) or acquired (appear later) [109, 110]. Congenital
nevi are present with 1 % of newborn babies, but in rare cases can occur between the
1%t and 24" month [111], whereas acquired nevi mostly appear in childhood and
adolescence [112]. Hereditary factors as well as sun exposure play a decisive role for

the development of acquired nevi, especially in early childhood [105, 112].
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Generally, men are reported to exhibit more nevi than women, the reason for this being
the average body area of men (2.1 m?) that is greater than that of females (1.7 m?). Thus,
the density of nevi (about 40 nevi per m?) between sexes does not differ fundamentally
[113].

Nevi are very common (most individuals have 5 — 20 nevi) and may vary concerning
shape, size and color. Therefore, it is important to recognize those changes as normal
or as abnormal alterations that may indicate MN [105]. For this reason, the ABCDE
criteria (first published as ABCD rules in 1985 [114] and extended to ABCDE in 2004
[115]) were established as a simple tool for both laypersons and general practitioners.
The ABCDE criteria comprise Asymmetry (no symmetric shape), Borders (irregular
borders), Color (multiple colors), Diameter (> 6 mm) and Evolving (in shape, color, size,
surface or symptoms. If any of these symptoms arise, people are advised to see a
dermatologist for further examination (dermoscopy or bioscopy, or both) [115]
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5 Mechanotransduction in cancer and metastasis

In the tissue microenvironment, living cells are permanently exposed to
physical/mechanical (e.g. tensional and shear forces) and chemical (e.g. cytokines and
growth factors) signals [116]. Mechanical cues stem from the surroundings (such as
neighboring cells), blood flow, or pressure from interstitial spaces [117]. Through
mechanotransduction (MTD) cells can respond to mechanical stimuli by converting a
physical input into a specific intracellular biochemical signal [116, 118, 119]. Cellular
responses depend on how the forces are sensed by the cell, on cellular context, or on
the cell type [117]. This process, on the one hand, is important to maintain normal cell
functions like cell adhesion, proliferation, migration, and survival, but on the other hand
it promotes the progression of diseases like cancer [120].

Forces from the cell environment (exerted on cells or exercised by cells) are typically first
experienced on the cell surface and are sensed there by a group of specialized
molecules named mechanosensors [117]. Cells show a broad variety of
mechanosensory structures including force-sensitive ion channels (e.g. Piezo ion
channel family [121, 122]) and receptors (e.g. cell adhesion molecules like integrins in
focal adhesions, and cadherins in adherens junctions [119, 123]) [117, 119].

5.1 lon channels: MTD and cancer

lon channels are pore-forming, proteinaceous transmembrane channels that enable ions
to pass through the plasma membrane. Through physical or chemical stimuli, the state
of the channel pore can change from resting-closed to activated-open [124].
Mechanically activated ion channels are directly activated by physical forces.
Representatives of this kind of ion channels are for example the non-selective cation
channels Piezol and Piezo2 [121]. After the mechanical activation of the non-selective
ion channels, a combination of cations (e.g. Ca?*) passes through the open pore down
their electrochemical gradient resulting in a depolarization of the cell [124] and in an
intracellular increase of the ubiquitous second messenger cation, Ca?* [125]. Ca?* can
diffuse over larger cellular regions and modulate many signaling pathways [124] some
of which are involved in cancer metastasis like cell migration, intravasation, angiogenesis
and proliferation [125]. In MN for example, calcium signaling is involved in tumorigenesis
and progression [126]. Thus, ion channels are able to convert local mechanical events

into global cellular occurrences [124].
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5.1.1 Piezo channel

The largest known pore forming multimeric ion channels comprise the Piezo channel
family (Piezol and Piezo2) that are made up of three individual subunits composed of
about 2,500 amino acids each [121]. The gating of Piezo channels can be triggered by
several mechanical stimuli acting on the plasma membrane and comprising shear stress,
stretching, poking, membrane tension, and suction [127] or via drugs (e.g. selectively
activated by Yoda-1) [128]. Piezol (formerly known as Fam38A [129]) is responsible for
the transduction of forces applied internally or externally and is expressed primarily in
non-neural cell types (for example, Piezol is abundant in cells of the skin sensitive to
mechanical stimuli [127]).

Piezo2 (formerly known as Fam38B [129]), on the other hand, is expressed in some
specialized mechanosensory structures and in sensory neurons. It is important for
proprioception (sensing the position of limbs in space and the ability to balance) and for

sensory processes like the detection of (light) touch [121].

Piezo channels are upregulated in several types of cancer [130-133], primarily of
epithelial origin [127], for example Piezo 1 is overexpressed in melanoma [134]. In MN,
Piezol promotes proliferation, invasion [134], migration [135], metastasis, transvascular
migration, and distant metastasis. It acts as an oncogene by activating the
PI3K/AKT/mTOR signaling pathway, and its upregulation is correlated with poor survival
[134].

5.2 Integrins in focal adhesion: MTD, cancer and adhesion

Focal adhesions are cell anchoring connections [121] which physically link the actin
cytoskeleton to the ECM mediated through integrins [120].In mammalians, integrins are
a group of 24 distinct subtypes of bidirectional (“inside-out” and “outside-in”),
transmembrane, aB heterodimer, adhesive receptors [136] and also function as
mechanosensors [137]. Each integrins consist of an a- and a $-subunit and their non-
covalent [138] ap association out of 18 a- and 8 B-subunits form the distinct integrins
[136].This leads to their different affinities to the corresponding extracellular ligand [139]
(ECM protein [120]), for example collagen, fibronectin or fibrinogen [120, 139]. Each
integrin is composed of three domains: a large extracellular domain and a small
cytoplasmatic tail domain, which are connected by a single transmembrane domain
[140]. Once the ligation of integrins with ECM proteins has taken place, numerous
intracellular structural proteins (like talin and paxillin) and signaling proteins (like Src
family kinases (SKFs) and focal adhesion kinase (FAK) [141]) are recruited [120] at their

15



cytoplasmic tails and form a so-called “adhesome [142]". The newly formed adhesome
establishes a link to the actin cytoskeleton (for example, the recruited talin has a binding
site for vinculin, which again binds to the actin cytoskeleton [120]) and initiates integrin
signaling [142], like the Ras-ERK, PI3K/AKT, and YAP/TAZ pathways [141, 143] — the
latter is part of the Hippo pathway [144, 145]. Actin is also connected with the nucleus
envelope by LINC (linker of nucleoskeleton and cytoskeleton) [119]. Thus, integrins act
as both: a physical anchor (they mediate cell adhesion) and a bidirectional signaling hub
to regulate the response of the cell [141]. Also, Piezo 1 is linked to the integrin system of
the cell. It helps epithelial cells to maintain integrin activation, as Piezol expression leads
to R-Ras relocation to the endoplasmic reticulum, stimulating the calpain signaling, which
increases the integrin affinity, ligand binding and cell adhesion [146].

Integrins and integrin mediated processes play an important role in nearly every phase
of cancer progression like cancer initiation and proliferation, invasion, migration,
metastasis, and drug resistance [141, 143]. Integrins regulate the expression of matrix
metalloproteinases (MMPs like MMP-9), which are increased in invasive MN. MMPs are
responsible for the degradation of the basement membrane and the surrounding ECM
proteins (e.g. collagen, fibronectin). This process is crucial for the invasion and
progression of tumor cells [147]. An increased expression of integrin 3 in MN leads to
a switch of the indolent radial growth phase (RGP) to the aggressive vertical growth
phase (VGP) which is the most critical step in MN progression. The VGP MN cells show
detachment from neighboring KC and invade and proliferate in the dermis after
degradation of the basement membrane [148]. This invasion through the basement
membrane is the differentiating step from a pre-cancerous neoplasm to malignant cancer
[29]. With an enforced expression of B3, the B3 subunit and endogenous av form a
functional complex (avp3) which increases the malignant phenotype [148]. In addition, it
was shown that avp3 integrin expression leads to a higher elasticity of MN cells [149].
The specific integrin expression on circulating MN cells determines the metastasis to
different organs. Metastasis to the lungs, for example, is probable when melanoma cells
express integrin 33, whereas with integrin 31 expression lymph node metastasis is likely
[150].

5.3 Cadherins in adherens junction: MTD, cancer and adhesion

Adherens junctions (AJ) are adhesion complexes that anchor cells to other cells (cell-
cell adhesion) [117] in a zipper-like structure and function as signal hubs, both mediated
through cadherins [151]. Cadherins are a large superfamily of cell surface proteins, which

can be divided into different subtypes, the best studied of which are the classic
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cadherins. Classic cadherins are transmembrane, Ca?*-dependent, homophilic, cell-
adhesion molecules that mediate cell-cell adhesion, signaling and the anchoring of the
cytoskeleton [152]. Based on phylogenetic relationships, the classic cadherins can be
further divided into type | (e.g. E-cadherin, N-cadherin, R-cadherin [152]) and type Il (e.g.
VE-cadherin [152]) cadherins [153]. The classic cadherins consist of three domains: a
repeated extracellular domain and a cytoplasmatic tail domain, which are connected by
a single-pass transmembrane anchoring domain [154]. The extracellular region,
containing the adhesive function, is composed of five extracellular cadherin (EC)
domains [155], with Ca?* binding sites at each interdomain junction [156]. Ca?* binds
together the EC domains, forming stiff and rod-like proteins [152] that physically connect
the extracellular parts of the cadherins of neighboring cells [151] and form a trans-dimer
[157], thus mediating direct cell-cell interaction [151]. Intracellularly, catenins (a-catenin,
B-catenin and p120-catenin) are the main cytoplasmatic binding partners for cadherins
[158]. On the cytoplasmatic tail, there are two non-overlapping and divers binding
domains [159]: the juxtamembrane domain that binds to p120-catenin, and a catenin-
binding domain binding to p-catenins [151]. This cadherin-B-catenin complex then binds
to a-catenin [158], which then either binds directly the actin filament or indirectly via other
actin-binding proteins (e.g. vinculin, ZO1, a-actinin) linking the cadherins physically [152]
and functionally [159] to the actin cytoskeleton [152, 159]. Thus, via adherens junctions,
the cytoskeletons of adjacent cells are connected and are part of a linear chain [155] to
transmit mechanical signals between cells [157] in a bidirectionally regulated way which
modulates and is modulated by the actin cytoskeleton [159]. Through their binding
partners, cadherins can modulate various different signaling pathways like Hippo, RhoA
GTPases, and Wnt pathways [160]. Via the cadherin-B-catenin complex, Piezo channels
interact with the actin cytoskeleton. Disruption of E-cadherin or B-catenin in this complex

leads to defective Piezo 1 mediated function [161].

Another mechanism for epithelial tumor cells to metastasize is epithelial-to-
mesenchymal transition (EMT) [162]. This is a process, in which the non-motile epithelial
cells switch to a motile mesenchymal phenotype activated by transcription factors like
Twist and Snail, stemming from different signaling pathways as TGF-B and Wnt
pathways [31]. This influences cell morphology and contributes to metastasis [163].
Subsequently, in EMT a process occurs that is called “cadherin switching”, a switch in
adhesion molecules [140] which upregulates N-cadherin (mesenchymal adhesion
protein [164]) and downregulates E-cadherin (epithelial adhesion protein [164]). This
leads to a dissociation of cell-cell junctions (AJ for example), and to migration and

invasion in cancer [165]. Drug resistance in cancer can also be induced by EMT, the
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specific mechanisms are still a subject of research and may be different in various
cancer types [166]. EMT can be observed in various types of cancer [167—169]. In MN,
due to the fact that MN are derived from neural crest cells and are not per se of epithelial
origin, cells undergo an “EMT-like transition”, a phenotypical switch with similarities to
EMT, the cadherin switching for example [164]. MC and KC lose their connection, which

is the initial step for the metastatic cascade [49].

5.4 Cholesterol: MTD, cholesterol-rich structures and cancer

As a fundamental border, the plasma membrane (PM) separates the cell from its
environment [170]. When mechanical forces reach the PM, it functions as a scaffold
platform that modulates signaling [145]. The PM is an asymmetric bilayer formed by a
high amount of transmembrane proteins, carbohydrates and lipids like

glycerophospholipids, sphingolipids and cholesterol [170].

Cholesterol is a highly hydrophobic [171] four-ring structure (sterol) molecule which is
enriched in the PM [172] where it regulates the membrane fluidity, maintains the structure
integrity [173], modulates rigidity and permeability [171], influences the membrane
proteins function [174], and makes up 20 — 25 % of the overall lipid molecules.
Cholesterol originates from two sources: de novo synthesis and dietary intake with a ratio
of about 70:30 [172]. AImost all mammalian cells (e.g. melanocytes [175]) are able to
perform the de novo synthesis of cholesterol [171], which is mediated by the mevalonate
pathway and starts with acetyl CoA. The rate-limiting enzyme in this pathway is HMG-
CoA reductase which catalyzes the conversion of HMG-CoA into mevalonate [172].
Statins, for example Lovastatin, are able to inhibit HMG-CoA reductase and therefore
block the de-novo synthesis of cholesterol [176].

Cancer cells are fast-proliferating cells and therefore need a great amount of cholesterol
for membrane biosynthesis and other functions [177]. The increased cholesterol demand
is satisfied through reprogramming cholesterol metabolism, for example by enhancing
de novo synthesis, which is upregulated in many cancers [171]. In melanoma, for
example, increased expression of cholesterol synthesis genes correlates with poor
patient survival [178]. Cholesterol contributes to cancer growth, development, migration,
and invasion [171, 179].

Cholesterol also influences MTD and plays an important role in the PM as well as

structures being connected with it:
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In the PM, Piezo 1 is associated as clusters and its activation is linked with the “force-
from-lipid” model [180] where membrane tension alters lipid-protein interaction and
triggers channel gating [121]. Lipids like cholesterol play an important role for all
membrane-embedded proteins and can influence their function, especially mechanically
gated ion channels such as Piezo 1, where the local membrane concentration of
cholesterol modulates the activity of this ion channel [181]. Drug depletion of cholesterol
for example reduced Piezo 1 channel sensitivity and decelerated activation. This
indicates the interplay between Piezo 1 -mediated MTD and cholesterol [180].

Other structures in the PM are the cholesterol-rich caveolae which exhibit
mechanoprotective properties (they buffer changes in the PM tension), function as a
MTD signal (they translocate to the nucleus to deliver stress information, e.g. UV-induced
stress), and crosstalk with MTD pathways (Hippo pathway, for example) and the actin
cytoskeleton (for more details concerning the latter see [182]) [145].

5.5 Adhesion and cancer

The two major adhesive structures, focal adhesions and adherens junctions, are
engaged in bidirectional mechanical crosstalk. They show various similarities, like
mechanosensing mechanisms, mechanotransduction pathways, structures and links to
the cytoskeleton, the role of which in mechanical crosstalk is unclear. Strong adhesion
of the cell-cell junctions decreases the adhesion to the ECM, so both adhesion structures
influence each other inversely [183]. Cell adhesion (cell-cell and cell-ECM) is
fundamental for cellular morphology, survival, differentiation, migration, proliferation, and
is also pivotal for tissue integrity [184]. Any changes [185] or downregulation [184] in the
adhesion molecule system leads to detachment of cancer cells from their primary site
and invasion through neighboring tissues [184, 185]. Prostaglandins influence cell-cell
contacts, their formation and disassembly. If cadherin adhesive connections are
stimulated by prostaglandins, the cell-cell connections are lost [186]. The loss of
adhesion molecules means invasiveness, an important characteristic of MN [67]. Cancer
cells become increasingly motile, degrade the ECM [151], intravasate into the circulation
(lymphatic system or blood stream) and form metastases at distant sites [184]. Thus, in
cancer progression and metastasis, cell adhesion molecules have a significant part
[187].

It also has to be mentioned that there exists a bidirectional crosstalk between cancer
cells and the tumor microenvironment which enhance the progression of tumor

malignancy and metastasis [188], for more details see also [162, 189]
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Taken together, MTD through integrins, cadherins, cholesterol structures and Piezo, as
well as cell adhesion molecules play an important role in cancer progression and

metastasis. Therefore, therapies try to intervene in these processes.

5.6 Drugs for the manipulation of the MTD apparatus

5.6.1 Lovastatin

Lovastatin is a hydrophobic natural compound of the fungus Aspergillus terreus and
belongs to the group of statins. It is clinically used to treat hypercholesterolemia. Like all
statins, it inhibits the rate-limiting enzyme of the cholesterol de-novo-synthesis, HMG-
CoA reductase [176], see 5.4. Besides their cholesterol lowering effects, statins minimize
the activation of MMPs [190], significantly inhibit cell proliferation, induce apoptosis [179,
191], inhibit invasion and angiogenesis [191]. Lovastatin for example promotes apoptosis
and inhibits proliferation in different kinds of cancer [191] such as MN [192]. In MN,
Lovastatin furthermore reduces cell growth, angiogenesis [193] and inhibits invasion and
migration in a dose-dependent matter [192]. Statins such as Lovastatin are also used in
combination therapy with anti-cancer drugs, where they show synergistic effects to
master drug resistance [191]. These effects are also observed in murine MN cell lines
[194].

5.6.2 Yoda-1

Yoda-1 is a synthetic small molecule selectively activating both human and murine
Piezo 1 channels [195] which leads to Ca?* influx [196], see 5.1. It lowers the mechanical
threshold of the channel activation by serving as a molecular wedge [128]. Yoda-1 also
mimics the effect of constant laminar shear stress on endothelial cells in static cultures
[197], inhibits epidermal growth factor (EGF)-induced macropinocytosis. in human
epidermoid carcinoma cells [196] and decreases the expression of MMPs in human

osteoarthritis chondrocytes [198].
5.6.3 Celecoxib

One of the hallmarks of cancer is inflammation [199], that predisposes to cancer

development and supports tumorigenesis at all stages [200].

Prostaglandin E; (PGE;) represents an inflammatory factor that reacts to pain,
inflammation and immune response [201]. It is a downstream metabolic product of the
proinflammatory enzyme cyclooxygenase-2 (COX-2) from the so-called COX-2/PGE:
pathway [202]. In this pathway, COX (consisting of the two isoforms COX-1 and COX-2)
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catalyzes the rate limiting step in the biosynthesis of PGE; from arachidonic acid (AA)
[201, 203].

COX-2 plays an important role in cancer development and progression (e.g. promotes
cell proliferation, inhibits cell apoptosis, stimulates angiogenesis, influences cell
adhesion), is responsible for drug resistance [67, 204] and is highly expressed in various
cancer tissues [201, 205, 206] such as MN [207]. In MN, COX-2 induces MMP 2 and 14
(responsible for ECM degradation, vascular mimicry, and tumor invasion), tumor
progression and chemoresistance [67]. PGE; reduces apoptosis, increases metastasis
and angiogenesis, as well as tumor growth and invasion, suppresses anti-tumor
immunity [208] and plays an important role in carcinogenesis of MN [67]. Taken together,
the COX-2/PGE:; signaling axis plays an important role in cancer development [201,
205].

COX, especially COX-2 and therefore the COX-2/PGE; pathway, can be suppressed for
example by selective NSAIDs (non-steroidal anti-inflammatory drugs) like Celecoxib
(CXB) [209] which binds COX-2 about 375-fold more selectively than COX-1 [210]. This
specific COX-2 inhibitor is clinically used mainly for the therapy of inflammatory diseases
(e.g. inflammatory musculoskeletal conditions [211], rheumatoid arthritis, and
osteoarthritis [210]) [201]. In cancer, CXB inhibits the migration and invasion of cancer
cells [201, 212], makes cancer cells more susceptible towards radiation therapy [212],
significantly reduces the response of multidrug resistance [201], and promotes the lethal

effect of chemotherapeutic drugs [201, 213].

As a single agent, CXB shows significant growth inhibition as well as apoptosis in MN
which both seem to be independent of COX-2 expression [214]. A low dose of CXB alone
(50 nM) also shows antineoplastic effects [215]. Additive anti-tumor capabilities were
observed in combining CXB with rapamycin (an mTOR antagonist) by inhibition of
proliferation [214], as well as an increase in MN cell sensitivity to trametinib (a MAP
kinase inhibitor), which promotes the therapeutic treatment response [215]. Combined
with plumbagin (which suppresses STAT3, AKT/mTOR and NF-kB) CXB exerts a
synergistic effect against MN cells by inhibiting COX-2 and STAT3 [216].

Taken together, the effect of CXB on the one hand relies on the inhibition of the COX-
2/PGE; pathway, and on the other hand there exist COX-2 independent ways [217]. The

anti-tumor action of CXB is still needed to be further explored [213].
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6 Aim of the thesis and experimental layout

This thesis is an attempt to get a better understanding of the molecular mechanisms
sustaining the progression of melanoma, one of the deadliest forms of all skin cancers,

as described above.

The principles and processes of MTD are tightly linked to the development of metastasis.
Since the key structures of adhesion (e.qg. integrins in FA) and other structures as force-
sensitive ion channels (like the Piezo family) also act as mechanosensors, they have a
proven impact on the development of MN metastasis. Drugs that manipulate and
intervene with the pathways connected to these structures might provide precious
insights into molecular mechanism of action sustaining the progression of melanoma and
open in this way new perspectives in cancer therapy — in this thesis, the three selected
drugs, namely celecoxib, lovastatin and Yoda-1, which are meant to manipulate crucial
aspects of melanoma mechanical competence, targeting the cell membrane from

different molecular pathways.

To evaluate the effect of the different drugs, a de-adhesion assay was established. This
assay was then performed with two xenograft derived MN cell lines, the cutaneous MN
cell line (YDFR-C) and the brain metastatic MN cell line (YDFR-CB), after a static
incubation of 24 hours with one of the selected drugs in a concentration of 1uM each.
The main goal was to investigate the impact on the morphology and de-adhesion process
of the cells — the latter being crucial for metastasis. The question arising was, if the
YDFR-C cells were more readily detaching from a stiff substrate than the YDFR-CB cells
— cells that had already once detached from their original site and had undergone and
adapted to the physiological stress of the metastatic cascade - and how the different

drugs influenced this behavior and mechanosensitive processes.

In addition, a quantitative total protein profiling of both cell line (YDFR-C and YDFR-CB)
in every condition (treated or control) was performed via mass spectrometry-based
proteomics. A number of up- and downregulated proteins of interest were selected, and
the results were compared to each other to investigate differences and changes in both,

conditions and cell lines.

With this experimental setup, we tried to get a better understanding about the different
medication impacts on MN cells, their interplay with mechanosensory structures, how
the cells respond to these different kinds of manipulation, and thus taking another step

forward in our understanding of MN as well as towards future therapeutic approaches.
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7 Material and Methods

7.1 Cell culture, materials and instruments used, and preparation of

reagents

Here the used MN cell lines are briefly described, their general handling, the routinely
used reagents and materials, the preparation of the reagents used for the analyses, as
well as the instruments used during the preparation of the assays, and define their

denomination or abbreviation used in this chapter:
7.2 Cell culture

Both human cancer cell lines, the cutaneous melanoma cell line (YDFR-C) and the brain
metastatic melanoma cell line (YDFR-CB), were briefly described and for more detailed
information cross linked in Neuditschko et al., 2020 [218]. These cells were cultivated in
RPMI 1640 (1X) medium (Gibco™, Thermo Fisher Scientific) which contains L-
glutamine, glutathione and high concentrations of vitamins, but no lipids, proteins or
growth factors. This medium uses a sodium bicarbonate buffer system (2.0 g/L) with a
Phenol Red Indicator. It was supplemented with 10 % (v/v) heat inactivated foetal Bovine
Serum (Sigma-Aldrich), and 1 % (v/v) Penicillin G and Streptomycin (Sigma-Aldrich).
The medium was aliquoted in 50 mL polypropylene Screw Cap Tubes (Sarstedt AG &
Co. KG) and stored at 4 °C at the fridge (Liebherr). This fully supplemented and aliquoted
RPMI (1x) medium is denominated “fully supplemented RPMI medium” from now on.
Cells were grown in cap filtered T25 standard polysterene tissue culture flasks with
treated surface for adherent cells with a 25 cm? growth area (Sarstedt AG & Co. KG) and
will be denominated from now on “T25 culture flasks”. They were incubated in a
humidified incubator (Panasonic Healthcare or Thermo Fisher Scientific) at 37 °C and
5% CO: (these conditions are denominated “standard conditions” from now on). The cell
viability was checked during the week every day based on visual observation with a cell
culture microscope (Olympus-Lifescience) and sub-cultured based on a recurring rhythm
every 3" or 4" day - at the latest, with an 80 % confluence. For the assays, cells were
passaged 20 times maximum. To maintain sterile working conditions during work on the
cell cultures, during drug treatment, during the preparation of reagents as well as during
different stages of aliquoting (drugs, reagents), all procedures were executed in a laminar
flow hood (Thermo Fisher Scientific) — a fact that will be taken for given and will

subsequently no longer be mentioned.
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7.2.1 Determination of cell number

Cell numbers were always determined with the MOXI Z Mini Automated Cell Counter
(Orflo Technologies) and the belonging MOXIZ (Type M) Cassettes (Orflo
Technologies). For this, 100 pL cell suspension was applicated into the designed
opening on the MOXI Z (Type M) Cassette. Thereupon the cell number was counted
automatically by the MOXI Z Mini Automated Cell Counter. From now on this process

will be termed “determination of cell numbers with MOXI cell counter”.
7.2.2 Preparation of drug stock solution

Depending on the solubility of the powdery drugs Lovastatin (Enzo Life Sciences),
Yoda-1 (Sigma-Aldrich) and Celecoxib (Sigma-Aldrich), DMSO (Carl Roth) was used to
prepare the stock solutions with the highest possible concentration (depending on the
solubility product). Thereby, stock solutions with the following concentrations could be

achieved:

Table 2: stock solutions of the used drugs

drug solved in final concentration
Celecoxib DMSO 100 mM
Lovastatin DMSO 20 mM
Yoda-1 DMSO 30 mM

For easier handling, the different stock solutions were intermediately diluted, aliquoted

and stored at the freezer (Liebherr) at -20 °C.
7.2.3 Preparation of drug media

For each drug, a separate drug medium was prepared on the day of the drug treatment.
For this, 5 mL of fully supplemented RPMI medium was provided in a 15 mL Falcon
Tube. Afterwards, 5 pul and 50 pl each were removed from the tube and 5 pl of the diluted
drug, as well as 50 ul LC-MS grade H-O (Sigma-Aldrich) added.

Water was added because of another drug (PKA) which had to be diluted in autoclaved
bi-distilled H.O and was part of the original experiment layout, but is not subject of this
thesis. Thus, drug media with the requested drug concentration (Celecoxib 1 puM,
Lovastatin 1 uM, Yoda-1 1 uM) and the same parts of DMSO and H-O respectively were

achieved.
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7.2.4 Trypsin for the de-adhesion assay

The enzyme’s function is to retract the spread-out adherent cell at the bottom of the cell
culture vessel after a short delay to a rounded shape. This process is called de-adhesion
or detachment [219]. The enzyme selected was trypsin, which cleaves between the
carboxyl acid group and the amino group of the adjacent amino acid inside the peptide
bond, predominantly between arginine or lysine [220]. It shows an enzyme activity of
about 3,500 BAEE U/mL, as the de-adhesion of both cell-lines (YCDF-C and YDFR-CB)
sets in delayed in time. This retardation allowed a better tracking of the cells and the
onset and development of the ongoing de-adhesion process could be monitored more
easily. To improve the handling and reproducibility of the de-adhesion assay, an
adequate amount of trypsin with the above-mentioned enzyme activity was produced out
of trypsin powder (Gibco™, Thermo Fisher Scientific), 99% EDTA (Carl Roth), PBS (10X)

and in autoclaved bi-distilled H.O as follows:

In a 500 mL autoclaved Duran laboratory bottle (DURAN®) 50 mL PBS (10X), 450 mL
autoclaved bi-distilled H.0, 77.832 mg 99 % EDTA and 2.0719 g trypsin powder were
mixed on ice, pH value (7.1) verified (VWR), sterile filtered (Sarstedt AG & Co KG),
aliquoted 1.2 mL each in reaction tubes (Sarstedt AG & Co KG) and stored at -20 °C

(Liebherr) until used for the experiments.

In addition, DPBS (1X) (Gibco™, Thermo Fisher Scientific) was aliquoted and stored at

+4 °C (Liebherr) until used for the de-adhesion experiments.
7.2.5 General preparations for the experiments

For the deadhesion assay, cells were seeded in TC 35 standard polysterene tissue
culture dishes for adherent cells with a 9.4 cm? growth area (Sarstedt AG & Co. KG,
“T35 culture dishes”). For the analysis of proteomics, cells were seeded in a standard

polysterene 6-well cell culture plate for adherent cells (Sarstedt AG & Co. KG).
7.3 Cell passaging

The cells were cultivated exclusively in T25 culture flasks under standard conditions, the

following information and volume indications always refer to those flasks.

For the cell passaging, the fully supplemented RPMI medium, modified Dulbecco’s
Phosphate—Buffered Saline (DPBS, without calcium chloride and magnesium chloride,
DPBS Gibco™, Thermo Fisher Scientific) and Trypsin-EDTA solution 0,25% (Sigma-

Aldrich) were warmed up in a water bath (VWR International) to 37 °C.

First, the medium was removed and the cells were washed with 5mL warmed up DPBS.

Then the cells were incubated with 2 mL warmed up Trypsin-EDTA solution and placed
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for 3 minutes in the incubator-chamber at standard conditions. The enzyme was disabled
by adding 4mL warmed up fully supplemented RPMI medium and the whole solution was
carefully suspended 3 to 4 times. Then the solution was transferred into a 15 mL Falcon
Tube (Sarstedt AG & Co. KG) and placed into a tempered (23 °C) centrifuge (Thermo
Fisher Scientific) and centrifuged for 5 minutes at 220 x g. After having removed the
supernatant, the cell pellet was resuspended in 5mL warmed up fully supplemented
RPMI medium. The cells were seeded in a ratio of 1:5 into T25 culture flasks, each
endowed with 4 mL warmed up fully supplemented RPMI medium. Finally, the cells were
cultured under standard conditions.

7.4 Experimental workflow

From cell seeding to experiment is a three days” process (for a short overview see Figure
5):

- day 1: cell seeding (80,000 cells)
- day 2: drug treatment (Celecoxib, Lovastatin, Yoda-1)

- day 3: experiment (de-adhesion assay or proteomic analysis)
7.4.1 Day 1: Cell seeding

In short, cells (YCFR-C and YDFR-CB) were cultured as mentioned in 7.2 Cell culture.
After the determination of the cell number with MOXI cell counter, 80,000 cells per each
condition were seeded in T35 culture dishes for the de-adhesion assay and for

proteomics analysis in 6-well plates.

In detail, the procedure is the same as described in 7.3 Cell passaging, including the
resuspension of the cell pellets in 5 mL warmed up fully supplemented RPMI medium.
Then 500 pl cell suspension were transferred to a reaction tube (Sarstedt AG & Co KG)
for the cell counting with the MOXI cell counter (as described in 7.2.1). Meanwhile, the

remaining 4.5 mL cell suspension was stored in the incubator at standard conditions.

Based on these results and depending on the experiment, 80,000 cells per cavity were
seeded, for the de-adhesion assay in TC 35 standard culture dishes, for the analysis of
proteomics in a 6-well plate. After seeding, each cavity was filled up with warmed up fully
supplemented RPMI medium to the volume of 2 mL and cultivated for 24 hours at

standard conditions.
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7.4.2 Day 2: Drug treatment

For the drug treatment, the used fully supplemented RPMI medium of the cells seeded
the day before was replaced by 2 mL drug medium (see 7.2.3). The cells were then

incubated for 24 hours under standard conditions.
7.4.3 Day 3: Experiments

After the cells had been incubated with the drugs for 24 hours, they were ready for the

following experiments:

- De-adhesion assay (7.4.3.1)

- Proteomic analysis (7.4.3.2)
7.4.3.1 De-adhesion assay

In short: during the de-adhesion assay, the adhesion of the cells after trypsinization is
tracked over a defined period of time and is illustrated visually at certain time intervals.
The measurements obtained were used for further calculations. De-adhesion followed a
sigmoidal curve and divided into 3 phases (see Figure 6):

- alagged initiation of de-adhesion (trypsin detaches FA contacts between surface
and cell [221])

- quickly proceeding cell contraction (until rounding of the cells [221])

- which finally ended in a plateau phase (with no further changes in cell size)

The paper of Sen and Kumar, 2009 [219] was taken as a model to establish the de-

adhesion assay.

In detail, before the de-adhesion assay could be started, diverse settings concerning
hard- and software of the microscope had to be adjusted (objective lens: 20-fold
magnification; software [Olympus cellSens Entry]: total magnification 20 x1, calibration
X and Y 110 nm per pixel; entitling of the assay as well as automated saving of the
pictures). Furthermore, a tempered water bath (37 °C) and a laboratory bucket filled with

ice were prepared.
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For the handling of the de-adhesion assay, a recurring 6-minute cycle had proven

successful. One cycle was designed as follows:

At the beginning, a T35 culture dish was taken from the incubator and the drug medium
removed and discarded. The cells were washed with 1 mL warmed up prepared DPBS
(vortexed), the DPBS was then also discarded. An appropriate area with a confluence of
about 40 — 60 % was selected under the microscope and a picture was taken (t = 0 s).

From then on, the T35 culture dish did not have to be moved.

The assay started by adding 1 mL warmed up prepared trypsin — vortexed slightly and
pipetted at the brink of the T35 culture dish, with the time being measured with a
stopwatch from the moment the enzyme was added. Every 5 second a picture was taken
at 20-fold magnification and thus the progression of the de-adhesion was recorded. After
180 seconds, the assay was completed with 36 pictures taken, altogether 37 pictures
with the first picture at t = 0 s. The time span of 180 seconds proved suitable for the
assay to guarantee that with both cell lines (YDFR-C and YDFR-CB) the de-adhesion
process was completed with regard to all drug treatment variants (see 7.2.3).

To keep the conditions the same and thus to improve the reproducibility of the
experiments, both the prepared trypsin and the prepared DPBS were kept in the water
bath (37 °C) for 6 minutes (this corresponded with one complete cycle of the assay) and
were replaced by a cold one to be preheated after removal. The temperature of the water
bath was controlled by an additional thermometer and was kept constant at 37 °C. The
6-minutes assay cycle (as mentioned above) was kept continuously and was monitored
with a stopwatch. For the de-adhesion assay, trypsin with specific enzyme activity was
produced (prepared trypsin), aliquoted and stored at -20 °C until usage (see 7.2.4). The
order of the different conditions was randomized with each assay to limit experimental
bias. If with the first de-adhesion assay the condition “Celecoxib 1 pM” was analyzed at
first rank for example, it was placed at a different rank with the next. The cells in the petri
dishes remained in the incubator at standard conditions and were only removed when

being used.
7.4.3.1.1 Evaluation of the pictures with ImageJ

In short: during the de-adhesion assays, the de-adhesion of the cells was photographed
in a period of 180 seconds every 5 seconds after trypsinization. So, the progression of
the de-adhesion could be recorded in 37 pictures and be analyzed graphically by the

openly available software ImageJ.
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At the beginning of the analysis, the picture t = 0 s (the actual state at the time the assays
start) was uploaded and the scaling properties of the picture (they could be read from
the software of the microscope during the assay) were entered in the evaluation software
ImageJ (0.11 um per pixel). Afterwards, an outside party not engaged in the experiments
picked 10 cells evenly distributed over the whole picture in a Z-layout, so that the
personal bios of the investigator who was familiar with the expected behavior of the cells

was bypassed (see Figure 4).

P

Figure 4: Z-layout of the 10 chosen cells with their borders marked in red

Thereupon the pictures were magnified to 150 %, the borders of the preselected cells
were marked freehand on a Surface Pro laptop with touchscreen by means of a surface
pen and were tracked as ROI (region of interest) during the whole assay. For this, the
picturest=0s, t =5 s and then in intervals of 10 secondst=15s ... untilt =175 s and
at last t = 180 s were used respectively. The interval of 5 seconds both at the beginning
and the end of the assay had the reason to delineate the curve progression of the de-

adhesion process more subtly.

After having marked the last cell in the active picture, the program ImageJ calculated the
preset parameters: area, center of mass, and shape description (circularity, aspect ratio,
roundness, solidity). These data were transferred into an excel-file and the beforehand
marked cells were saved as a ROI file. For a rough overview of how the image analysis

by ImageJ could be like, see [222].

So, the development of the de-adhesion for each of the 10 marked cells in one de-
adhesion assay could be displayed graphically as a curve through 20 measuring points

and form the basis for further calculations.
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7.4.3.1.2 Calculations and statistic evaluation

The data from the ImageJ analysis saved as an excel file (see 7.4.3.1.1) were transferred
to Origin software and formed the basis for further calculations, statistical analysis and

graphic presentations.
7.4.3.1.2.1 Cell describing parameters and spider web charts

The cell describing parameters were calculated automatedly by ImageJ with the following

underlying formulas.

Circularity (also called form factor or compactness), is a size-independent [223] and
dimensionless parameter [224] which indicates mathematically the closeness to a
perfect circle [225]. The values range from 1 and 0 [224], with 1 being a perfect circle
[226], a smaller value denoting a more spindle-shaped cell [227] and O describing a
straight line [228]. Schéchlin et al. [228] suggested a circularity classification as follows:
round (circularity values greater equal 0.8 to smaller 1), oval (circularity greater equal
0.6 t0 0.8), elongated (circularity value greater equal 0.35 to 0.6), and spindled (circularity
greater 0to 0.35). It is important to note that this classification is based on nuclear shapes
[228].

) ) 41 - Area
Clrcularlty = m

Aspect ratio (AR) is the ratio of the cellular major to minor axes and describes how
elongated cells are [226], with the value 1 being a perfect circle and a rise in AR meaning

an increase of deformation [229].

Major Axis Length

Aspect Ratio =
P ! Minor Axis Length

Cell roundness is described by the ratio of “area” to “long axis” [230]. It is similar to
circularity but non-sensitive to irregular borders [225] — the parameter is normalized to 1,
with 1 representing a circle [230].

4 - Area
T - Major Axis Length?

Roundness =

Cell solidity is the ratio of the cell area and its convex hull area and is used to measure
the density of a cell (or cellular construct), with 1 describing a solid object. Values <1
correspond to irregular boundaries or concavities of the object [223].

Solidity = Area
onaty = Convex Hull Area

30



For the graphical representation of the data in spider web charts, the cell describing
parameters were edited so that they all took on a value between 1 and 10 and fitted into
the spider web charts. These parameters were edited as follows: Area was divided by

100, circularity, roundness and solidity was multiplied by 10.
7.4.3.1.2.2 Calculations of the normalized area
The area data collected were at first normalized on the basis of this formula;

A(start) — Ay

Area lized) =
(normalized) A(start) — A(end)

in which Astary represents the area at the beginning of the assay (t = 0 s), Aeng) the area
at the end of the assay (t = 180 s) and A representing the area at any time chosen (t =
x s). Thereby the area values (um?) were transformed in unit-free values between 0 and
1, with 0 being the area at the start of the assay (t = 0 s) and therefore the biggest area
and 1 being the smallest area at the end of the assay (t = 180 s).

Normalization of the area was conducted so that instrumental parameters (e.g.
magnification) and units were omitted, as well as the area curve progression into a

sigmoidal curve was achieved.
7.4.3.1.2.3 Statistic evaluation

For the statistical analysis of the de-adhesion assay, the normalized data were used to
perform a dose-response analysis (DRA) and thereupon the obtained data were

statistically analyzed with a two-sample t-test or ANOVA.

It is important to mention that for the DRA function the following formula (already

implemented in the Origin software) is used:

_ A Ay — Ay
y=~A1+ 1+ 10[(LOGXO—X)-p]

with A; being the lower (bottom) asymptote, A, the upper (top) asymptote, p being the
hill slope and LOGxO0 the center (turning point of the curve). For both A; (fixed value = 0)
and A (fixed value = 1) predetermined values were assigned, as the normalized area

values always range between 0 and 1 (see 7.4.3.1.2.2)

As a result of the DRA one receives effective time (ET) values, in this case ET2g, ETso,
and ETgo. The half maximal effective time (ETso) value represents a point of time (in
seconds) at which the curve of the normalized area has covered 50 % (half the way)
between the minimum and maximum response — the other subscripted numbers

represent the points of time of respective curve progressions (20 or 80 %).
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7.4.3.2 Proteomics (proteome profiling)

In short: the treated cells were subdivided into a cytoplasmatic and a nucleus fraction,
lysed and proteins were precipated in ethanol. After storage at -20 °C in the freezer, the
precipates for the mass spectrometric analysis (proteome profiling) were prepared and

afterwards measured.
7.4.3.2.1 Cell lysis: cytoplasmatic fraction (CYT) and nucleus fraction (NE)

In short: cell lysis by shear force (physically based) and receipt of the cytoplasmatic
isolate (supernatant) after centrifugation. The remaining pellet was lysed reagent based
after resuspension and the nuclear extract was received after centrifugation. Both
fractions were alcoholically (ethanol) precipitated.

The cell fractionation and the disruption of these fractions was performed with the “cell
fractionation Standard Operating Protocol (SOP) for adherent cells (updated version
2016-10-26)" which is established in the research group of Prof. Gerner. This was
operated in detail as follows:

Before SOP was performed, the treated cells were photographed with the microscope
(Carl Zeiss Microscopy GmbH). All work was conducted on ice, the reagents used (see
7.5.3) were put on ice and the centrifuge (Thermo Fisher Scientific) was cooled down to
4 °C. To receive the cytoplasmatic fraction (synonymously cytoplasmatic isolate), the
medium was discarded, the cells were washed twice with 1 mL cold PBS (Sigma-Aldrich)
each, and this washing solution was again discarded. After adding 1 mL cold lysis buffer,
the adherent cells were scrapped off using a cell scraper (the same cell scraper was
used for biological replicates). The cell suspension was transferred into a new 15 mL
falcon tube with the aid of a syringe and needle (the same were used for biological
replicates) and was then lysed by shear forces at the wall of the falcon tube. This process
was repeated 10 times, until the cell lysis was completed (the progress of the lysis was
microscopically screened via dropping and fixing the cell lysate on a cover slip).
Afterwards the cell lysate was placed into a cooled centrifuge and centrifuged for 5
minutes at 2,227 x g. In a new 15 mL falcon tube with 4 mL prepared ice-cold ethanol
(EtOH, 99 %, Austro Alco) the supernatant (cytoplasmatic isolate) was transferred and
precipated. This falcon tube was sealed with Parafilm and kept with the top up at -20 °C

in the freezer — and will be called cytoplasmatic fraction (CYT) from now on.

To receive the nucleus fraction (synonymously nuclear extract), the remaining pellet in
the falcon tube was dried up carefully with tissue paper and thus the cytoplasmatic isolate
was removed. Afterwards the pellet was re-suspended in 100 pL TE-NaCl and incubated

on ice for 10 minutes. Then 900 pL TE-NP40 lysismix were added, vortexed and
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incubated for another 15 minutes. Thereupon the falcon tube was placed into a cooled
centrifuge and centrifuged for 5 minutes at 2,227 x g. In a new 15 mL falcon tube with 4
mL prepared ice-cold EtOH the supernatant (nuclear extract) was transferred and
precipated. This falcon tube was sealed with Parafilm and kept with the top up at -20 °C

in the freezer - and will be termed nuclear fraction (NE) from now on.
7.4.3.2.2 Further sample processing and determination of protein concentration

In short, precipated proteins were collected by centrifugation at 5,000 x g for 30 minutes,
protein pellets were re-solubilized after drying in Protifi® lysis buffer with subsequent
determination of the protein concentration with BCA-assay.

In detail, the protein fractions were stored in the freezer (-20 °C) for at least 24 hours
before centrifugation. The falcon tubes were centrifuged in a cooled (4 °C) centrifuge for
30 minutes at 5,000 x g. The supernatant was discarded, and the pellet was dried in a
two-stage process at room temperature. For it, the falcon tubes were first dried top down
on tissue paper for 20 minutes and then top up for further 30 minutes in vacuum
(desiccator). The dried pellets of each fraction were then dissolved overnight in different
amounts of Protifi® lysis buffer. The next day, the sample solution was transferred into a
labelled 2 mL reaction tube, the protein concentration was determined with a BCA-assay
(see 7.4.3.2.2.1) and stored at -20 °C in the freezer until further processing and protein

digestion.

Proteolytic digestion of the samples and LC-MS/MS analysis were performed by the

team of Prof. Gerner according to the protocols published in [231].
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7.4.3.2.2.1 BCA assay (bicinchoninic acid assay)

The bicinchoninic acid assay (BCA assay) was developed in 1985 by Smith et al. [232]
for the quantitative determination of the protein concentration and is a combination of the
biuret reaction and bicinchoninic acid (BCA) as detection system. There, at first step, the
containing proteins reduce under alkaline conditions (triggered either by susceptible
amino acids, such as cysteine (Cys), tyrosine (Tyr) and tryptophan (Trp), or by peptide
bonds) Cu?* to Cu*. At the second step, Cu* interacts with two molecules BCA forming a
purple and stabile complex that absorbs light. The absorption maximum of this complex
is at a wavelength of 562 nm. Thereby the protein concentration can be determined
quantitatively by means of a calibration standard straight (the ratio of reduced Cu?* to
the amount of proteins in the sample is the same) [233].

The BCA assay was performed according to the standard BCA assay protocol by
choosing 6 calibration standards to cover a concentration range of 0 — 5 ug BCA.
Samples as well as calibration standards were prepared in reaction tubes following
below-mentioned pipetting scheme (Table 3). These reaction tubes were placed in a
prewarmed (60 °C) thermomixer (Eppendorf AG) and shaken at 1,100 rpm for 30
minutes in the dark. Afterwards 200 pL each were transferred into a 96-well cell culture
plate (Sarstedt AG & Co KG) and absorption was measured with a microplate reader
(Thermo Fisher Scientific) at 562 nm. The protein concentration was determined

quantitatively by means of the calibration standard straight.

Table 3: pipetting scheme of the BCA assay

BSA LC-MS grade Protifi® standard sample
(1pg / L) H.0 lysis buffer | working reagent
Standard 0 0 pL 9 pL 1pL 200 pL 0pL
Standard 1 1pL 8 pL 1pL 200 pL 0pL
Standard 2 2 uL 7 pL 1pL 200 pL 0pL
Standard 3 3L 6 pL 1pL 200 pL 0pL
Standard 4 4 L 5 pL 1pL 200 pL 0pL
Standard 5 5pL 4yl 1pL 200 pL 0pL
Sample 0 pL 9 pL 1pL 200 pL 1L
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7.5 Materials

7.5.1 Chemicals and reagents

Chemicals/reagents Company
Celecoxib Sigma-Aldrich
Cell freezing Medium-DMSO Sigma-Aldrich
Dimethylsulfoxide (DMSO) = 99.5 % Carl Roth GmbH
Dulbecco’s phosphate buffered saline (DPBS), GibcoM,
-CaClz, -MgClz2 Thermo Fisher Scientific
Ethanol, 99 % Austro Alco
Ethanol, absolute, 99.8 % Thermo Fisher Scientific,

Ethylenediaminetetraacetic acid

(EDTA) 299 % Carl Roth GmbH

Fetal bovine Serum (FBS) Sigma-Aldrich

LC-MS grade H20 Sigma-Aldrich

Lovastatin Enzo Life Science

PBS (phosphate buffer saline) Sigma-Aldrich

Penicillin G - Streptomycin Sigma-Aldrich

PPC (Phosphatase Inhibitor Cocktail) Sigma-Aldrich

RPMI 1640 (1X) Medium Gibco™,

(L-Glutamin und Glutathion) Thermo Fischer Scientific
Gibco™,

Trypsin powder 1:250 ) o
Thermo Fisher Scientific

Trypsin-EDTA-Solution, 0.25 % Sigma-Aldrich

Yoda-1 Sigma-Aldrich

7.5.2 Consumption materials and instruments

Instruments/materials Type Company
6-well cell culture plate Sarstedt AG & Co KG
for adherent cells
96-well cell culture plate, Sarstedt AG & Co KG
polystyrene, standard
Autoclave Systec DX-150 Systec GmbH
Balance Adventurer® Analytical AX224 Mettler-Toledo

DeltaRange® Microbalance XP 26 Mettler-Toledo
ML204 NewClassic Analytical Mettler-Toledo
Balance
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Cell counter

MOXI Z Mini Automated Cell

Counter

Orflo Technologies

MOXI Z Type M Cassettes

Orflo Technologies

Cell culture dish (TC35
polysterene) for
adherent cells, 9.4 cm?

growth area

Sarstedt AG & Co KG

Cell culture flask T-25
(cap filtered, for

adherent cells)

Sarstedt AG & Co KG

Centrifuge

Megafuge™ 16R

Thermo Fisher Scientific

DURAN® Laborflasche
(100 mL, 250 mL,
500 mL, 1000 mL)

DURAN Group GmbH

Falcon tube
(15 mL, 50 mL)

Sarstedt AG & Co KG

Fridge/Freezer Liebherr Premium and Comfort Liebherr
(4°C,-20°C)
Fume Hood Prutscher Laboratory
Systems GmbH
Incubator MCO-170AICUV, COz2 Panasonic Health Care

Heracell 150i CO2

Thermo Fisher Scientific

Laminar flow hood

Heraseafe™

Thermo Fisher Scientific

Microplate reader

Multiskan GO Microplate

Spectrophotometer

Thermo Fisher Scientific

Microscopy

Olympus CKX53, Objectives:
LCAchN 20X/0,40 IPC, CAchN 10X/
0,25 IPC, UPlan FLW 4X/0,13 IPC

Olympus Life Science
GmbH

Inverted microscope Axiovert 40C,
Objectives: A-Plan 5X/0,12 PhO, A-
Plan 10X/0,25 Ph1; Ocular:

PL 10X/18

Carl Zeiss Microscopy
GmbH

LSM confocal, ELYRA-systems PS
1, Objectives: Plan-Neofluar
10X/0,30, Plan-Apochromat 63X/1,4
oil, Plan-Apochromat 100X/1,46 oil

Carl Zeiss Microscopy
GmbH

Primo Vert Inverted Microscope

Carl Zeiss Microscopy
GmbH

Multi Step pipette

Handy Step®

Brand GmbH &Co KG
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Nitrile gloves

(powder free)

Kimberly Clark GmbH

pH-meter (Benchtop)

VWR International

Pipette tips
(5000 pL), non sterile

Eppendorf AG

Pipette tips (10 uL, 200
pL, 1000 pL), non sterile

Sarstedt AG & Co KG

Reaction tubes
(0.5mL, 1.5mL, 2.0 mL)

Sarstedt AG & Co KG

Serological pipette
(2 mL, 5mL, 10 mL,

Sarstedt AG & Co KG

25 mL)

Sterile filter Filtropur V50 vacuum filtration with Sarstedt AG & Co KG
0.2 um pore size

Thermomixer Eppendorf ThermoMixer® Eppendorf AG

Vacuum Filtration Unit, Filtropur V50 Sarstedt AG & Co KG

500 mL, PES, 0.2 pm

Vortex Lab Dancer S40 IKA®-Werke GmbH & Co.

KG
Water bath vwb 12 VWR International

7.5.3 Prepared reagents for proteomics analysis

Reagents

Components

Fraction puffer

10 mM NacCl

10 mM HEPES/NaOH (pH 7.4)

1 mM EGTA (ethylene glycol bis(2-aminoethyl)
tetraacetic acid)

3.5 mM MgCI2

0.25 M sucrose

0.5 % (v/v) Triton X-100

Lysis buffer

Fraction buffer with 1:100 PPC and 1:100 PMSF
(PPC and PMSF was added shortly before use)

Protifi® lysis buffer

8 M Urea

50 mM tetraethylamoniumbromid (TEAB)
5 % /v/v) sodium dodecyl sulfat (SDS)
pH 7.55

PSMF
(phenylmethylsulfonyl fluoride)

1.742 g per 100 mL Isopropanol
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Reagent A (BCA-Assay)

186 mM sodium carbonat

26 mM bicinchoninic acid disodium salt hydrate
113 mM sodium bicarbonat

8 mM sodium tatrat

pH 11.25 (adjusted by using 3 M sodium hydroxide)

Reagent B (BCA-Assay)

200 mM copper sulfate pentahydrate

Standard working reagents
(BCA-Assay)

reagent A : reagent B = 50:1

is prepared shortly before use

TE-NaCl buffer

10 mM Tris/HCI
1 mM EDTA
0.5 M NaCl

TE-NP40

10 mM Tris/HCI
1 mM EDTA
0.5 % (v/v) NP-40

TE-NP40 lysis mix

TE-NP40 with 1:100 PPC and 1:100 PMSF
(PPC and PMSF was added shortly before use)

7.5.4 Prepared reagents for de-adhesion assay

Reagents

‘ Components

500 mL Trypsin-EDTA in PBS (1X),

pH = 7.1, sterile filtered

0.53 mM 99% EDTA
2.0719 g Trypsin powder 1:250
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8 Results

8.1 De-adhesion assay

The de-adhesion assay starts with the adding of pre-warmed trypsin which leads to a
lagged initiation (phase 1), a contraction of the spread cells until rounding (phase 2), and
finally to a plateau phase with no further changes in cell size (phase 3). During this
process, the cell area is diminishing. An exemplification curve with representative
photographs of how the cells behave during the assay is presented in Figure 6. This
effect could be observed in both cell lines (YDFR-C and YDFR-CB) and in every
condition (control, CXB, Lovastatin, and Yoda-1).
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Figure 6: Exemplification curve and overview of the de-adhesion assay
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Figure 7: Evaluation of cell morphology from YDFR-C (left) and YDFR-CB (right) cell line after 24 h static incubation with
and without drug treatment (1 pM) before the de-adhesion assay (t = 0 s).

spider web chart: Cell area, circularity, aspect ratio, roundness and solidity data are mean values of n = 50 selected cells
from =5 independet experiments. Data quantification with ImageJ software, statistic calculations with Origin software.

light coloured: YDFR-C; dark coloured: YDFR-CB;
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After a static incubation of 24 hours, the MN cells from both cell lines showed a similar
growth pattern and appearance. Their borders ranged from oblong elliptic, wide-spread
star shaped, bulbous round to corrugated, some showing trapezoid or triangular like
shapes. The lovastatin-treated cells however showed long drawn-out, spindle-shaped
appearance, thin excrescences and partly spiky star-shaped borders with a lower

tendency for wide-spread cell areas (see Figure 7).

On an average, the YDFR-C cell lines (both control and all drug treatments) showed a
greater area compared to their YDFR-CB cell line counterparts, but statistically there was
significant evidence (p=0.05) for that only with Yoda-1-treated cells. Interestingly, despite
the fact that the mean area values differed significantly only in Yoda-1, the values of the
mean area varied strongly within YDFR-C and YDFR-CB in every group (drug treatment
and control). The area ratio of C:CB were very similar (see Table 4), with Yoda-1 area
ratio setting itself apart slightly.

There was no significant difference in the cell area within the particular cell line (YDFR-
C or YDFR-CB) comparing the drug treatments with their corresponding controls, except
for the Lovastatin treatment with differences in both cell lines: In the YDFR-C cell line
(p=0.05) and in the YDFR-CB cell line (p=0.01), the area differed significantly from the
control. This supports the marked visual differences in morphology of Lovastatin-treated

cells mentioned above (all results are listed in Table 4).

Table 4: Compendium of the morphological data collected

treatment cell line number mean area arearatio
of cells (um?) (C:CB)
YDFR-C 60 344.37 £ 162.63
Control 1,12
Celecoxib 1 uM 1,12
Lovastatin 1 uM 1,14
Yoda-1 1uM 1,18

Results are expressed as mean values * SD, significances of each area (treatment and
corresponding control counterpart) were tested with a two-sample t-test. Significant
differences in the cell areas in the particular cell lines (YDFR-C and YDFR-CB)
comparing drug treatment with their corresponding controls are indicated as * with
p<0.05 and ** with p<0.01. Data quantification with ImageJ software, statistic
calculations with Origin software.
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When comparing both cell lines (YDFR-C vs. YDFR-CB) within the same group (control
or drug treatment) concerning the other measured cell shape describing parameters,
circularity, aspect ratio (AR), roundness, and solidity (summarized in Table 5), there was
no significant difference within the control-group. Within the CXB-group there appeared
a difference of p=0.05 in AR, with Lovastatin a difference of 0=0.001 in AR and p=0.01
in roundness, and within the Yoda-1-group both AR and roundness differed with
p=0.001.

Table 5: cell shape describing parameters

treatment gell number Circularity Aspect Ratio Roundness Solidity
line | of cells

C 60 0.32£0.13 230+1.01 0.51+0.18 0.67 £0.14

Control

0.69+0.13

'c | 60 |022:010% |343:207%* |0.40+020%
'c | 60 |032:012 2.34+1.03 0.51 + 0.20

Results are expressed as mean values + SD, significances of each parameter (treatment and
corresponding control counterpart) were tested with a two-sample t-test. Significant differences in the
cell parameters in the particular cell lines (YDFR-C and YDFR-CB) comparing drug treatment with their
corresponding controls are indicated as * with p<0.05 and ** with p<0.01. Data quantification with
ImageJ software, statistic calculations with Origin software.

0.55 + 0.14***

Lovastatin
1uM

0.66 £ 0.13

When comparing drug treatment versus control within the two cell lines YDFR-C or
YDFR-CB with these other cell shape describing parameters mentioned above, it
became apparent that CXB-treated cells in neither of the two cell lines differed from their
respective controls. The Yoda-1-treated cells showed a significant difference in the
parameters circularity (p=0.05), AR (p=0.05), and roundness (p=0.01) within the YDFR-
CB cell line compared to their corresponding controls. The biggest impact on the cell
morphology of both cell lines showed the treatment with Lovastatin, where all measured
cell shape describing parameters differed significantly (p=0.001) from those of the
respective controls. Solely the parameter roundness of the YDFR-C cell line exhibited a
p=0.01 significant difference to the control. For a better overview, the Lovastatin specific

results are summarized in Figure 8.
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Figure 8: Impact of Lovastatin treatment on the cell morphology
Comparison of the cell morphology treated with Lovastatin (blue) and untreated cells (control — grey) in
YDFR-C (left) and YDFR-CB (right) cell lines. Significant differences are indicated as * with p<0.05, ** with

p<0.01 and *** with p<0.001, tested with an ANOVA. Data quantification with ImageJ software, statistic
calculations with Origin software.

During the de-adhesion assay, the visual observation was made that the YDFR-C cell
line showed a faster reaction to the added trypsin than the YDFR-CB cell line in both
control and drug-treated cells. This observation also presents itself in the graphic
summary of the de-adhesion assay (see Figure 9). There the curve progression of every
condition for both cell lines of each de-adhesion assay is depicted as mean values of the

normalized area * standard deviation (SD) versus time (s).

To verify this observation statistically, the ET (effective time)-values were calculated from
a DRA for each analyzed cell for each cell line (YDFR-C and YDFR-CB) and condition
(control and drug treatment). The abscissa data (time axis) had to be adjusted by
adapting it logarithmically before the sigmoidal fitting for the DRA function could be
performed. The adapted curve progressions (mean values of the normalized area + SD
versus logarithm of time) are illustrated as a representative example in Figure 10. After
the sigmoidal fitting for the DRA function, the so obtained ET-values of each cell for both
cell lines (YDFR-C and YDFR-CB) and every condition (control and drug-treated cells)

could be obtained and their mean values + SD are listed in Figure 13b.
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Figure 9: Curve progression of the summarized results of the DAA.
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A and B: Results are the normalized area vs time (s) expressed as mean values + SD. Control and drug
treated YDFR-C cell lines (A) show faster detachment than their YDFR-CB cell line counterparts (B). Data

guantification with ImageJ software, statistic calculations and graphical design with Origin software.
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A and B: show the adapted curve progressions (mean values of the normalized area + SD versus
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To get a better overview over the data distribution, the so gained single values of each

cell from each assay were depicted in Figure 11 as box blot diagram.
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Figure 11: Comparison of ET-values of the YDFR- C and YDFR-CB cell lines

Presentation of all single ET-values in their particular response to their de-adhesion behavior. Results are
the ET-values of the normalized area versus time (s) expressed as mean values + SD. Significances of
each ET-value (YDFR-C and YDFR-CB cell line) were tested with a two-sample t-test. Significant
differences are indicated as * with p<0.05, ** with p<0.01 and *** with p<0.001.

The ET-values (ET2o, ETso, and ETsgo) of the YDFR-CB cell line of each condition (control
or drug treatment) were compared to the corresponding ET-values of the YDFR-C cell
line with the appropriate condition with the aid of a two-sample t-test. The visual

observation mentioned above was widely confirmed:

All YDFR-C cell lines in every condition (control and drug treatment) showed a
significantly faster de-adhesion process compared to their corresponding YDFR-CB cell
line (see Figure 11 for detailed significance level), exempt Yoda-1 ETzo, that did not
demonstrate significant difference. For better illustration, the progression of the ET-

values was described in a line graph (without SD) in Figure 13a.
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Figure 12: Overview over the de-adhesion behavior and changes in morphology of representatively
chosen cells.

Tracking of the de-adhesion process and therefore of the transformation (rounding) of the different treated
and untreated cells in YDFR-C and YDFR-CB cell lines at defined points of time (ETz20, ETso and ETzgo).
Cell borders are marked in yellow. Data quantification with ImageJ software.
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To follow the morphological changes of the different cells graphically, representative
photographs of the cells (during the de-adhesion assays a photo was taken every 5 s,
see also 7.4.3.1) at the points in time closest to the actual ET-values (ET2o, ETso, and
ETso) were summarized in Figure 12. The cell borders were marked yellow with the
ImageJ software, so that the de-adhesion behavior of the chosen cell could be traced
more easily. A distinct rounding and thus diminution of the cell area during the de-
adhesion process (before detachment the cells contract and round) could be observed.
The mean values = SD of the ET-values of each cell for both cell lines (YDFR-C and
YDFR-CB) and every condition (control and drug-treated cells) are listed in Figure 13b.

The ET-values (ET2o0, ETso, and ETgo) of each condition (CXB, Yoda-1 and Lovastatin)
was compared to the ET counterparts of the corresponding control within the same cell
line (either YDFR-C or YDFR-CB) to observe possible significant changes in the de-
adhesion process during drug treatment. This was performed with a two-sample t-test,
the results are also listed in Figure 13b:

The drug treatments had the following impact on the time response of the de-adhesion
process within the YCFR-C cell line. CXB treatment accelerated the initial de-adhesion
process (ET2o) by about 5 s (p=0.05) on an average. The remaining curve progression
at ETsoand ETso however did not differ significantly from the control. Lovastatin treatment
had no significant impact on the de-adhesion process both at ET2 and ETsg, yet at ETgo
it showed a highly significant (p=0.001) deceleration, by about 14 s compared with the
control. Yoda-1 treatment had the greatest impact on the YDFR-C cell lines. It
decelerated de-adhesion most significantly (p=0.001) throughout the whole process, at
an average of about 11 s at ET»o, 13 s at ETso and about 16 s at ETgo compared with the

control.

The YDFR-CB cell line, however, displayed other responses after drug treatment.
Neither CXB nor Yoda-1 treatment had an impact on the de-adhesion process (ETzo,
ETso, and ETso) compared with the control. Lovastatin treatment, on the other hand,
decelerated de-adhesion most significantly (p=0.001) throughout the whole process, at
an average of about 18 s at ET», about 22 s at ETso and 28 s at ETgo. For better

illustration, these results are summarized as a line graph (without SD) in Figure 13a.
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Figure 13: Overview of ET-value trends and ET values of all cell lines and treatments

A: Graphical representation of the time response through the calculated ET-values (listed in B)

B: Results are the ET-values of the normalized area versus time (s) expressed as mean value + SD.
Significances of each ET-value (treatment and corresponding control counterpart) were tested with a two-
sample t-test. Significant differences are indicated as * with p<0.05 and *** with p<0.001.
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8.2 Proteomics analysis

The total proteome profiling was performed with biological triplicates via mass
spectrometry-based proteomics. From the received MS data, 18 proteins were selected
out of the 15 most up-regulated and 15 most down-regulated proteins of each condition
(untreated control, CXB, Lovastatin, and Yoda-1) and were divided into 5 classes. The

results of this analysis were illustrated in a heatmap (Figure 14).

Control Celecoxib Lovastatin  Yoda-1
C CB C CB C CB C CB

Melanoma NNMT
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Figure 14: Heatmap of the selected proteins from the total protein analysis

The biological triplicates of the 18 selected proteins were divided into 5 classes and presented in the
heatmap with their LFQ intensity. The scalebar visualizes the highest LFQ intensity (19.6, dark blue) at the
left and the lowest LFQ intensity (11.2, light blue) at the right side of the bar and represents the colors and
LFQ intensities in the heatmap.
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For the classification into the five classes mentioned above the quoted papers were used

as a basis:

- Melanoma marker: NNMT [234, 235], RAB6B [236, 237]

- Adhesion: NDRG1 [238], ITGA5 [239, 240], CRIP2 [241], PTPN2 [241], RALA
[241], RAP1GAP [242]

- Cytoskeleton: FAM107B [243], DST [244], SDC3 [245], RHOC [246], NCKIPSD
(also known as SPIN90 [247]) [248] , PALLD [249];

- Signaling: IL17RA [250], WWTR1 [251]

- Lipid metabolism: ACBD6 [252], SLC27A3 (also known as FATP3 [253]) [254]

With the MN marker, especially NNMT has to be mentioned which is up-regulated in the
control of the YDFR-C cell line, but down-regulated in the corresponding YDFR-CB
control. This tendency continues after drug treatment as well. RAB6B only shows a slight
up-regulation in YDFR-CB control compared to the YDFR-C control. This up-regulation
in the YDFR-CB cell line is enhanced with drug treatments within each group (CXB,
Lovastatin, Yoda-1). Concerning the adhesion proteins, ITGAS is up-regulated in the
YDFR-C control compared to the corresponding YDFR-CB control — a tendency that
persist after drug treatment. RAP1GAP appears to be down-regulated in all conditions
(control, CXB, Lovastatin, Yoda-1) and cell lines (YDFR-C and YDFR-CB). With proteins
associated with lipid metabolism, SLC27A3 is down-regulated in YDFR-C control
compared to the corresponding YDFR-CB control. This tendency continues after drug
treatment as well. The cytoskeleton protein DST appears to be down-regulated in the
YDFR-C control and up-regulated in the corresponding YDFR-CB control. This tendency
changes only after CXB treatment where the corresponding YDFR-CB cell line shows no

up-regulation.
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9 Discussion

Metastasis is the major reason for treatment failure and the high mortality rate of cancer.
The deadliest form of all skin cancers is MN, which arises from the malignant
transformation of melanocytes. De-adhesion is the key event in metastasis and
represents the first step in the metastatic cascade. This thesis focuses on morphological
and proteomic alterations of two human MN cell lines, the cutaneous MN cell line
YDFR-C and the brain metastatic cell line YDFR-CB originating from the same patient,
regarding their de-adhesion behavior and in how far different drugs on the one hand
influence this behavior and on the other hand influence mechanosensitive processes.
For this, the cell-describing parameters were determined by means of a morphometric
analysis. A de-adhesion assay was established and performed to analyze the de-
adhesion behavior of the above-mentioned MN cell lines, as well as an MN signature
was characterized by proteomics.

9.1 Morphometric analysis

9.1.1 Cell describing parameters and morphological changes

Changes in cell morphology occurred during EMT [163]. The question arose, if with MN
and its EMT-like switch it also comes to changes in the morphological parameters and if
the drugs used for treatment might have a certain influence on them. Especially the
visible deviation during cell culturing with Lovastatin (see 8.1) offered motivation to
further investigate this item. Figure 7 presents examples of microscopic pictures with
their belonging spider web charts outlining the selected 5 cell shape describing

parameters (area, circularity, aspect ratio, roundness, and solidity).

Under qualitative visual observation, there was no noticeable difference between the two
control cell lines (untreated YDFR-C and YDFR-CB) concerning cell appearance. The
morphometric characterization of the cells also showed no significant difference with both
control cell lines concerning the cell describing parameters. The same results were
presented in another study which, among other things, compared the morphology of 4
different MN cell lines including YDFR-C and YDFR-CB [218]. Notably, three parameters
(area, circularity, and roundness) were collected equally in both papers. The results in
relation to each other (YDFR-C vs. YDFR-CB) as shown in the spider web charts are
about the same, but the numeric values — especially with area — differ greatly, possibly

in relation to different correction values used in the two studies.
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After having thus defined the morphology of both untreated cell lines (YDFR-C and
YDFR-CB), the question arose, in how far the 24-hour static treatment with the different

drugs affected the cell shape describing parameters:

CXB showed no significant impact on the cell morphology (in both cell lines, YDFR-C vs.
YDFR-CB). Visually as well, the two cell lines did not differ from each other or from the
corresponding control. A possible explanation for this could be that maybe the imaging
technique used showed no sufficient accuracy concerning the analysis of the effects of
CXB on the morphology of the cells. Venkatesan et al. [255] used for the comparison of
methods three techniques, phase contrast microscopy, high resolution confocal laser
fluorescence microscopy and atomic force microscopy. Thereby they could demonstrate
that using the phase contrast microscopy no significant changes in morphology with
CXB-treated cells (for 24 hours) were discernable, whereas with the other two
microscope techniques mentioned above a morphologic difference was observed [255].

Lovastatin triggered the most significant change on cell morphology, already visually a
considerable difference compared to the control could be seen (spindle shaped
appearance, see also 8.1). Shellman et al. reported morphological changes (rounded
and detached cells) in with 1 and 4 uM Lovastatin treated human MN cell lines after 72
hours incubation [256], whereas Song et al. observed cell rounding, elongation, cell-cell
separation and detachment with PTM and PCB cells after 24 hour treatment with 15 and
30 UM Lovastatin [257]. The marked visual difference also appeared with the cell
describing parameters, which differed significantly from the corresponding control in both
cell lines (YDFR-C and YDFR-CB). If you used the circularity classification of Schéchlin
et al. [228], Lovastatin-treated cells would be classified as distinctly spindled in both cell

lines. A significantly increased AR as well hints at a spindle like cell shape.

EMT influences cell morphology, contributes to metastasis [163], and, during its
progression, a significant increase in cellular AR could be observed [258]. This hints at
a spindled shaped morphology, which is a hallmark of EMT as well [259]. Taken together,
with the initiation of EMT, cell morphology changes and cells become more spindle
shaped as well as more motile, which is the initial step of the metastatic cascade (also
described in 5.3). On the basis of these morphologic observations, it could be
hypothesized that Lovastatin contributes to the metastatic potential of MN cells because
of the increased spindle like cell shape (significant reduction of circularity with

simultaneous significant increase in AR).
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Furthermore, Lovastatin is the only one of the three drugs used to show a significantly
lower cell area in both cell lines (compared to the corresponding control) after a 24 hour
static incubation. Menter et al. described in his experiment with another hydrophobic
statin (10 uM Simvastatin) an inhibition of cell growth after 24 hours of treatment [260].
Such an inhibition of cell growth is possibly also an explanation for the significantly lower

area of the Lovastatin-treated cells.

Yoda-1 mimics constant shear stress in static cultures by activating pharmacologically
Piezo 1 channels [197]. The cell lines treated with Yoda-1 were the only cell lines
showing a difference in area between YDFR-C vs. YDFR-CB. The treated YDFR-C cell
line grew significantly compared to the treated YDFR-CB cell line, about 17 % on an

average.

Similar to Lovastatin, the YDFR-CB cell line tended to a spindled morphologic change
with Yoda-1 treatment, which again showed as a significant reduction in circularity as
well as a significant increase in AR compared to the corresponding control. These
observations correspond to Liu et al. [227] who examined the morphologic response of
fluid shear stress to osteoblasts. After an exposure of one hour with a magnitude of
1.9 Pa they observed the same morphologic changes (reduction of circularity and rise in

AR) as response to shear stress [227].

The ECso concentration of Yoda-1 on purified Piezo 1 proteins lies within a range of 10
— 50 uM [128]. To activate the Piezo 1 channel, Yoda-1 at a moderate concentration of
1 uM was used. At this concentration, the cutaneous YDFR-C cells showed no difference
in any of the morphologic parameters concerning their control, but the brain metastatic
YDFR-CB cell line did, as mentioned above. It seems as if cells which had once before
experienced shear stress (during their metastatic journey through the circulation)

showed a strong morphologic response already in low doses of Yoda-1.

Finally it has to be mentioned that, if you apply the circularity classification of Schéchlin
et al. [228], (see 7.4.3.1.2.1), Lovastatin treatment in both cell lines (YDFR-C and YDFR-
CB) showed a circularity clearly ranging within the band width of the class “spindled”,
whereas all other conditions (control, CXB and Yoda-1) in both cell lines moved round
the upper margin between “spindled” and “elongated”. It is important to note that this
classification is based on nuclear shapes and therefore may not be used for the
classification of cell shapes. Nevertheless, the morphology of MN cells has already been

described as triangular or spindled [261].
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9.1.2 De-adhesion behavior

MN is a kind of cancer with high capacity for metastasis [262] and metastasis is always
accompanied by a loss of adhesion [263]. The question arose if tumor cells from a
primary site (cutaneous) would bring about a quicker de-adhesion response than
secondary tumors (brain metastasis) and in how far different drugs influence this
behavior. To date, no literature in reply of this question could be found. For investigation,
corresponding cell lines of cutaneous (YDFR-C) and brain metastatic (YDFR-CB) cells
shared same genetic ancestry.

By means of de-adhesion assays it could be demonstrated that there was a significant
difference between the YDFR-C and the YDFR-CB cell lines (both as untreated control).
This became evident in all three examined phases (ET2, ETso, and ETgo) during the
course of de-adhesion. At an average, the difference in time amounts to about 11 s
(ET20), about 17 s (ETso) and about 15 s (ETso). The YDFR-CB cell line showed a delayed

de-adhesion process after trypsinization.

As described in chapter 7.4.3.1, a morphological change discernable on the photos only
started in the second phase of the assay with quick proceeding of cell contraction (until
rounding of the cells [221]), as in the first phase only the FA contacts between cell and
surface were detached by trypsin [221] which led to a lagged initiation of de-adhesion.
The significant delay of the de-adhesion process of the YDFR-CB compared to the
YDFR-C cell line supports the conclusion that adhesion is more pronounced in this cell
line. In a recent study, it could be verified, that in MN brain metastases the PI3K/AKT
pathway was upregulated [264]. This pathway modulates e.g. attachment in metastatic
cells [265], a fact that could explain this observations.

After having characterized the de-adhesion profiles and behaviors of both untreated cell
lines (YDFR-C and YDFR-CB), the question arose, how the 24-hour static treatment with
the different drugs affected the de-adhesion properties per se:

With Lovastatin treatment, only the YDFR-CB cell line showed a significant impact on
the three examined phases (ET2o, ETso, and ETgo) during the course of de-adhesion
compared to the corresponding control. Thereby, Lovastatin delayed the de-adhesion
process in this cell line after trypsinization on an average of about 18 s (ET2o), about 22 s
(ETso) and about 28 s (ETsgo).

This observation is interesting, as an accelerated de-adhesion process (especially in the
YDFR-C cell line) was anticipated, because statins — as reported in several papers [266—
269] — decrease cell adhesion. However, the de-adhesion process did not differ

significantly from the control within the first two phases (ET» and ETsg), hence only at
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the end of the assay (at ETso) a significant delay of de-adhesion arose. As cholesterol is
co-responsible for the membrane fluidity [172], a possible interpretation could be, that
after a certain reduction of cell area the reduced motility of the membrane could influence
the contraction process. This could also explain the significantly decelerated contraction
process in der YDFR-CB cell line compared to its corresponding control. These results
suggest that Lovastatin, against other scientific observations, strengthens adhesion in
MN brain metastatic cells and has furthermore no impact on the adhesion behavior of
cutaneous MN cells.

Yoda-1 treatment was the only drug treatment which flattened up the difference between
both cell lines (YDFR-C vs. YDFR-CB) concerning the de-adhesion behavior at the
beginning of the assay (ETzo). In all other treatments, the de-adhesion process (ET2o) set
in significantly faster with YDFR-C cell lines in every condition (control, CXB, Lovastatin)
than with YDFR-CB.

Furthermore, with Yoda-1 treatment, only the YDFR-C cell line showed a significant
impact on the three examined phases (ET2o, ETso, and ETgo) during the course of de-
adhesion compared to the corresponding control. Thereby, Yoda-1 delayed the de-
adhesion process in this cell line after trypsinization on an average of about 11 s (ETxo),
about 13 s (ETso) and about 16 s (ETso).

This deceleration is so pronounced that there is no significant difference between
YDFR-C Yoda-1-treated cell line and the untreated YDFR-CB control in the first two
examined phases (ET2 and ETsg), and ETgo is only just different (p=0.05). These results
show that the adhesion behavior seems to be contrary to morphology - it seems as if
cells which had not experienced shear stress before showed a strong response

concerning de-adhesion behavior with already low doses of Yoda-1.

The exact role of CXB in tumor protection is still unclear [213], its effect on de-adhesion
also provides diverging results [186, 201, 204, 270, 271].

In our case, only the examined ET2 phase of the CXB-treated YDFR-C cell line showed
a significant difference compared to the corresponding control. The de-adhesion process
started on an average about 5 s earlier. The other two examined phases (ETso and ETso)
showed no significant difference concerning de-adhesion time compared to the
untreated YDFR-C control. These results suggest that CXB reduces the de-adhesion
behavior of the YDFR-C cell line. Finally, it has to be mentioned that CXB treatment
displayed the same trend in all ET-values (ET20, ETso, and ETgo), also in those bearing
no statistical significance: the mean ET-values were always below those of the

corresponding controls.
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The trypsin de-adhesion assay has been performed by others and has been discussed
in many papers [219, 221, 272, 273], but to the best of our knowledge so far nobody has
yet addressed this specific topic, so that there has been no work on MN-cells (e.g. YDFR-
C and/or YDFR-CB) by now. Solely one paper [273] has been found performing the
trypsin de-adhesion assay with an MN cell line (among diverse breast cancer cell lines)
—though the MN cell line used (MDA-MB-453) was defined in various other publications
[274-277] as being a breast cancer cell line.

9.2 Proteomics

As can be seen from the heatmap, NNMT is up-regulated in the primary tumor (untreated
YDFR-C control) and could thus function as a molecular bio marker for MN as suggested
by Ganzetti at al. [235]. The second MN marker, RAB6B, shows a slight up-regulation in
the YDFR-CB control compared to the corresponding YDFR-C control. This up-
regulation in the YDFR-CB cell line increased after drug treatments (CXB, Lovastatin,
Yoda-1). These results seem to support the pro-tumorgenetic functions of RAB6B [237]
and could support the theory of Peng et al. that RAB6B could function as a prognostic

marker [236], maybe also for MN.

A reduction in the expression of the adhesion molecule ITGAS is associated with reduced
adhesion [240]. ITGA5 is up-regulated in the YDFR-C control compared to the
corresponding YDFR-CB control. Nevertheless, the results of the de-adhesion assay
show that the YDFR-C cell line shows a faster de-adhesion response after

compared to the YDFR-C cell line (in the control group, see 9.1.2). RAP1GAP appears
to be down-regulated in all conditions (control, CXB, Lovastatin, Yoda-1) and cell lines
(YDFR-C and YDFR-CB), which in MN promotes cell survival, proliferation and migration
[242]. SLC27A3 shows the same tendency with all drug treatments (CXB, Lovastatin,
Yoda-1): down-regulation in the YDFR-C cell line and up-regulation in the corresponding
YDFR-CB cell line. Interestingly, this also applies with Lovastatin, that influences lipid
metabolism. The cytoskeletal protein DST is associated with the identification of MN
metastases [278]. In the used YDFR cell line, the brain metastatic cell line YDFR-CB
(untreated control) showed an up-regulation of this protein, which could support the

above-mentioned assumption.
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Finally, the following should be mentioned critically:

Differences in morphology may have been discernable wusing different

imaging/microscope techniques (e.g. see [255]).

2-D cell cultures might constitute a reductionist approach as they may not represent the

tumor environment properly and may show an aberrant drug response [279]

The enzyme activity of the enzyme used determines the course of the de-adhesion
assay, especially in phase one (see 7.4.3.1) where the enzyme detaches the FA contacts
between cell and surface. Therefore, it would be worth considering including the enzyme
activity into the calculations as a kind of parameter, as to be able to compare the results
from other de-adhesion assays with each other, if needed.

The quality of the data depends on the personal, manual data analysis as well as the
analysis device. In this case, always the same person evaluated the data by the same
device for stringent conditions. Moreover, an independent evaluator not engaged in the
experiments picked cells in a Z-layout (see 7.4.3.1.1) so that the personal selection bias
of the investigator was bypassed. Furthermore, it was tried to keep the conditions for the
6-minutes assay circle the same by choosing a standardized procedure to improve the
reproducibility of the experiments (see 7.4.3.1). For the de-adhesion assay, trypsin was
produced specifically (see 7.2.4) and the processing order of the different conditions was
varied with each assay (see 7.4.3.1). By these measures, it was tried to keep the

conditions equal, to increase the reproducibility as well as to eliminate the personal bias.

59



10 Conclusion

In conclusion, this work could successfully demonstrate that the adhesion capacity in the
metastatic YDFR-CB cell line is more pronounced (a significant delay of de-adhesion

process) than in the cutaneous YDFR-C cell line.

The results suggest that Lovastatin, against other scientific observations, strengthens
adhesion in brain metastatic YDFR-CB cells and has furthermore no impact on the
adhesion behavior of cutaneous YDFR-C cells. This is the case despite of morphologic
changes with increased spindle-like cell shape (significant reduction of circularity with
simultaneous significant increase of aspect ratio) in both cell lines (YDFR-C and YDFR-
CB) after treatment with Lovastatin.

The results of Yoda-1 treatment seem to be contrary concerning the adhesion behavior
and the morphologic changes: Cells which had not experienced shear stress before
(YDFR-C) showed a strong response concerning de-adhesion behavior (delayed the de-
adhesion process in this cell line), whereas cells already having once before experienced
shear stress (YDFR-CB) showed a strong morphological response (significant reduction
of circularity and significant increase of aspect ratio).

The presented data showed that Celecoxib reduces the de-adhesion behavior of the
YDFR-C cell line.

Furthermore, nicotinamide N-methyltransferase (NNMT) seems to function as a

molecular biomarker for melanoma.

The thesis hopefully contributes to the ongoing research on melanoma, the deadliest of

all skin cancers, and may promote future progress in this field.
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