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Abstract

Melanoma, although not the most prevalent form of skin cancer, is the most aggressive and fatal.
Melanoma progression and aggressiveness are dependent not only on the inherent characteristics and
behavior of cancer cells, but also on the tumor microenvironment (TME), which surrounds cancer cells
and is mainly composed by extracellular matrix (ECM), fibroblasts and immune cells. ECM is a key
driver of tumor progression and changes in its compositions and organization can directly influence
cancer cell behavior. This project aimed to understand how modifications in ECM components,
particularly in the laminin 02-chain (encoded by the LAMAZ2 gene) affects melanoma cells, regarding
DNA damage, growth, and migration. Melanoma cells (A375 cell line) with LAMA?2 deletion (LAMA2
KO) were used and DNA damage, growth and their migration capacity, were compared with wild-type
(WT) melanoma cells, using both 2D and 3D models (spheroids). Previous data from the host laboratory
indicated that A375 LAMA2 KO cells displayed higher levels of phosphorylated p53. Contrasting, here
a decreased in the phosphorylated p53 levels in LAMA2 KO spheroids with 10 days in culture was
observed. Differences were also detected regarding the area of spheroids, with a significant increase in
the area of LAMA2 KO spheroids 20 days after being established. Migration and RAC! expression, a
regulator of cell migration, were decreased in both 2D and 3D models in LAMA2 KO cells in comparison
to wildtype counterparts. In addition, this project aimed to establish a co-culture system of melanoma
and fibroblasts, which was successfully achieved. Collectively, this work advances our understanding
of the critical role of the laminin-a2 chain in melanoma and establishes essential assays for
characterizing spheroid cultures which more closely mimic the in vivo environment. These improved
models provide a valuable platform to study tumor biology and microenvironmental interactions with
greater physiological relevance.

Keywords: Melanoma, Extracellular matrix, LAMA?2, Spheroids, Co-culture.
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Resumo

O melanoma ¢ um tipo de cancro de pele, que embora ndo seja o mais comum, quando se apresenta em
estadios mais avangados ¢ uma das formas de cancro de pele mais letal. Este tipo de cancro € considerado
0 17° mais comum, pela Organiza¢do Mundial da Saude (OMS). O melanoma desenvolve-se a partir da
transformacdo maligna de melanécitos. Os melandcitos sdo células que produzem pigmento, a melanina,
e no caso de estarem localizados na pele transferem a melanina para outras células, os queratinécitos,
localizados na epiderme. A melanina tem como principal fungdo absorver a radiagao ultravioleta (UV),
protegendo assim o niicleo das células. No entanto, a exposicdo excessiva aos raios solares e
consequentemente constantes queimaduras solares, podem causar danos nos melanocitos contribuindo
para danos no seu DNA e levar a sua transformagdo em células cancerigenas (melanoma). Mutacdes nos
genes BRAF e NRAS sao frequentes em nevos melanociticos (lesdes melanociticas benignas formadas
por agregados de melandcitos). A cooperagdo entre estas mutagdes e mutacdes adicionais que possam
ocorrer posteriormente, podem tornar nevos melanociticos em melanoma, conferindo um caracter
maligno as células. A progressao das células de melanoma estd intimamente associada a modificacdes
do meio onde estdo inseridas, também conhecido como o microambiente tumoral. Este microambiente
¢ composto, ndo s por células cancerigenas, mas também outros tipos celulares como os fibroblastos,
células endoteliais e células do sistema imunitario. Outro componente importante do ambiente tumoral
¢ a matriz extracelular (MEC), a qual corresponde a uma rede tridimensional de macromoléculas
(principalmente glicoproteinas e polissacarideos) que ocupa o espago entre as células dos tecidos, sendo
secretada pelas proprias células adjacentes. Estes componentes interagem e influenciam as células
cancerigenas, assim como o inverso, em que as células cancerigenas tém a capacidade de recrutar e
modelar o comportamento destes elementos conforme as suas necessidades para tornarem o ambiente
mais favoravel a sua sobrevivéncia e progressao. Por exemplo, as células de melanoma tém a capacidade
de influenciar os fibroblastos, modificando a expressdo génica destas células de forma a potenciar
progressdo tumoral. A MEC ¢é uma estrutura com fungdes estruturais e funcionais importantes,
contribuindo para guiar a morfogénese dos tecidos, assim como crescimento, diferenciag@o e adesdo
celular. E composta essencialmente por duas regides especializadas a matriz intersticial e a membrana
basal. A matriz intersticial, a qual permite o preenchimento entre tecidos fornecendo suporte, ¢ composta
principalmente por colagénios do tipo I, IIl e V, e fibronectinas, tendo como principal fungdo mediar
processos como diferenciacdo celular e migracdo, assim como garantir a integridade dos tecidos.
Relativamente a membrana basal, estd em contacto direto com as células, e os seus principais
componentes sdo lamininas e colagénio IV que estdo envolvidos na sinalizagdo e estrutura, contribuindo
para uma fungdo de protecdo e de delimitagdo dos tecidos. As células cancerigenas conseguem
remodelar a MEC através de mecanismos como alteragdes pos traducionais, deposicao ou degradacao
de proteinas da MEC. Estes mecanismos levam a alteragdes da MEC ao nivel da composi¢do,
organizacdo das fibras, assim como a sua rigidez (conseguem influenciar de forma a ter um substrato
mais rigido ou mais fluido), conferindo um ambiente favoravel a sua progressdo. As lamininas,
localizadas na membrana basal, sdo glicoproteinas formadas por trés cadeias diferentes, uma cadeia o,
B, e v, que organizadas de diferentes formas resultam em diferentes isoformas de lamininas. As lamininas
estdo envolvidas em diversos mecanismos celulares, entre os quais, adesdo celular, migragdo e
proliferagdo. Devido a sua importante fungdo celular de ancorar as células a MEC, alteragdes nestas
proteinas podem levar a uma perda da ligacao entre a MEC e as células, resultando em doencas que
afetam principalmente a pele, musculos e nervos. A distrofia muscular congénita relacionada com
LAMA2 (LAMA2-CMD), ¢ um exemplo de doenga provocada pela alteragdo da cadeia a2 das lamininas
211 e 221, devido a mutacdes do gene LAMAZ2. A alteragdo da cadeia 02 das lamininas leva a uma
disrup¢do da membrana basal, levando a uma perda de integridade celular. A fungdo de LAMA2 no
contexto do cancro ainda esta por explorar, no entanto, varios estudos em diferentes tipos de cancro



demostram que podera ter um papel importante. Nao é possivel fazer uma generalizacdo da funcao de
LAMA?2 no cancro, pois os resultados de diversos estudos parecem sugerir que esta fungdo depende do
tipo de tumor e até mesmo do estddio. No caso especifico do melanoma ndo hé estudos conclusivos
relativos a fungdo do gene LAMA2, no entanto, ¢ possivel que alteragdes neste gene possam provocar
remodelacdo na MEC e influenciar a progressdo e a agressividade do melanoma. Neste projeto o
principal objetivo € perceber como ¢ que a delegdo do gene LAMA?2 afeta as células de melanoma,
relativamente a processos celulares, como danos no DNA, crescimento ¢ migragdo. Para atingir este
objetivo foram utilizadas linhas celulares de melanoma humano (A375), em que se realizou a mutagao
do gene LAMA?2 (KO), e a mesma linha, mas sem mutagao (WT). Foram também utilizados dois modelos
diferentes de cultura in vitro, o modelo 2D e modelo 3D, servindo também como comparacao se o
modelo utilizado podera afetar o comportamento das células e consequentemente levar a obtencao de
diferentes resultados. Diversos estudos t€m sugerido que ha diferengas entre resultados obtidos quando
se utilizam modelos 2D ou modelos 3D, e referem que o modelo 3D podera ser o mais fidedigno no
sentido em que as células crescem num contexto mais semelhante ao in vivo. Nos modelos 2D as células
geralmente aderem diretamente ao plastico, no entanto, em modelos 3D as células estdo suspensas, isto
leva a alteragdes da morfologia da célula, sendo que em 3D a morfologia natural das células é
preservada. Para além de manter a morfologia celular, os modelos 3D também permitem interagdes
adequadas célula-célula, e célula-MEC, contribuindo para uma melhor mimetiza¢do do ambiente in vivo.
Neste projeto o modelo 3D utilizado foi feito através da formagdo de esferoides, em que as células estdo
num po¢o em suspensao e impedidas de se aderir ao fundo, o que obriga a sua agregagdo. Como alguns
estudos referem que o tempo dos esferoides em cultura pode, também, influenciar o comportamento das
células, nomeadamente levar a formagao de um centro necrético devido ao menor acesso a nutrientes e
oxigénio, neste projeto analisaram-se esferoides com diferentes tempos de cultura. Foram analisados
esferoides com 5, 10, 15 e 20 dias ap6s o dia em que foram plaqueados. Relativamente, ao crescimento,
este foi avaliado no modelo 3D, analisando a area dos esferoides ao longo do tempo (medindo o tamanho
dos mesmos esferoides ao fim dos dias definidos). Os resultados revelaram que as células LAMA2 KO
apresentam esferoides com areas maiores do que os WT, ao longo do tempo, possivelmente indicando
que existe uma maior proliferacdo celular ou menor compactagdo dos esferoides (maior espagamento
entre células). A anélise da ativacdo do p53 em esferoides sugere uma diminuigdo em esferoides LAMA2
KO com 10 dias de cultura. No entanto, existem flutuagdes dos niveis ao longo do tempo, ndo sendo
evidente uma tendéncia, ou diferengas entre esferoides LAMA2 KO ¢ WT.

Os resultados obtidos neste projeto, sugerem ainda que o gene LAMA?2 influencia a migragdo das células
de melanoma, tanto no modelo 2D como no modelo 3D. Em particular, observou-se uma diminuicao da
capacidade de migracdo nas células de melanoma na auséncia de LAMA2, comparando com as WT.
Foram também analisados genes que estdo envolvidos na migragdo celular. Por exemplo, o gene RAC!
envolvido na remodelagdo da actina e promovendo a migragdo celular foi analisado e verificou-se uma
diminuicdo da sua expressao nas células LAMA2 KO cultivadas em 2D e em esferoides com 10 dias.
Esta diminuicdo da expressdo de RAC! vai de encontro ao facto destes esferoides apresentarem uma
menor capacidade de migragao.

Para explorar como o microambiente tumoral poderia influenciar a progressao das células de melanoma
WT e LAMA2 KO, testaram-se co-culturas em modelo 3D de modo a desenvolver um modelo que
replique cada vez melhor o contexto in vivo. De forma a ir de encontro a esta vantagem dos modelos
3D, foram produzidos esferoides com células de melanoma e fibroblastos humanas. Desta forma ha um
aumento da representacdo do microambiente tumoral, que contribuiu para as respostas sobre o
comportamento das células de melanoma. A implementacdo dos esferoides de co-cultura foi bem-
sucedida e a migracao foi analisada, comparando esferoides de melanoma WT com fibroblastos e
esferoides de melanoma KO com fibroblastos. Nao houve diferencas relativas a migracao entre os dois
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esferoides de co-cultura WT and KO, ao contrario do que acontecia com as monoculturas. No entanto
sera necessario aumentar o nimero de experi€ncias para poder ter resultados mais robustos.

Em suma, os resultados desde projeto sugerem que alteragcdes no gene LAMAZ2 podem influenciar o
comportamento das células de melanoma, podendo mesmo diminuir a sua capacidade de progressao,
por exemplo ao diminuir a capacidade de migragdo destas células, um processo importante para a
evolugdo do cancro.

Palavras-chave: Melanoma, Matriz extracelular, LAMA2, Esferoides, Co-cultura.
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1. Introduction

1.1. Melanoma

The term melanoma originates from the Greek words, melas (meaning “black’) and -oma (denoting a
tumor) and refers to a type of skin cancer. Based on 2022 data, published by the World Health
Organization (WHO), melanoma is the 17" most common type of cancer worldwide, with Europe having
the highest incidence (44.1%) followed by Northern America (34%)'. Melanoma is consider a rare
disease, however it is the most aggressive and fatal form of skin cancer’. Melanoma development
involves the malignant transformation of melanocytes, a complex process driven by the interaction
between genetic and environmental factors, that can result in genetic and/or epigenetic alterations in key
genes, controlling proliferation, apoptosis, and response to DNA damage®*. Melanocytes are pigment
producing cells of the skin. They originate from a group of highly migratory embryonic cells called the
neural crest cells, which during development colonize the skin and numerous other tissues throughout
the body’. The main function of melanocytes is to produce melanin and transfer it to keratinocytes®’,
which are located in the epidermis, where melanin exerts its function of protecting the nucleus by
absorbing ultraviolet (UV) radiation*’. Sunlight exposure boosts the body’s vitamin D production,
which is essential for body health. The process requires photolyzing 7-dehydrocholesterol present in
epidermis by UVB to previtamin D3 which is then converted to vitamin D3, by thermal isomerization.
Then in the liver vitamin D3 is hydroxylated and transported to the kidney where is converted into the
biologically active form of vitamin D®. Nevertheless, intense UV radiation exposure, without protection,
is the major known environmental factor associated with development of melanoma.* The excessive
sunlight exposure, associated with sunburns can start the transformation of benign melanocytes into a
malignant phenotype®*. Malignant transformation into melanoma follows a sequential genetic model that
results in constitutive activation of oncogenic signal transduction. B-Raf Proto-Oncogene,
Serine/Threonine Kinase (BRAF) and NRAS Proto-Oncogene GTPase (NRAS) mutations are frequently
found in melanocytic nevi, benign skin growths composed of clusters of melanocytes’. Therefore
mutations in BRAF or NRAS are not sufficient for a cell to progress into melanoma and this requires the
cooperation with other pathways (additional mutations)'’. For example, mutations in cyclin-dependent
kinase-inhibitor 2A (CDKN2A) or tumor-protein p53 (7P53), which are associated with cell cycle and
mutations in phosphatase-and-tensin homologue (PTEN), which have implication with immune
resistance contributing to tumor progression®!’. These BRAF and NRAS mutations impact additional
pathways, as for example the constitutive activation of the mitogen-activated protein kinase (MAPK)
signaling and the phosphoinositide 3-kinase (PI3K)/AKT pathway, causing cell growth, proliferation,
and cell cycle dysfunction'®. Once established, melanoma development and progression is essentially
composed of two phases: the radial and the vertical growth phase. The radial phase occurs when cancer
cells are contained in the epidermis, where tumor growth was initiated, also called melanoma in situ. In
this phase melanoma cells spread radially through the epidermis. In the vertical phase, cells can spread
vertically, and by degrading the extracellular matrix (ECM), invade other tissues turning into metastatic
melanoma'!. The transformation of melanoma in situ into metastatic melanoma requires that these cells
switch between different phenotypes (have high plasticity)'2. This phenotypic changes can be a result of
an epithelial-mesenchymal transition (EMT), where epithelial cells lose their characteristics, such as
polarity, specialized junctions that make them tightly connected, and adhesion molecules (E-cadherin
and B-catenin)'’, while acquiring a mesenchymal phenotype that gives a migratory and invasive
potential to melanoma cells'!. EMT is an essential process in embryonic development and cancer
progression, since both require similar processes such as cellular invasion and migration to distant sites.
During embryogenesis EMT process is responsible for the migration of pre-melanocytes from the neural



crest to the epidermis'!. While during tumorigenesis, EMT is co-opted as part of the dedifferentiation, a
process in which cells lose their specialized features and acquire progenitor-like characteristics''4. In
melanoma, dedifferentiation is marked by the reactivation of neural crest-associated genes, and the loss
of melanocytic markers', and the cells acquire more cellular plasticity enabling this cells to become
invasive and initiate tumor metastasis'®>. Cell plasticity is a common characteristic of many cancers,
contributing to their heterogeneity, with the coexistence of cells with distinct genotypes, phenotypes and
molecular features'¢. The tumor heterogeneity can be distinguished between intratumor heterogeneity,
when there is a presence of distinct tumor cell populations within the same tumor, or intertumor
heterogeneity that refers to the difference found between tumors of the same type in different patients'’.
In melanoma cells, this plasticity is particularly pronounced, making them one of the most
heterogeneous cancers'®. Melanoma intratumor heterogeneity is largely dependent on the expression of
the Microphthalmia-associated transcription factor (MITF), the master regulator of melanocyte
development, as well as melanoma cell proliferation, survival, and invasion'>!>. MITF levels can
influence melanoma shift between two states'> invasive and non-invasive'>. Higher levels of MITF
expression are related with a non-invasive phenotype and a more proliferative state!'?. Proliferative
melanoma cells are dependent on high glucose levels that maintain sufficient levels of MITF protein
resulting in upregulation of the cell cycle. This occurs through the regulation of different proteins, such
as cyclin-dependent kinase 2 (CDK?2)'®, essential for G1/S phase transition and DNA synthesis, resulting
in increased S-phase populations and robust melanoma cell proliferation!®. In contrast, glucose
restriction decreases MITF expression leading to a switch from proliferation to an invasive phenotype,
since low MITF levels is responsible for upregulation of genes that promote EMT, invasion, and neural
crest cell-like properties'>?°. Additionally, alterations in gene expression can be adaptive responses to
cues from the tumor microenvironment (TME), which include not only glucose, but other signals such
as hypoxia, amino acid deprivation and ECM mechano-signaling?'. Melanoma cells interacts with TME
through bidirectional communication between melanoma cells and the stroma, via cell-cell or cell-
matrix interactions, resulting in TME remodeling, melanoma growth, metastasis and migration!?.

1.2. Tumor microenvironment

Melanoma cells do not exist in isolation. To understand their progression and behavior, it is essential to
consider the surrounding environment, also known as TME?2. TME is a complex and dynamic structure,
composed by non-cancer cellular components such as, fibroblasts, endothelial cells and immune cells,
that are recruited by cancer cells??, and the ECM! (Figure 1.1). The components of the TME affect each
other and influence tumor development and progression, impacting cancer cell invasion, tumor growth
and metastasis.”> Importantly, TME composition and behavior can be influenced by factors such as
gender, age and lifestyle, turning TME different between patients**. Cancer cells are an important
regulator of TME, shaping through intrinsic features such as epigenetic alterations, metabolic
reprogramming and deregulated signaling pathways®*. Evidence indicate that epigenetic regulation
within cancer cells can drive changes in the TME, for example, the upregulation of a transcription factor,
SNAILI, which promotes the induction of the EMT process, by altering the pattern of chromatin
modifications'®, facilitating the activation of mesenchymal genes and the repression of epithelial
genes®. During EMT, the loss of E-cadherin, a cell adhesion molecule, and the increase of N-cadherin,
typically expressed in mesenchymal cells, facilitates the escape of malignant melanocytes from
keratinocyte control, promoting interactions with stromal cells, such as fibroblasts and endothelial
cells?*?¢, At tumor onset, fibroblasts have an anti-tumor role by secreting proteins, such as transforming
growth factor-beta (TGF-), which can act as a tumor suppressor because of its inhibitory effects on the
cell cycle?”. However, tumor cells can escape this inhibitory effect and at later stages, TGF-B acts as a
tumor promoter, inducing tumor cell migration pathways. Melanoma cells can also secrete large



amounts of TGF-B, increasing the amount during disease progression®, thus affecting the
microenvironment, promoting tumor growth, and favoring tumor escape to immunosuppressive
mechanisms?’. Fibroblasts, influenced by melanoma cells, change their gene expression, acquiring pro-
tumor properties, and differentiate into melanoma-associated fibroblasts (MAFs)**, a subset of cancer-
associated fibroblasts (CAFs). MAFs secrete growth factors, such as insulin-like growth factor-1 (IGF-
1), which activate MAPK and AKT signaling pathways, increasing cell survival, growth, and
migration®. Invasion, an important hallmark of cancer, enables cancer cells to acquire a metastatic
characteristics. Cancer cell invasion requires both the cell capacity to migrate and the ability to degrade
the ECM*. Melanoma has the ability to disrupt the ECM using invadopodia, which are actin rich
protrusion containing enzymes such as metalloproteinases (MMPs), responsible for mediating ECM
degradation®. After invading the dermis, melanoma cells change their cytoskeletal organization and
communicate with surrounding cells and ECM, enabling them to migrate to distant sites**. The ECM
facilitates intercellular communication by acting as a storage site for a wide range of molecules, as well
as providing a substrate for cell adhesion and migration. Changes in its composition, organization and
mechanical properties, such as stiffness directly influences tumor cell behavior?'. Given the importance
of ECM in regulating cell phenotype and behavior, its remodeling is a key driver of tumor progression®*.

1.2.1. The role of extracellular matrix in cancer

The ECM is a dynamic network of proteins with important structural and functional roles in guiding
tissue morphogenesis, development and homeostasis though the regulation of cellular physiology,
growth, survival, differentiation, and adhesion.?' The ECM can be divided into two types the interstitial
matrix (stroma), and the basement membrane (BM), which differ in composition, function, and
location®? (Figure 1.1). The interstitial matrix is mainly composed of collagens I, I1I, V, fibronectin and
elastin, (Figure 1.1), and guarantees the structural integrity of tissues, and modulates processes such as
cell differentiation and migration. The BM is essential to delimit tissues into different and well-
organized compartments, providing structural integrity and barrier protection. The BM is primarily
composed of laminins, which allow cells to be anchored to ECM and provide cell signaling cues, and
collagen IV (Figure 1.1), which is thought to function as the main structural backbone*. The ECM
interacts with melanoma cells, mainly, through transmembrane receptors such as integrins, that mediated
cell-cell and cell intracellular matrix interactions*. Integrins also interact with other ECM components,
such as laminins and fibronectins, regulating mechanical cues®® and intracellular signaling pathways,
influencing cell behavior by promoting processes such as migration contributing to more invasive and
metastatic phenotype?'***¢, Cancer cells and tumor-associated stromal cells can remodel ECM by
different mechanisms, such as ECM deposition, post translational modifications, and degradation?®!,
leading to alterations in ECM composition, fiber organization and stiffness, creating a more suitable
microenvironment*?>. ECM proteins, such as collagens are synthesized by ribosomes in the rough
endoplasmic reticulum where the first post translational modifications take place, and then can be
subsequently translocated into the Golgi, where further post translational modifications can occur®!. One
example of these modifications is the crosslinking of collagen which involves the transamination of
glutamine residues to the amino group, resulting in formation of covalent bonds that are resistant to
proteolytic degradation®?. This increases stability, and combined with more collagen deposition and
linearization of ECM structure facilitating cell migration?'-*2, On the other hand, ECM degradation is
primarily driven by MMPs and other proteases, which play a crucial role in melanoma cell motility by
cleaving ECM components*. These enzymes contribute to the breakdown of the BM, that separates in
situ melanoma cells from stroma, allowing cancer cells to access the interstitial matrix and invade
surrounding tissues. Beyond facilitating invasion, ECM degradation also generates fragments, termed
matrikines, which play important roles, including in the activation of signaling pathways involved in



cell adhesion, migration, and proliferation, as well as leading to MMP expression and activation®>3’.

Parallel to ECM degradation, cancer cells can generate forces to open BM pores, if the matrix exhibits
mechanical plasticity, creating channels large enough for cells invade through®**. The invasive capacity
of cancer cells has been associated with enhanced laminin network rigidity, which might indicate that
alterations in these proteins could serve as regulators of tumor cell invasiveness by modifying BM
stiffness.
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Figure 1.1: Schematic representation of tumor microenvironment (TME) and Extracellular Matrix (ECM).
The TME is a dynamic structure surrounding cancer cells and is composed by fibroblasts, immune cells, vasculature, and ECM.
These components interact dynamically with the cancer cells, contributing to their growth and progression. The ECM is a key
driver of tumor progression and can be divided into two different types: Interstitial Matrix and Basement Membrane (BM).
The interstitial matrix is mainly composed of collagens I and III and fibronectin contributing for the structural integrity of
tissues. The BM delimitates tissues in well-organized compartments and is mainly composed of laminins and collagens IV.
Adapted from Prakash ef al. 2024, Image created using BioRender.com.

1.2.2. Laminins and LAMA?2 in cancer

Laminins, the most abundant components of the BM, are ubiquitous glycoproteins formed by one a, one
B, and one y chain®!*?, Five a, four B, and three y laminin chains can give rise to over 16 different laminin
isoforms. Expression of laminin isoforms occurs in a tissue- and cell- specific manner and can vary
during development and disease progression®. They are strong promoters of cell adhesion, migration,
differentiation and proliferation via integrins and other cell receptors including dystroglycan and
syndecans*'*?, which recognize laminin isoforms by differentially binding to the laminin chains.*
Laminins isoforms assemble into polymeric arrays across the cell surface, contributing to the
organization of BM with impact on BM integrity and signaling functions. Therefore, changes in this
assembly strongly affect cancer cell behavior, by influencing cell function and tissue organization**.
Many intracellular signaling pathways involved in laminin induced mechanotransduction are initiated
at specialized structures called focal adhesions, which link the cytoskeleton to the laminin network?.
An example is the focal adhesion kinase (FAK), which acts downstream of integrins and play a central
role by regulating the localization and activity of various acting-binding proteins involved in filamentous
actin (F-actin) remodeling.*® In addition to modulating actin dynamics, FAK also influences Rho family
GTPases, such as RhoA and Rac, which are crucial regulators of cytoskeletal organization, cell adhesion



and cell movement* (Figure 1.2). For instance, Rac Family Small GTPase 1(RACI) is a gene widely
expressed in tissues where it regulates actin cytoskeleton, having an important role in cell migration and
invasion***¢ (Figure 1.2). Alterations in laminins and the resulting loss of ECM linkage can lead to
various diseases, particularly those affecting the skin, muscle, and nerve*’. LAMA2- congenital muscular
dystrophy (LAMA2-CMD) is a disease caused by mutations in LAMA?2 gene. The LAMA?2 gene encodes
the a2 chain of laminins 211(LN211) and laminins 221(LN221)*, which are key structural components
in skeletal and cardiac muscle, and in peripheral nervous system®. A deficiency or complete absence of
laminin-a2 disrupts the BM integrity, leading to mechanical stress®*!
more vulnerable to fragmentation resulting in tissue injury and degeneration®. In more severe cases, the

on muscle fibers, making them

loss of laminin-a2 is associated with clinical conditions such as hypotonia, skeletal deformity and
respiratory insufficiency®”. The function of LAMA2 has been well characterized in the context of
LAMA2-CMD, however LAMA? also appears to play an important role in cancer®?, but its function is
not well known and can diverge depending on the type of cancer®?. The suppression of LAMA?2 in breast
cancer could promote the invasiveness of the cancer cells’. Nevertheless, depletion of LAMA?2 in
bladder cancer cells significantly inhibited their proliferation, weakened invasiveness and migration and
promoted apoptosis of these cells®. This suggest that alterations in LAMA?2 can have different outcomes
depending on the tumor type or stage®. In the case of melanoma, the role of LAMA2 has not been
extensively studied. Nevertheless, melanoma cells interact with ECM and laminins, including those
containing the 02 subunit, as part of their communication process>. Therefore, LAMA?2 alterations could
influence the progression and invasiveness of melanoma cells, although further research is needed to
clarify its specific effects.
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Figure 1.2: Illustrative scheme of a pathway induced by laminins to drive cancer cells migration.
The signalling pathway involved in laminin induced mechanotransduction are initiated in focal adhesion kinase (FAK), which
acts downstream of integrins, and plays a central role by regulating actin dynamics and influences Rho family GTPases, such
as RhoA and Rac, which are crucial regulators of cytoskeletal organization, cell adhesion and cell movement. RACI is widely
expressed in tissue and regulates actin cytoskeleton, having an important role in cell migration and invasion. Adapted from
Nonnast et al. 2024 3%, Image created using BioRender.com.



1.3. The role of DNA damage in cancer

The TME and particularly ECM remodeling has been described as key factors contributing to the
establishment of the hallmarks of cancer?’. Besides the contribution to proliferation and metastasis,
ECM remodeling has also been implicated in the regulation of the other enabling characteristics of
tumorigenesis including oxidative stress and DNA damage®. Mutations in genes that encode for
important ECM components can contribute to an increase in oxidative stress and DNA damage, as for
example observed in the context of LAMAZ2-deficiency, where previous studies showed increased
oxidative stress and DNA damage >**>%, On the other hand oxidative stress and DNA damage can also
drive ECM alterations by changing the expression of key genes that encode for structural and signaling
components of the ECM, including important glycoproteins, such as collagens, fibronectin, and
laminins**. DNA damage can occur both in ROS-dependent and independent sources, including DNA
replication errors, normal cellular metabolism, extracellular sources such as environmental chemicals
and sunlight (UV radiation)’’. Damage in the DNA includes single and double-strand DNA breaks
(DSB), base modifications, and crosslinking, all of which contribute to genomic instability, and
consequently facilitate transformation and cancer progression®®. A central player in the cellular response
to DNA damage is the tumor suppressor protein p53, often referred to as the “guardian of genome”’.
Upon DNA damage, p53 can be activated and orchestrates a range of responses. One of these responses
is promote DNA repair, activating genes including nucleotide excision repair (NER), and
nonhomologous end joining (NHEJ)®. p53 can also prevent cells with damaged DNA from dividing
(cell cycle arrest), and in cases of severe DNA damage, p53 can trigger apoptosis, to eliminate cells and
prevent potential tumor progression®2. ECM can also influence the DNA damage responses. ECM
stiffness, in particular, influences DNA repair capacity®. Under low stiffness there is a promotion of
apoptosis, by the activation of large tumor suppression kinase 1 (LA7S7) which links mechanical cues
from the microenvironment to the regulation of cell survival®.

Additionally, several anchorage-dependent cell types such as epithelial and endothelial cells, undergo
apoptosis when they do not adhere to the ECM®. However, during metastasis, cancer cells lose
anchorage dependence and exhibit alterations in their adhesions, which are important for their survival
and growth in inappropriate environments®. In the context of cancer, it is important to understand
whether survival signals from ECM can suppress p53, permitting malignant cell to avoid apoptosis®. In
most cancers, p53 is frequently mutated, compromising its tumor suppressor activity®!. Moreover, the
loss of p53 was also correlated with an increased of cell motility. ECM proteins that are associated to a
migratory phenotype are strongly increased after p53 loss, potentially enhancing cell-ECM interactions
to allow cell motility®. The p53 loss is related to activation of Rho family of small GTPases, which
includes RACI, cdc42 and RhoA, which contribute towards cell migration®. In melanoma, the ECM is
extensively remodeled, leading to changes in its biochemical and mechanical properties, including
stiffness alterations, that can affect the DNA repair mechanisms, by influencing cellular signaling
mechanical cues®'%. Therefore, understanding how changes in specific ECM components, such
laminins, contribute to this remodeling is important to uncover how the TME affects the cellular
responses to DNA damage.

1.4. In vitro models in cancer studies

As discussed above, cancer and, in this particularly study, melanoma, is a highly complex set of diseases,
with dynamic interactions with the surrounding environment. Considering that the ECM plays an active
role in tumor progression influencing proliferation, migration, and stress responses, studying these
mechanisms requires selecting an appropriate experimental model, including in vivo, ex vivo and in vitro
systems. In this study we used in vitro models based on cell lines that have been widely used for research



purposes. They have proved to be useful tools in fundamental studies of cellular pathways and for
disclosing critical genes involved in cancer®’. The use of the appropriate in vitro models in cancer
research is crucial to investigate genetic, epigenetic, and cellular pathways for the study of proliferation,
dysregulation, apoptosis and cancer progression, to define molecular markers and for screening and
characterization of cancer therapies®’. The two-dimensional (2D) culture system has been the most
widely used method since the early 1900s. Therefore it has played a vital role in research®, such as for
screening potential treatments and for characterizing proliferation and migration capabilities®.
However, 2D models also have many limitations as they are inaccurate in representing cells in the in
vivo context. Cells in 2D are cultured in a monolayer, with more surface area in contact with plastic and
culture medium than with other cells”’, forcing them into a polarization that does not reflect
physiological conditions’'. Previous studies showed that cells in 2D respond differently to drugs than
cells in three-dimensional (3D) settings®®. The fact that cells in 2D are forced to adopt an unnatural
shape, and since their shape can directly affect their biological activity, may contribute to their different
responses’!. Additionally, and in the context of cancer studies, 2D models are unable to simulate the
microenvironment of the original tumors,” lacking the structural arrangement of the TME®’, which
significantly impacts tumor development”. A more realistic in vifro model can be provided by 3D
cultures’, as they present some advantages, including the preservation of a closer to natural cell shape,
maintaining the cell polarity, and proper cell-cell and cell-ECM interactions contributing to a “niche”
more similar to what is present in vivo®®. These characteristics are essential to many functions and steps
in cancer, which are important to take in consideration in cancer studies.”' Spheroids are a type of 3D in
vitro model, generated from single-cells or with different types of cells cultured together (co-culture)’,
where cells are unable to attach to a surface, forcing their aggregation and consequently spheroid
formation’. Tumor spheroids have a well-organized heterogeneous architecture containing an outer
proliferative layer, an intermediate layer composed of quiescent and senescent cells, and an inner layer,
the core, characterized by more apoptotic and even necrotic cells, as a result of the limited distribution
of oxygen, nutrients and metabolites in the central part of the spheroids’"*’(Figure 1.3). Tumor cells
growing as spheroids are able to produce their own ECM’"""* once again better mimicking the in vivo
environment. Considering that the TME is characterized by high heterogeneity of cells, 3D models can
also allow the co-culture of different cell types, typically stromal cells such as immune cells, or
fibroblasts, generating for example multicellular spheroids’®, and recreate a more realistic and diverse

microenvironment’!

. Additionally 3D cell culture can also contribute to reduce the need for animal
testing, since the results obtained present several similarities with the in vivo, and can be cheaper and
faster than studies performed in animals 7. Overall, 3D models appear to be an accurate and valuable

tool to explore the role of the ECM in melanoma progression.
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Figure 1.3: Illustrative resume comparing 2D and 3D in vitro models. Cells in 2D model are culture in a monolayer, some
advantages of this model are the very good reproducibility, and cells have fast proliferation rates. However, there is a lack in
cell-cell and cell-matrix interactions. In 3D model, such as spheroids model, cells preserve their cell shape and maintaining
polarity. Additionally, spheroids model has a well-organized heterogeneous architecture containing a proliferative layer, an
intermediate layer composed of quiescent and senescent cells, and the core, characterized as more apoptotic and necrotic.
Adapted from Garnique et al. 2024 5. Image created using BioRender.com.

1.5. Aim of the project

Alterations in ECM structure can influence tumor onset as well as tumor progression, contributing to
the acquisition of a more proliferative or invasive phenotype in case of melanoma. The aim of this
project was to understand the impact of laminin-a2 chain-deficiency in melanoma cell behavior.
Melanoma cell lines, A375 wildtype (WT) and LAMA2-knockout (KO) were compared over time, in
terms of cell migration and DNA stability, by using different techniques, including western blot and
quantitive PCR (qPCR). This study took into account two different in vitro models, 2D and 3D
(spheroids). Additionally, with the objective of better mimicing the TME, fibroblasts were co-cultured
with melanoma cells. Overall, this project envisaged to provide more insights regarding how ECM
alterations can affect melanoma cells and to establish valuable models to characterize melanoma
progression.

2. Material and Methods
2.1. Cell Culture

A375 human melanoma WT and KO cells lines and human foreskin fibroblasts (HFFF2) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% of fetal bovine serum (FBS)
and 1% of an antibiotic mixture: penicillin (10,000 U/mL) and streptomycin (10 mg/mL), and incubated
at 37°C, 5% CO; with constant humidity. When confluency reached approximately 70%, cells were
passaged, using Trypsin-EDTA. KO cells lines were previously generated’® and two independent single
cell clone were used in the current study.



2.2. Spheroid Formation

2.2.1. Monoculture Spheroids

Spheroids were generated using A375 cell lines (WT or KO) or HFFF2 cells. First the cells were counted
to obtain a concentration of 5x10° cells/mL and 20 pL of cells suspension were plated in a 96-well plate,
previously coated with 1% of agarose in 1x PBS (phosphate buffer saline) to prevent cell adhesion, and
filled with DMEM complete medium. To potentiate the aggregation, the 96-well plates were placed in
a shaker with circular motion, for 10 minutes at 70 rpm. The spheroids were kept in the incubator at
37°C and 5% CO; with constant humidity.

2.2.2. Co-culture Spheroids

Co-culture spheroids were generated using A375 (WT or KO) cell lines and HFFF2 GFP+ cells. First,
20 uL of a 10 000 cells/mL suspension of HFFF2FP* cells were plated in 96- well plates and were placed
in a shaker with circular motion, for 10 minutes at 70 rpm. HFFF25""* spheroids grew for 3 days. After
this period 20 pL of a 2500 cells/mL suspension of A375 cells were added to the HFFF26** spheroids
and were placed in a shaker again. The spheroids were kept in the incubator at 37°C and 5% CO, with
constant humidity.

2.3. Spheroids Area Measurement

For each condition, four spheroids were observed under a brightfield microscope Olympus CK2 and
images were acquired. The area was measured using Imagel.

2.4. Migration Assay
2.4.1. Migration Assay in 3D spheroid model

Six spheroids from each cell line and each time point were transferred, using a cut micropipette tip, into
a 96-well plate previous coated with 0.1% of gelatin for 2h and blocked with 1% bovine serum albumin
(BSA) for 1 hour, and filled with 200 uL of DMEM supplemented with 2% of FBS and 1% of an
antibiotic mixture: penicillin (10,000 U/mL) and streptomycin (10 mg/mL). After transfering the
spheroids, images of each spheroid were acquired at Oh (60 minutes after transfer), 6h, 24h, and 72h
(Figure 2.1), using an Olympus CK2 microscope.
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Figure 2.1: Illustrative scheme of migration assay. A375 WT and LAMA2-KO spheroids were plated and after 5, 10, 15, and
20 days post seeding six spheroids from each timepoint were transferred into a 96-well plate. The migration plate was
previously coated with 0.1% gelatin and blocked with 1% BSA in 1x PBS. To analyze migration, pictures were acquired at 0,
6, 24, 48, and 72h after being transferred to the migration plate and the migration area was quantified. This scheme was created
using Biorender.com.

The area was measured using ImagelJ. The calculation of the migration area was done by calculating the
difference between the core of the spheroids and the total area and normalize for the Oh. The protocol
was adapted from literature”’.

2.4.2. Migration Assay in 2D model

A375 WT and KO cell lines were plated in 6-well plates and, when they reached 90-100% confluency,
four scratches with a micropipette tip were made to promote cells migration. The wells were washed
with 1x PBS and 2 mL of DMEM, supplement with 0.1% of FBS and 1% of an antibiotic mixture:
penicillin (10,000 U/mL) and streptomycin (10 mg/mL) were added to each well. After 72h cells were
collected into eppendorf tubes. Then the pellet was centrifuged at 500g during 5 min, the supernatant
was removed, and the pellet was washed with 500 pL 1x PBS and centrifuged again. The 1x PBS was
removed and the pellets were stored at -20°C, to further extract RNA.

2.5. Western Blot

2.5.1. Protein Extraction
Spheroids were collected into eppendorf tubes, centrifuged and washed with 1x PBS. After they were
suspended in 75 pL of SDS-PAGE (20% Glycerol, 4% SDS 100mM, Tris pH 6.8, 0.2% Bromophenol
blue, and 100mM DTT). They were then homogenized using a Retsch MM400 Tissue Lyser to shred
the cell membrane. The obtained lysate was heated at 50°C for 10 minutes and then centrifuged at 4°C
and maximum speed for 5 minutes. The supernatant was transferred to a new microcentrifuge tube and
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protein concentration was determined by the ratio of 260 nm to 280 nm absorbance using a NanoDrop
One. Samples were stored at -20°C until use.

2.5.2. Western Blot

Proteins were separated using a 10% polyacrylamide gel. Protein extracted from spheroids samples was
loaded in the gel (approximately 75-100ug of protein per well) and then run in 1x running buffer (3.02¢g
Tris base, 14.42g Glycine, 1g SDS in 1L distilled water) at 150 V for 1h, using the Mini-PROTEAN
Tetra electrophoresis system (Bio-Rad). Next, proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane previously activated with methanol. The Mini Trans-Blot Cell (Bio-Rad) was then
used for protein transfer with chilled transfer buffer (5.82g Tris, 2.93¢g glycine in 1L distilled water) at
100 V for 45 min. After transfer, to confirm the quality of protein extracts and verify the loading of the
gel, GelCodeTM Blue Safe Protein Stain (ThermoFisher Scientific) was used to stain the gel.
Membranes were next blocked for 1h in 5% milk in TBST (20 mM Tris, 150 mM NacCl, 0.1% Tween20
and distilled water (dH,O), pH 7.4-7.6), with agitation. Membranes were rinsed 3 times in TBST and
incubated with the primary antibody, diluted in 2% or 5% BSA in TBST and 0.02% Sodium Azide
overnight at 4°C, with agitation. After, membranes were washed with TBST and then incubated with
secondary antibodies diluted in 5% powdered milk in TBST for 1h at RT. After the incubation with the
secondary antibody, membranes were washed 3 times, for 10 min each, in TBST and chemiluminescence
was detected using SupersignalTM West Pico Chemiluminescent Substrate HRP (ThermoFisher
Scientific). Images were acquired using Amersham Imager 680 RGB (GE Healthcare) and the
densitometry analysis was performed using ImagelJ. Antibodies used are listed in Supplementary Table
1.

2.6. Formalin-Fixed Paraffin-Embedded (FFPE) Spheroids

To detect the presence of proteins of interest in spheroids by immunofluorescence, spheroids were plated
in low attachment 96-well plates, filled with 100 pL of DMEM. A drop of 20 pL of A375 WT and
LAMA?2 KO cell lines suspension in a concentration of 5x103 cells/mL were added to each well. Then
the plate was placed in shaker for 10 min at 70 rpm. Spheroids were maintained for 5, 10, 15, and 20
days in the incubator at 37°C and 5% CO, with constant humidity. When spheroids reach the target day
(5, 10, 15, or 20 days post seeding) the DMEM was totally removed carefully to not disaggregate the
spheroid and 50 pL of HistoGel™ was added to fix the spheroids. After HistoGel™ solidified (with cold
exposure) the spheroids were removed from the plate, placed into cassettes, and fixed with 10% buffered
formaldehyde for 8-12 hours. After, the spheroids were prepared for paraffin embedding by series of
alcohols increasing concentration and xylene immersions. Later, the spheroids were sectioned using a
microtome, cutting 4 um-tick sections. Sections were mounted onto TOMO adhesive slides and placed
in an oven for 1 hour at 60°C to ensure proper adhesion to the slide.

2.6.1. Immunofluorescence

Slides with FFPE spheroids sections were deparaffinized using xylol for 10 minutes. Then the slides
were washed with distilled water. After removing all the paraffin from the slides, a heat retrieval
treatment was performed, using citrate buffer. The slides in 1x citrate buffer were heated in the
microwave during 2 minutes at 750W and when the liquid started to boil, the potency was decreased to
150W for 4 more minutes. The slides were left to cool down at room temperature. After the slides were
placed in Tris- Buffered Saline with Tween 20 (TBST). Using a PAP pen, a circle was drawn around the
section of interest (section that contains the spheroids), to avoid the mixing of the applied antibodies.

11



For permeabilization the spheroids were covered with 0.3% Triton in 1x PBS and incubated for 15
minutes. Then the spheroids were incubated with goat serum diluted in TBST (1:50) for 60 minutes.
After blocking, the spheroids were incubated with the primary antibody (Supplementary Table 1),
overnight at 4°C in a dark and wet chamber. Next day, the spheroids were washed in TBST and incubated
with secondary antibody during 2 hours at room temperature, in a dark and wet chamber. After
incubation the spheroids were washed with 1x PBS. Spheroids were mounted using Mowiol-DABCO
(2.4g of Mowiol, 4.8 mL of 100% glycerol and 2.5% DABCO in H20; pH 8.5) with DAPI (25ug/mL).
The immunofluorescence images were acquire using an Olympus BX60 microscope and analyzed using
Imagel.

2.7. RNA extraction and qPCR analysis

Spheroids from migration assays were collected and placed in eppendorf tubes, centrifuged and washed
with 1x PBS. After, the pellet was lysed with 500 pL TRIzol™ reagent and homogenized using Tissue
Lyser for a mechanical disruption, during 30 Hz for 2x2 minutes. To completely dissociate the
1™ reagent and then 100 uL of
chloroform was added to the tube vortexed and incubated for 3 minutes. After incubation, samples were
centrifuged for 15 minutes at 12 000g at 4°C allowing the separation of the solution in different phases.

nucleoproteins complex, samples were incubated for 5 minutes in TRIzo

A lower red phenol-chloroform phase, an interphase, and a colorless upper aqueous phase (phase of
interest that contains RNA). The phase with RNA was carefully transferred into a new tube, to avoid
contamination with other phases. To isolate RNA, 250 pL of isopropanol was added and incubated for
10 minutes followed by 10 minutes of centrifugation at 12 000g at 4°C. The precipitated RNA forms a
white gel-like pellet, and the supernatant was discarded. The pellet was resuspended in 500 pL of 75%
ethanol and tubes were vortex and centrifuged for 5 minutes at 7500 g at 4°C. After centrifugation the
supernatant was discarded and the pellet was again resuspended in 75% ethanol, vortexed and
centrifugated again. The obtained supernatant was removed and the pellet was air dried. After, the pellet
was resuspended in 20 pL. of RNase-free water and incubated during 10 minutes in a thermoblock at
55°C. Using Nanodrop, the concentration of RNA was quantified, and the RNA was store at -20°C.
Using previously extracted RNA, complementary DNA (cDNA) was synthetized using Xpert cDNA
synthesis Kit (#GK86.0100). In an RNase-free microtube the following components were added to 1 pg
of template RNA, 3 pL of the Xpert cDNA Synthesis Supermix (5x), and RNase-free water to complete
the volume up to 20 puL. The tubes were gently mixed, briefly centrifuged and placed in a thermocycler
at 37°C for 15 minutes and then at 60°C for 30 minutes. The enzyme RNase was inactivated by heating
for 3 minutes at 95°C and then was stored at 20°C until being used for quantitative PCR (qPCR).

For gqPCR, a reaction mix were prepared using 5 pL of Xpert Fast SYBR 0.4 pL of reverse and 0.4 pL
of forward primer (Supplementary Table 2) and 3.2 pL of RNase-free water, making a total of 10 pL
total volume. The mixture was distributed in 96-well plates and 1 pL of cDNA were added to each well.
To do replicates, each sample were run in duplicated. The plate was sealed with an optically transparent
film and centrifuged, and the qPCR reaction was performed in a CFX96TM Real-Time PCR Detection
System (Bio-Rad). After checking the quality of the qPCR reactions by melting curve analysis, the
threshold cycle (Ct) values of the gene of interest (GOI) and the housekeeping gene were compared,
according to the following equations 2.1 and 2.2 to analyze qPCR reaction:

DCt = Ctgor - CtHousekeeping 2.1)
Fold difference to housekeeping = 2 (2.2
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2.8. Metaphase spreads and analysis of chromosome
aberrations

A375 WT and KO cells were plated (7x10° cell per 10 cm dish) and, on the following day, colcemid
(0.1 mg/mL final concentration) was added to the growth medium for 4 hours. The growth medium
containing cells in metaphase was collected and then cells remaining in the dish were washed with
1x PBS to collect the remaining cells in metaphase. After centrifuging, pre-warmed (37 °C) hypotonic
buffer (0.075M KCl) was added, drop by drop, onto the cells, which were then incubated at 37 °C for
25 minutes to swell the cells and separated the chromosomes. After incubation, 3 drops of fresh ice-cold
fixative (methanol: acetic acid, 3:1) were added to prepare cells for staining and preserving cellular
structure and were centrifuged for 10 minutes at 600 g. DMEM was aspirated leaving 1 mL, to which 2
ml of ice-cold fixative were added dropwise while vortexing and then, 9 mL were additionally added.
Cells were centrifuged again, and the supernatant was removed. The pellet was resuspended in 250 pL
of fixative and placed at -20 °C for 15 minutes or for long term storage. To spread metaphases, first the
slides were placed in a coplin jar with methanol and wiped with cotton tissue. Next, 45% of acetic acid
was added to the slides, the excess was removed, and cells were immediately dropped (each drop was
20 pL). After slides were dried, they were stained with Giemsa for 5 minutes. Slides were rinsed with
distilled water three times and left to dry. Slides were then observed under a brightfield Olympus BX51
microscope and images acquired with a DFK 23U274 camera. Images with metaphases were analyzed
for the type of chromosomal aberration, including fusions, gaps, breaks or radial chromosomes, and the
number of these aberrations per metaphase was analyzed and counted using Imagel.

2.9. Statistical Analysis

Statistical analysis of the results was performed using the GraphPad Prism 8.0.2 software. A one-way
ANOVA with Dunnett’s multiple comparisons test was used for p-p53 analysis, for each timepoint,
migration and gene expression between WT and KO in 2D and 3D migration. A two-away ANOVA with
Dunnett’s multiple comparisons was used for the area analysis.

3. Results

3.1. Effect of LAMAZ2-deficiency on DNA damage in melanoma
cells

Previous results from the host laboratory showed that LAMA2 KO (KO) melanoma cells tend to display
higher levels of DNA damage and increased p537¢7%. To further support this data, chromosome
aberration of WT and KO cells were analyzed. For KO cells, two independent single cell clones were
used to confirm that the results observed were not unique to a single clone. Chromosomes in metaphase
were stained with Giemsa (Figure 3.1A) and then analyzed by counting the number of aberrations per
metaphase (Figure 3.1B). The results showed a mild tendency towards an increase of aberrations in
melanoma KO cell lines. However, more samples are needed to confirm this result.
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Figure 3.1: LAMA2-deficiency may cause a mild chromosome aberrations in melanoma cells. A375 wildtype (WT) and
LAMA2-KO (KO) cells, using two different single cell clones, treated with colcemid were stained with Giemsa and
chromosomes were observed. (A) Representative image of a metaphase. Pink arrows indicate examples of aberrations that were
identified. (B) The total number of metaphases and the number of aberrations (break, fusions and GAPs) per metaphase was
analyzed. N=2 independent experiments.

In addition, to understand if the increased of DNA damage previously observed’, and the tendency
observed in this study for chromosome aberration, was also present when using a 3D spheroid model,
DNA damage was analyzed at day 5 of spheroid formation and revealed an increased in KO spheroids
when compared to the WT ones (Vanessa Ribeiro, unpublished).

To analyze the DNA damage over time in 3D cultures, the levels of phosphorylated p53 (p-p53) were
also analyzed in WT and KO spheroids across different time points (5, 10, 15 and 20 days) (Figure
3.2A). Data was normalized to WT melanoma spheroids with 5 days to understand if p-p53 protein
levels change over the time. The results obtained did not show an evident tendency of the p-p53 levels
over time (Figure 3.2B), and the levels of p-p53 between replicates for each timepoint have some
variation which makes it difficult to conclude whether there is a difference between the WT and KO
spheroids.
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Figure 3.2: Evaluation of p-p53 levels in melanoma spheroids during time. A) A375 WT and KO cells were plated in a 96-
well plate coated with 1% agarose in 1x PBS, at a concentration 5x103 cells/mL. Two independent L4AMA2-KO single clones
were used KOO and KOF. A drop of 20 pL were added to the well previously filled with 100 uL of DMEM. After, the plate was
shacked in circular motion to promote aggregation, during 10 minutes at 70 rpm. A375 WT and LAMA2-KO spheroids (with
5, 10, 15 or 20 days) were collected and protein was extracted to analyze the phosphorylation of p53 at serine 15 (p-p53) by
western blot. p53 was used as control for p-p53 and GAPDH was used as a loading control. For p-p53 a rabbit secondary
antibody was used, and for p53 a mouse secondary antibody, both in a concentration of 1:1000. For GAPDH a rabbit secondary
antibody was used with a concentration of 1:2000. B) Quantification of the p-p53, using ImagelJ and results were normalized
for WT with 5 days. N=4 independent experiments.

The data displayed in Figure 3.2 were reanalyzed and individual plots were generated for each timepoint
(5, 10, 15, and 20 days) (Figure 3.3), in order to enquire if there was a difference between the WT and
KO melanoma spheroids at any given timepoint. Taking into account the variability between
experiments, the results were normalized to the WT for the correspondent timepoint (Figure 3.3).
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Figure 3.3:The absence of LAMA2 impacts the levels of p-p53 in 10-days melanoma spheroids. A375 WT and KO cells
were plated in a 96-well plate coated with 1% agarose in 1x PBS, at a concentration 5x10° cells/mL. Two independent LAMA2-
KO single clones were used KO8 and KOF. A drop of 20 uL were added to the well previously filled with 100 uL. of DMEM.
A375 WT and LAMAZ2-KO spheroids (with 5, 10, 15, and 20 days) were collected and protein was extracted to analyzed
phosphorylation of p53 at serine 15 (p-p53) by western blot. p53 was used as control for the p-p53. GAPDH was used as a
loading control. Quantification of the p-p53, using ImageJ and results from each timepoint were normalized for WT. N=4
experiments. Statistical analysis was performed by a One-Way ANOVA with Dunnett’s multiple comparisons. *=p<0.05.

In spheroids cultured for 5 days (TP05) the results showed a tendency for a decreased in p-p53 levels
between the WT and KOF spheroids. This tendency became significant in spheroids cultured for 10 days
(TP10), the KOF spheroids showed a decrease of p-p53 levels comparing with the WT. Additionally,
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even though not significant, KOO also showed a tendency towards a decreased. For spheroids cultured
for 15 days (TP15), the tendency was inverse and KO spheroids tend to have an increase in p-p53 levels
compared to WT. Regarding the last timepoint (TP20), spheroids cultured for 20 days, the tendency is
lost and there are no differences between the WT and KO spheroids. The results suggest that LAMA?2 -
deficiency tends to reduce DNA damage in melanoma spheroids, in contrast with 2D models where
LAMA?2 KO tend to show increased DNA damage.

3.2. Absence of LAMA?2 increases the area of the melanoma
spheroids

Since p53 can impact cell proliferation®®, and changes in proliferation can affect spheroid formation and
maintenance, it is important to analyze the area of the spheroids to see what happens over time and the
assess any differences between the WT and KO spheroids. To achieve this goal WT and LAMA2-KO
spheroids were generated, and their area was analyzed by measuring the total area of the spheroids on
days 5, 10, 15, and 20 post seeding (Figure 3.4A). The results were then analyzed using Imagel, by
drawing a segmented line and measuring the total area of the segment (Supplementary Figure 1). The
results showed a significant increase in the area of KOs spheroids, compared to the WT in each timepoint
(Figure 3.4B). Additionally, the two single cell KO clones (KO0 and KOF) showed similar results in
each timepoint. This analysis indicates that WT and KO spheroids area is different, and this difference
started in an early timepoint (spheroids cultured for 5 days). The KOs spheroids have an increase of the
area over time compared with the WT spheroids which have almost no alterations in their size. These
results suggest that LAMA2 deletion can influence the area of melanoma cell spheroids, and this
influence is also pronounced over time.
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Figure 3.4: Absence of LAMA?2 increases melanoma spheroids area over time. A375 WT and KO cells were plated in a 96-
well plate coated with 1% agarose in 1x PBS, at a concentration 5x103 cells/mL. Two independent L4MA2-KO single clones
were used KOO and KOF. A drop of 20 pL were added to the well previously filled with 100 uL. of DMEM. After, the plate was
shacked in circular motion shaker to promote aggregation, during 10 minutes at 70 rpm. (A) Representative images of A375
WT and KO cells spheroids with 5 and 20 days. Amplification = 4x. Scale bar = 250 pm. (B) Measurement of spheroids area
on days 5, 10, 15 and 20 post seeding for each cell line. ImageJ was used to measure spheroids area using brightfield images
acquired on each timepoint. For each timepoint 4 spheroids were used to measure the area. N=3 independent experiments.
Statistical analysis was performed by Two-way ANOVA with Dunnett’s multiple comparisons test with *p-value < 0.05 and
***%p-value < 0.0001.
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In order to understand if the increase in spheroid size could be related to an increase in proliferation,
Ki67 was analyzed in immunohistochemistry sections of WT and LZAMA2 KO spheroids. Although due
to technical problems most of the samples were lost, except WT and KOO spheroids with 10 days
(Figure 3.5), a qualitative analysis of showed that Ki67 staining was mainly localized in cells at the
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periphery of the spheroids, and pointed for a possible increase in the number of Ki67 positive cells in
the WT spheroids.

TP10

Figure 3.5: Ki67 staining in WT and KO spheroids with 10 days. A375 spheroids WT and KO cells were plated in a low
attachment 96-well plates, filled with 100 uL of DMEM. Two independent LAMA2-KO single clones were used KO8 and KOF.
A drop of 20 pL of a 5x10° cells/mL concentration were added to the well. A375 WT and LAMA2-KO spheroids (with 5,10,15,
and 20 days) were collected to HistoGel. After spheroids were fixed and embed in paraffin to performed slices of 4 um. The
slices were stained for Ki67. N=1 experiments. Amplification = 10x Scale bar: 100 pm.

Additionally, cleaved caspase-3 immunostaining was performed to detect apoptotic cells ( Figure 3.6).
Only spheroids from WT and KOO cultured for 5, 10, and 20 days were analyzed, considering that other
spheroids were lost due technical problems. Preliminary analysis suggests that WT and KO0 spheroids
may have more signal for cleaved caspase-3 in spheroids cultured for 20 days than spheroids cultured
for 5 or 10 days (Figure 3.6), in the images acquired in inner part of the spheroid. Nevertheless, no
conclusion can be drawn from this staining.
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Figure 3.6: Cleaved caspase-3 signal in WT and KO 0 spheroids sliced. A375 spheroids WT and KO cells were plated in a
low attachment 96-well plates, filled with 100 pL of DMEM. Two independent LAMA2-KO single clones were used KO6 and
KOF. A drop of 20 pL of a 5x10° cells/mL concentration were added to the well. A375 WT and LAMA2-KO spheroids (with
5, 10, 15, and 20 days) were collected to HistoGel. After, spheroids were fixed and embed in paraffin to performed slices of 4
um. The slices were stained for cleaved caspase-3. N=1 experiments. Amplification=40x Scale bar: 20 pm.

3.3. LAMA?2-deficiency affects RACI gene expression in 2D
melanoma cells

Given the importance of ECM on cell migration, the effects of LAMA2 mutations on migratory capacity
of melanoma were also analyzed. Previous results from the host laboratory showed a decrease in the
migratory capacity of KO cells in comparison to WT cells, using 2D models’®. To complement these
results, the mRNA expression of two genes related with migration (RAC/ and TIMPI) was analyzed.
The results showed a downregulation of the expression of RACI in KO cell lines, with a significant
difference between WT and KOF (Figure 3.7). Regarding T/IMPI there was also a tendency for a
downregulation in KO cells, however the WT shows a high variation. These results suggest that absence
of LAMA? alters the expression of RACI and TIMP1 in A375 melanoma cell line.
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Figure 3.7: The absence of LAMA?2 impacts the expression of genes linked to migration in melanoma 2D cells. A375 cells
WT and KO, two different single clones, were collected after performed scratch assay during 72h. The expression of genes
related with migration were analyzed by qRT-PCR (RAC! and TIMP1). ACTB, encoding B-actin, was used as housekeeping
gene. N=5 independent experiments. Statistical analysis was performed using One-way ANOVA with Dunnett’s multiple
comparisons test ***p < 0.001.

3.4. Effects of LAMA?2 deletion on the migration of melanoma
spheroids

To understand if LAMA2 expression would also impact the migration of spheroids, WT and KO
spheroids were transferred (at 5, 10, 15, and 20 days post seeding) to plates coated with gelatin to allow
cells to migrate out from the spheroid. Then, migration was analyzed until 72 hours post-plating (Figure
3.8A). Images were acquired and analyzed using ImageJ, by drawing a line delimitating the core area
(cells that do not migrate) and the total area (including cells that were migrating) (Supplementary
Figure 2). The results (Figure 3.8B) showed that KOs spheroids have a tendency for a decreased
migration capacity comparing with WT spheroids, that have a higher percentage of migration area during
the 72h. This tendency can be observed in all the timepoints, except for spheroids cultured for 20 days
(TP20), where the WT migration results was similar to the KOs spheroids.
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Figure 3.8: LAMA2-deficiency may decrease cell migration in melanoma spheroids. A375 WT and LAMA2-KO spheroids
were plated and after 5, 10, 15, and 20 days post seeding (correspondent to TP05, TP10, TP15 and TP20, respectively), they
were transferred into a 96- well plate previously coated with 0.1% gelatin and blocked with 1% BSA in 1x PBS. (A)
Representative images of A375 WT and KO cells spheroids with 10 days during migration assay at 0, 6, 24, 48 and 72h after
transferred to the migration plate. Amplification = 4x. Scale bar = 250 pm. (B) Quantification of the percentage of migration
area during 72h from image as in A). The migration area was determined by the difference between the total area and the area
of the core and then normalized to Oh timepoint. ImageJ was used to measure migration area using brightfield images acquire
on each timepoint. Six spheroids were analyzed per cell line. N=3 independent experiments.

To analyze the migration results more easily and facilitate comparison between WT and KO, the area
under the curve (AUC) was calculated and the results were plotted in next graph (Figure 3.9).
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Figure 3.9: LAMA2-deficiency decrease cell migration in 5-days melanoma spheroids. From previous results (Figure 3.6)
the area under the curve was analyzed and the results were plotted to summarize the overall migration behavior, since each
point reflects the entire curve. N=3 independent experiments. Statistical analysis was performed using a One-way ANOVA with
Dunnett’s multiple comparisons test *p < 0.05.

In this analysis, each point reflects the entire curve, providing a summary of the migration behavior,
allowing a straightforward comparison. In melanoma spheroids cultured for 5 days (TP0S5) there is a
decrease of migration area in KO spheroids, with a significant difference between WT and KOF. For
spheroids cultured for 10 days (TP10) there is also a tendency to a decreased of the migration on KO
compared to WT. The KOO and KOF spheroids seem to have similar results between biological
replicates, however WT spheroids showed some variation between replicates. For TP15, that correspond
to spheroids cultured for 15 days, the KO spheroids are again similar to each other, with low variation
between replicates, but the WT spheroids seem to decrease the migration area, present also variation
between replicates, and is not observed the same tendency that was in the TP05 and TP10. To finish, in
spheroids with 20 days (TP20), there is an evident reduction of the AUC values for WT spheroids, and
there are no differences between WT and KO spheroids.

To complement this analysis of the migration area and given that in 2D melanoma the analysis for RACI
and TIMP-1 expression showed a tendency to be decreased in KO cells lines, these genes were also
analyzed in spheroids. After the migration assay, WT and KO spheroids were collected and RACI and
TIMP-1 gene expression were analyzed for each timepoint (5, 10, 15, and 20 days). Regarding RACI
gene expression, the results showed a significant difference in spheroids cultured for 10 days (TP10)
with a downregulation of the RAC! gene in KO spheroids (Figure 3.10A). The WT spheroids cultured
for 5 days (TPOS5) present variation between replicates. However, the KO spheroids present similar
trends. For spheroids cultured for 15 and 20 days (TP15 and TP20) the replicates presented a variation
and there were no differences between WT and KO spheroids.
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Figure 3.10: The absence of LAMA2 may impact the expression of genes linked to migration in 10 days melanoma
spheroids. A375 spheroids were collected after migrating during 72h, at each timepoint (TP5, TP10, TP15, TP20). The
expression of genes related with migration process were analyzed by qRT-PCR (RAC1 and TIMP-1). ACTB, encoding B-actin,
was used as housekeeping gene. N=3, except for TP10 RAC! for KOF n=2, independent experiments. Statistical analysis was
performed using a One-way ANOVA with Dunnett’s multiple comparisons.

For TIMP-1 gene expression analysis (Figure 3.10B) there were also no differences between WT and
KO spheroids. However, it is possible to observe a tendency for a downregulation in spheroids cultured
for 5 days (TP05), with WT spheroids showing variation in the results. For the other timepoints (10, 15,
and 20 days) the results of WT and KO spheroids showed variation between replicates, but no tendency
or differences were found. Overall, more samples should be added to these results to have a more robust
analysis.

3.5. LAMA?2 deletion did not affect co-culture spheroids
migration

In the context of the organism, cancer cells, such as melanoma cells, are surrounded by other types of
cells. This surrounding environment, also called TME, interacts with cancer cells, and vice-versa. As
already mentioned, these interactions can affect the tumor developments and progression®. One type of
cells that is a component of the TME and has an important role, by remodeling the TME and
communicate with cancer cells, are the fibroblasts. These cells can change their behavior promoting
tumor progression. They can secrete growth factors that activate MAPK and AKT signaling pathways,
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increasing migration® and they also may secrete MMPs that facilitate the migration of melanoma cells”.
As shown before with monoculture migration assay, the KOs melanoma spheroids, cultured for 5 and
10 days, showed a tendency to have the lowest migration capacity, comparing with WT spheroids. The
goal here was to understand if by doing a co-culture this migratory phenotype could be different. A co-
culture of melanoma cells (WT and KOs) with Human Fetal Foreskin Fibroblast 2 (HFFF2) prepared
and cultured for 5, 10, 15, and 20 days (same timepoints as in the monoculture). However, due to some
technical problems, the co-cultured spheroids cultured for 15 and 20 days were lost, so it was only
possible to analyze spheroids cultured for 5 and 10 days (TP05 and TP10, respectively).

When spheroids reached the timepoint of interest, they were transferred into a plate coated with gelatin
to analyze migration, during 72h (Figure 3.11A-C), similar to what was done with the monoculture
spheroids. To distinguish between the melanoma and fibroblast cells, the fibroblasts used in this
experiment expressed GFP (GFP+ fibroblasts were produced by Vanessa Ribeiro). Observing the
images is possible to see fibroblasts (green cells) (Figure 3.11A-C). Migration was analyzed by
delimitating the core area (cells that do not migrate) and the total area (including cells that were
migrating) (Supplementary Figure 2). The results did not show differences between WT and KO co-
culture spheroids cultured for 5 or 10 days, as they seemed to have a similar migration profile during
the time analyzed (Figure 3.11D).

A375 WT + HFFF2 GFP+ A375 KOO + HFFF2 GFP+
Brightfield GFP Merge

Brightfield GFP Merge

C A375 KOF + HFFF2 GFP+
Brightfield GFP Merge
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Figure 3.11: LAMA?2 deletion did not affect co-culture spheroids migration. WT HFFF2 fibroblasts were plated in 96-well
plates previously coated with agarose 1% in 1x PBS, at a concentration 1x10° cells/mL. A drop of 20 uL was added to the well
previously filled with 100 uL of DMEM. The plate was set to shake in a circular motion shaker to promote aggregation, during
10 minutes at 70 rpm. After three days A375 WT and KO melanoma cells were added at a concentration of 2,5 x10° cells/mL,
and the plate was once again put into motion. Spheroids grew for additional 5 days and then were transferred into a plate coated
with 0.1% gelatin to evaluate migration at 0, 6, 24, 48 and 72 hours. (A) Representative images of co-cultured spheroids with
melanoma WT cells and fibroblast (B) Representative images of co-cultured spheroids with melanoma LAMA2-KOB8 cells and
fibroblast (C) Representative images of co-cultured spheroids with melanoma LAMA2-KOF cells and fibroblast, with 5 days
during migration assay at 0, 6, 24, 48 and 72h after transfer to the migration plate. Amplification = 10x. Scale bar = 100 pm.
(D) Quantification of the percentage of migration area in co-culture spheroids with 5 and 10 days during 72h from image as
represented in A), determined by the difference between the total area and the area of the core and then normalized to Oh
timepoint. ImageJ was used to measure migration areas using brightfield images acquire on each timepoint. For migration
analysis six spheroids were analyzed per cell line. N=1 experiments.

For this migration analysis the area under the curve (AUC) was calculated and the results were plot
(Figure 3.12).
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Figure 3.12: Co-culture of WT fibroblasts with LAMA2-deficient melanoma may contribute to an increase of migration
in melanoma spheroids. From previous results (Figure 3.9) the area under the curve was analysis to summarize the overall
migration behavior, and the results were plotted in this graphics, and each point reflects the entire curve. Results for timepoint
day 5 (TP05) and day 10 (TP10) are shown. N=1 experiment.

From the AUC results, it seems that co-culture KO spheroids tend to migrate more than the WT co-
culture spheroids, with a more pronounced tendency in spheroids cultured for 10 days (TP10) (which is
contrary to what was seen in the monoculture). However, is important to consider that this analysis just
has N=1 experiments, being necessary in the future to include more sets of samples to have more robust
results and accurate conclusions.
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4. Discussion

The TME has been recognized to play an integral role in tumorigenesis and malignant progression,
contributing to several hallmarks of cancer'*?2. The ECM, a key component of the TME, is present in
all tissues and organs throughout the body?*, providing structural support and regulating essential
cellular functions®!. Cancer ECM differs from the ECM found in normal tissue in terms of composition,
organization and physical and biochemical properties??, which in the case of tumors are tailored to
support cancer progression and metastasis®®. In this project the aim was to understand how changes in
the LAMA?2 gene, which encodes for the a2 chain of laminins, can affect melanoma progression.
Previous unpublished results from the host laboratory suggested that the absence of LAMA2 in a 2D
model affects melanoma cells, reducing proliferation and migration, and increasing cell death and DNA
damage’®"8, Moreover, decreased proliferation and increased DNA damage was also found in C2C12
myoblasts (precursors of muscle fibers) lacking Lama2*. Together this suggests that the absence of
laminin-a2 chain compromises different cellular processes, independently of the cell type.

Cancer cells, including melanoma cells, have a different behavior when cultured in 2D or 3D models®.
This is probably due the fact that in 2D models, cells do not experience the same cell-cell and cell-ECM
interactions, as well as the gradient of nutrients and oxygen, that occurs in 3D systems*’. Since 3D
culture systems have been shown to better stimulate the TME, and this project focuses on the
consequences of the lack of an ECM component, it was important to use a model that facilitated cell-
ECM interactions’. In this project, spheroids were produced using A375 WT and LAMA2-KO
melanoma cell lines and different characteristics were analyzed at four different timepoints, 5, 10, 15,
and 20 days post-seeding. Spheroids typically form three layers over time, a superficial layer, mainly
containing cells in proliferation, an intermediate layer with cells in senescence/quiescent phase, and the
core, the inner layer that predominantly contains cells in necrosis, but cells in apoptosis can also be
found” (Figure 1.3). Previous studies analyzed A375 melanoma spheroids mainly between days 7 to
15, showing viability throughout this period!!#*#! To evaluate the impact of LAMAZ2-deficiency in the
viability of spheroids, their area was measured. LAMA2-KO spheroids showed a significant increase in
the area over time comparing with the WT spheroids (Figure 3.4). The WT spheroids did not show a
big fluctuation in terms of area over time. These results may suggest that the absence of LAMA?2 seems
to lead to an increase in the area of spheroids. One of the reasons that may explain the bigger area in
KOs spheroids could be an increase in proliferation rate in LAMAZ2-KO spheroids, leading to a larger
outer proliferative layer. This would contradict what was previously reported in a 2D A375 model, where
LAMA2-deficiency correlated with a decrease in proliferation’®. To test this hypothesis slices of
spheroids were analyzed by immunohistochemistry using Ki67 (marker for cells in proliferation) and
cleaved caspase 3 (apoptosis marker). Due to technical constrains it was not possible to draw conclusions
from these experiments. Nevertheless, location of higher levels of Ki67 in the periphery and increased
cleaved caspase 3 signal in the inner layer is in accordance with previous reports in the literature®-"1->,
From the images acquired, there were no striking differences between WT and LAMA2-KO spheroids,
even though is possible that day 10 WT spheroids display a higher number of cells in proliferation
(Figure 3.5). In parallel, the analysis of p53 phosphorylation in spheroids was also performed and did
not show differences between WT and KOs spheroids over time (Figure 3.2). However, the analysis of
each specific timepoint showed a decrease of the p-p53 levels in KOF comparing with WT spheroids
cultured for 10 days (TP10) (Figure 3.3). This result is the opposite of what was obtained in 2D cells”
(unpublished results), which showed an increase of the p-p53 levels in the KOs cells. This difference
between cells in 2D and 3D could be due to the architecture of the model, since the cells are in other
conformation and this could influence their response to the DNA damage and/or their cell survival
mechanims®?#3. Previous studies have reported this difference between 2D and 3D model regarding drug
response, showing that in a 3D model there is a decrease in p53 levels®**. In addition to the architectural
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changes, the ECM composition differs between 2D and 3D models®, which could also influence the
results between 2D and 3D models. Cell survival depends on multiple factors, including signals from
cell-cell interactions and interactions with the ECM®. When these signals are interrupted, or when
stressful conditions such as DNA damage occur, normal cells may undergo apoptosis. The loss of
LAMA?2, contributes to the loss in ECM linkage and may consequently cause stress®* to the cells, which
could lead to an increase in apoptosis. Nevertheless, for the period under analysis this could not be
observed in spheroids, even though results in 2D7®7® (Figure 3.1B) and 3D (Vanessa Ribeiro,
unpublished data) suggest the presence of higher levels of DNA damage and/or chromosomal
aberrations. Is possible that in LAMA2-KO spheroids other proteins may compensate for the absence of
the laminin-a2 chain, maintaining an adequate ECM structure and prevent apoptosis.

Since collectively the results did not indicate that absence of LAMA2 could promote spheroid
proliferation, and therefore this would not be the explanation for the increased area in LAMA2-KO
spheroids. Another possibility that should be explored in the future is cell adhesion, which may differ
between WT and LAMA?2 spheroids, as suggested by data on LAMA2-congenital muscular dystrophy®’.
In addition to alterations in proliferation, cell migration is yet another important process that might be
compromised in the absence of LAMA?2. The dynamic interaction between cells and the ECM is a key
factor that drive cancer cells to migrate, contributing to tumor progression (migration processes
generally coincide with the switch to malignant phase)®®’’. The migration results of spheroids cultured
for 5 days in culture showed a significant decrease of the percentage of migration in LAMA2 KOF
spheroids, and a tendency for LAMA2 KOB, when compared to the WT ones (Figure 3.8). In spheroids
cultured for 10 days there was also a tendency for both KO8 and KOF to have a decrease in migration.
These results are in accordance with 2D results, where the absence of LAMA?2 led to a decrease in the
migration of melanoma cells’®. In spheroids cultured for 15 and 20 days this tendency was lost, and there
is no difference between WT and LAMA2-KO spheroids. Over time, there was a decrease in migration
within the same cell line. For example, for WT spheroids, percentage of migration area is above 200%
for day 5, while at day 20 the percentage of migration area drops below 100% (Figure 3.8). Previous
studies have shown that time in culture could influence the capacity of cell migration®’, with data
showing that migration increases with the age of the spheroids. Nevertheless, they did not used spheroids
cultured for more than 11 days®’. As suggested by the cleaved caspase-3 staining (Figure 3.6), spheroids
cultured for 20 days may exhibit an increase in cell death, and this could explain the decreased in
migration. In the future, it will be important to clarify this further with more detailed analysis of cell
death in spheroids cultured for 5, 10, 15, and 20 days. Additionally, the results of spheroids cultured for
5 and 10 days could be explained by the important role that laminins play in cell migration®®, particularly
LAMA? that contributes to stabilization of cell structure and mediate integrin signaling, which allows
the activation of various cellular processes such as those promoting cell migration*’. Moreover, laminin-
211(LN211) contributes directly to cell migration through different mechanisms including: i) regulation
of cellular pathways, including FAK regulation of cell adhesion dynamics and Rho GTPases activity®>®;
ii) providing a gradient of LN211 (haptotactic effect) that serves as a directional cue for cell migration®.
In cancer, migration can be activated by important pathways that are related to the cytoskeletal
stabilization and mechanosensing®?, such as the activation of the Rho GTPase RAC1, which promotes
cell migration, having an important role in lamellipodia formation®®. Considering the defective migration
of LAMA2-KO spheroids, it was hypothesized that RAC! expression could also be reduced. Indeed, the
gene expression of RACI was significantly downregulated in KOs spheroids cultured for 10 days
(TP10), compared with WT spheroids (Figure 3.10A). The same tendency was observed for the 5 days
timepoint, even though the difference was not significant. These results are in line with the hypothesis
that LAMA2-defiency may affect migration and impact the expression of the RACI gene. This was
observed not only in spheroids but also in 2D, where analysis of RACI expression in WT and KOs cell
lines showed a downregulation of RAC! in KOs cell lines (with a significant downregulation in KOF)
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(Figure 3.7). Additionally, wound healing assays previously performed by members of laboratory
showed a significant decrease in migration capacity of the LAMA2 KOs in comparison with WT cells’.
The requirement of functional laminin for proper RAC/ activation and migration has also been reported
in other models, including a previous study in mouse embryonic stem cells (mESCs), showing that
migration was stimulated by laminins through Rac1/cdc42/FAK pathways®!. Also, another study using
Schwann cells showed a decrease of RACI and cdc42 in the context of laminin deficiency®?, which was
due to the role of laminins in coordinating the Bl-integrin-RACI signaling pathway®?. Additionally,
some recent studies showed a relation between p53 and the motility of cancer cells by negatively
modulating Rho GTPases, which regulate important cytoskeletal pathways vital for migration®*+%°,
Rac, cdc42 and Rho are members of this family, responsible for actin dynamics and are integral to
cytoskeletal changes. Regarding the RAC! gene, some studies report an inhibition by p53. A study in B-
and T- lymphoma cells showed that RACI activity was inversely regulated by p53%, however the
mechanisms are not clear””*8. These results seem to be in accordance with the results obtained for 2D,
since the KO melanoma cells showed a tendency for a higher level of p537® and an inverse tendency for
RACI expression (Figure 3.7). However, in spheroids this pathway might not be activated in the same
manner since at 10 days post seeding, LAMA2-KO spheroids present both a decrease in p-p53
phosphorylation (Figure 3.3) and in RACI mRNA expression (Figure 3.10A). This highlights the
differences between both models and the importance of developing models closer to the in vivo
environment.

It has been described that cells have two different modes of invasion, namely proteolytic and non-
proteolytic (amoeboid)®. Proteolytic invasion leads to structural remodeling of the ECM and
degradation by proteases, such as MMPs. In non-proteolytic invasion, usually in softer matrixes, cells
migrate by squeezing through the pores of the ECM without remodeling it and with a minimal
proteolytic activity?”. TIMP-1 is an inhibitor of MMP and therefore plays an important role in the
regulation of cell migration!®. The results obtained in the scope of this thesis showed that TIMP-1
expression was not significantly different between WT and KO spheroids (Figure 3.10B). Since in these
experiments melanoma cells migrated across a surface which did not require a degradation of a complex
ECM, the proteolytic activity might be reduced, and therefore MMP synthesis and their inhibitors (such
as TIMP-1) may not have been strongly induced. Nevertheless, future studies will be needed, such as
the quantification of MMP expression, and the MMP/TIMP ratio in WT and LAMA2-KO spheroids.
Additionally, it would be important to perform a 3D invasion assay to analyze if, under these conditions
the absence of LAMAZ2 can also affect the invasion of melanoma cells and alter protease-dependent
invasion.

As mentioned before, the TME is composed of cell types other than cancer cells, which contribute to
tumor progression. The TME of melanoma is formed not only by malignant cells but also complex
interactions with non-cancerous cells such as fibroblasts, that participate in melanoma progression®’.
Fibroblasts are known to contribute to tumor progression providing signals that lead to the ECM
remodeling and influence migration and invasion of melanoma cells®. In this project melanoma cell
lines (WT and KOs) were cultured together with fibroblasts as part of co-culture spheroids. Since
migration was the characteristic that led to clear differences between WT and LAMA2 KO spheroids,
migration was also analyzed to understand if, by co-culturing the cells, the migration would be altered.
The migration of co-culture spheroids with fibroblasts and WT melanoma or fibroblasts and KO
melanoma cells was analyzed, and the results showed that there are no significant differences in the
percentage of migration area (Figure 3.11D). Analysis of the AUC revealed that KO co-culture
spheroids have a tendency for an increased migration compared to WT co-culture spheroids (Figure
3.12), but it should be stressed that a reduced number of experiments were performed. To draw deeper
conclusion about this in the future, it is necessary to increase the number of samples and it would be
better to also fluorescently label also the melanoma cells, to better distinguish between melanoma cells
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and fibroblasts and be able to assess if the KO cells are migrating more or less than the WT melanoma
cells. Altogether, these results suggest that absence of the LAMA2 gene can influence melanoma cells,
in 2D and 3D in vitro models. The results showed a decrease in the migration capacity of the melanoma
KO cell lines regardless of the model used. These results are in accordance with previous studies, which
showed that, in bladder cancer cells, depletion of LAMA?2 inhibited migration and promoted apoptosis,
contributing to a weakened invasiveness of the cells*®’. However, in breast cancer cells, the absence of
LAMA?2 promotes invasiveness®® and in PiNET the decrease of LAMA2 leads to an increase of
aggressiveness*. This could suggest that the role of LAMA?2 could be tumor-specific or even dependent
on the stage of the tumor. In melanoma, the results suggest that the absence of LAMA?2 could lead to a
decrease in cells aggressiveness. However more studies are needed to obtain more robust results.
Overall, this study investigated how the ECM component LAMA?2 affects melanoma progression,
particularly in relation to cell migration and RAC! regulation, emphasizing the role of the ECM within
the TME. By comparing 2D and 3D spheroid models, it highlights the relevance of using systems that
are physiologically closer systems to the in vivo situation, to better capture cancer cell behavior and to
explore ECM-related mechanisms that may contribute to melanoma development.
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6. Annex

Supplementary Table 1: Antibodies used in western blot and immunofluorescence.

Antibody Raisedin Primaryvs Secondary Dilution Catalognumber [Brand

p-p53 rabbit primary 1/1000 #9284 Cell Signaling Technology
p53 mouse primary 1/1000 2524 Cell Signaling Technology
GAPDH rabbit primary 1/1000 21188 Cell Signaling Technology
Caspase-3 (cleaved) rabbit primary 1/1000 9661 Cell Signaling Technology
Ki67 rabbit primary pre-diluted Roche (Ventana)
Anti-rabbit IgG-HRP Donkey Secondary 1/5000 NA934 GE Healthcare
Anti-Mouse-HRP Sheep Secondary 1/5000 NA931 GE Healthcare

Supplementary Table 2: Primers used for gene expression analysis by qRT-PCR .

Gene Primer Sequence Amplicon size
Actin Forward GAGCACAGAGCCTCGCCTT

Actin Reverse TCATCATCCATGGTGAGCTGG 70
TIMP1 Forward GCGGATACTTCCACAGGTCC

TIMP1 Reverse AAACAGGGAAACACTGTGCAT 190
RAC1 Forward |ACAGATTACGCCCCCTATCCT

RAC1 Reverse |ATGATGCAGGACTCACAAGG 75

Supplementary Figure 1: Representative figure of the overlay to measure the spheroids area. Scale bar:
250 pm.



Supplementary Figure 2: Representative figure of the overlay draw, in core and the total area for measure
the migration area. Scale bar: 250 pm.
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