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Nothing in life is to be feared,
it is only to be understood.
Now is the time to understand more,

so that we may fear less.
— Marie Curie
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Thesis at a glance

Malignant melanoma is a very aggressive skin cancer due to its heterogeneous
nature and strong metastatic potential. The incidence is continuously increasing
worldwide, and it is one of the most common cancers seen in young adults. In the
last twenty years, our understanding of melanoma biology has increased profoundly,
leading to the emergence of immunotherapy and targeted therapy. Thus,
revolutionising the treatment of patients with disseminated disease. However, a
large fraction of patients relapses or do not respond. As new therapies are
continuously being developed, there is a prominent need for patient stratification
and prognostic and predictive biomarkers.
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The first three papers of this thesis established robust high-throughput sample
preparation workflows for analysing the proteome of clinical tissue samples. In
papers four and five, the developed workflows were applied to analyse treatment-



naive frozen metastases from 137 patients with malignant melanoma, followed by
integrating and interpreting the data to understand melanoma biology better.

We propose several ways of stratifying melanoma metastases based on protein
expression, histopathology, and patient outcome. Our analyses identified five
proteomic subtypes, displaying differences in phenotype switching, immune
surveillance, levels of known melanoma markers, and significant associations with
patient outcomes.

About 50% of melanoma tumours harbour mutations in the BRAF gene. In the
fourth paper, the protein expression of BRAF V600E mutated tumours was linked
to survival and used for subsequent identification of BRAF V600 mortality-based
risk groups, proposing a more individualised treatment approach.

Furthermore, we present a melanoma-associated signature of single amino acid
variants enriched mainly in proteins related to different extracellular matrix
functions, suggesting a contribution of these variants to the formation of a pro-
tumourigenic microenvironment. Lastly, we classified patients into subgroups based
on the composition of the tumour microenvironment in lymph node metastases,
improving prognosis prediction.

We are just beginning to understand the complex signalling between the tumour, its
microenvironment and the immune system, giving rise to particular melanoma
phenotypes essential for disease progression. As we move forward, our ever-
increasing knowledge will enable the successful treatment of most patients with
disseminated melanoma.
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Introduction

Malignant melanoma

Epidemiology and aetiology

Melanoma of the skin is a very aggressive type of cancer originating from cells
called melanocytes. It has a heterogeneous nature and a strong propensity to
metastasise to other organs 2. The incidence of melanoma is continuously rising
globally, and it is one of the most common cancers seen in young adults. According
to the Swedish cancer foundation (2019), malignant melanoma is the fifth most
common cancer in both men and women. A yearly increase of above four percent
has occurred in the last twenty years. The continuous increase in melanoma
prevalence is becoming a significant clinical problem and will be associated with
even higher treatment costs in the coming years. Over 4,000 people are diagnosed
with invasive melanoma yearly in Sweden, meaning the tumour has grown through
the basement membrane into the dermis, causing around 500 deaths (Figure 1).
According to WHO (2020), melanoma incidence and mortality due to melanoma are
the highest in Australia and New Zealand, followed by North America and Northern
and Western Europe. The main reason is believed to be intermittent sun exposure,
characterised by a history of sunburns. Other risk factors include a fair skin type,
many nevi, and advanced age, where the median age of diagnosis is around 65 to 70
years.

A weakened immune system, family history, and prior removal of melanomas are
also considered essential risk factors **. Between 25 and 30% of melanoma tumours
arise from a pre-existing nevus. Therefore, not only the total number of nevi but also
the size and type of nevi are associated with melanoma development *. Melanoma
only accounts for about 1-4% of all skin cancers globally. Although it is less
frequent, it is much deadlier than other skin tumours *. However, in early-stage
melanoma, surgical removal of the tumour has a curable outcome in around 90% of
the patients.



T1: <1 mm thick T2: 1-2 mm thick T3: 2-4 mm thick T4: >4 mm thick
Stage I: local disease Stage II: local disease Stage IlI: regional spread Stage IV: distant metastases
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Figure 1. Melanoma development. Melanoma progression is characterised by a series of steps where normal melanocytes
progressively develop a malignant phenotype by acquiring various features such as decreased differentiation and loss of melanoma
markers. In the first disease stage (TO or stage 0 — not shown), the melanoma is restricted to the outer part of the epidermis. In the
early disease stages [-1II (T1-2), the melanoma is confined to the top layer of the skin (the epidermis), and if detected at this point,
the five-year survival is above 98%. In the later stages, the melanoma breaches through the basement membrane and invades the
deeper layer of the skin (the dermis) (T3—T4). During this vertical-growth phase, melanoma cells may attain a migratory phenotype
and enter the nearby lymph nodes or capillaries, forming regional (stage IIT) or distant (stage IV) metastases. If melanoma is detected
at the later stages, the five-year survival is about 70% for stage III and just below 30% for stage IV.

Melanoma classification, staging and diagnosis

The four main histological subtypes of melanoma

Melanoma is, in many ways, one of the most heterogeneous tumour types. It can
develop in the skin (cutaneous), in mucosal membranes (mucosal) and in the eye
(ocular). The most common form is cutaneous melanoma, which can be divided into
four main histological subtypes, including superficial spreading melanoma (SSM),
nodular melanoma (NM), lentigo maligna melanoma (LM) and acral lentiginous
melanoma (ALM) °. SSM is the most prevalent, accounting for 70-80% of all
diagnosed melanoma cases. It is also the most common among younger individuals.
In women, it is frequently found on the lower extremities and, in men, on the trunk.
Histological characteristics of SSM include a pagetoid and nested spread within the
epidermis (Figure 2A) °. NM is the second most prevalent and accounts for 15-30%
of diagnosed cases, and it is considered one of the most aggressive types °. The most
common anatomical location includes the trunk, head and neck. Histologically,
epidermal proliferation is often minimal. Instead, intradermal nests are frequently
observed (Figure 2B). LM is commonly seen in older people with sun-damaged
faces and often appears on the nose and cheeks. The histological features include
widespread melanocytic proliferation, observed in the dermal-epidermal junction
and by intradermal nests of epithelioid or spindled-shaped cells. ALM is less



common and is usually found in African Americans ®’. It mainly develops on the
palms of the hands and soles of the feet, and the histological characteristics include
restricted lentiginous growth of nested tumour cells. Other types include
desmoplastic, polypoid, primary dermal, verrucous and amelanotic melanomas >*,

Tumour-node-metastasis (TNM) staging

The most used staging system for clinical decision-making of patients with
cutaneous melanoma is the tumour-node-metastasis (TNM) classification. The
assessment contains three parts: T refers to the thickness of the primary tumour and
the presence or absence of ulceration (Figure 1). N includes the number of involved
lymph nodes and the presence or absence of in-transit, satellite or microsatellite
metastases. Finally, M indicates the presence of distant metastases and the patient's
serum levels of LDH °. Although the TNM staging system helps to classify the
patient, complementary approaches which consider tumour cell morphology,
expression of molecular pathway effectors, genetic mutations, tumour immune
response (immunoscoring) and tumour microenvironment composition (stroma-to-
tumour ratio) would give additional valuable information in predicting outcome,
assessing prognosis and guide treatment selection. A more in-depth analysis,
evaluating such parameters, could generate deeper knowledge of patient-specific
tumour properties, help to guide treatment selection, and potentially improve the
therapeutical response.

Melanoma diagnosis

To diagnose melanoma, surgical excision with appropriate margins is the preferred
method, after which a histological examination of the skin lesion is performed.
Parameters such as histological subtype, number of mitoses and tumour thickness
or Breslow thickness, which is the depth of the melanoma from the surface of the
skin down to the deepest point of the tumour, are determined, as well as the presence
or absence of ulceration and microsatellites. Additional information regarding the
growth phase (horizontal or vertical) and the presence or absence of tumour
infiltrating lymphocytes (TILs), regression, and vascular or perineural involvement
may also be assessed. If there are uncertainties regarding the diagnosis,
immunohistochemical melanoma markers can be examined, including the proteins
involved in melanin production MLANA, TYR and HMB45 (PMEL), or SOX10,
S100 and the proliferation marker MIB-1, which recognises the Ki67 antigen
(Figure 3) °°. These markers are used to diagnose primary and metastatic melanoma
and distinguish it from other cancer types such as carcinomas (epithelioid origin),
neuroendocrine tumours, sarcomas, lymphomas and germ cell tumours '®'!,
However, most currently used diagnostic markers of melanoma rely on the detection
of melanocytes, meaning that they can determine melanocytic lineage rather than
melanoma 2. Additionally, their expression is often determined as present or absent
and not quantified in detail. Melanoma patients would strongly benefit from



additional markers that can predict prognosis and therapy response, and efforts
towards finding and introducing such markers would be valuable in many aspects.

B

Epidermal spreading of
melanoma cells

Nested spread in the Pagetoid spread of abnormal cells.

Figure 2. HE stained images of primary melanoma. (A) Superficial spreading melanoma, with epithelial and dermal
spreading, including dermal nests and pagetoid spread (B) Nodular melanoma growing vertically with melanoma nests
surrounded by lymphocytes.

Melanocyte function and the emergence of melanoma

Melanoma, a word derived from the Greek melas “dark” and oma “tumour”,
emerges from melanocytes, a type of specialised dendritic cells of neural crest
origin, which can be found in the epidermis of the skin, along the choroidal layer of
the eye, on mucosal surfaces and in the meninges'’>. Within the melanocytes,
melanosomes produce the pigment melanin'®. Two main types of melanin exist in
the animal kingdom, yellow and red-brown pheomelanin and brown and black
eumelanin, where eumelanin offers better protection against UV radiation than
pheomelanin'®. Melanosomes that primarily harbour pheomelanin differ in
structure, composition and size from melanosomes mainly comprised of eumelanin.
One melanocyte interacts with around 36 keratinocytes and supplies them with
melanin'® (Figure 1). In response to UV-induced DNA damage, keratinocytes in the
skin produce a melanocyte-stimulating hormone (00MSH) that binds to the
melanocortin receptor 1 (MC1R) on melanocytes, which then produces and release
melanin (Figure 3).

Melanin shields the cells against UV radiation, thus preventing further DNA
alterations'”'®. Melanin and the distribution of melanosomes in the epidermis are
among the most critical factors in protecting human skin from the harmful effects
of UV radiation'*. Predominantly UVB (280-315 nm) radiation is considered a
primary mutagen since it is absorbed directly by DNA and induces DNA base
damage. At the same time, UVA (315-400 nm) is mainly responsible for indirect



DNA damage by generating reactive oxygen species (ROS)'**’. The damage to the
DNA can cause mutations in genes involved in melanoma development and is
thought to be the first step towards disease formation. Due to UV-induced DNA
damage, melanocytes transform and start to grow and proliferate uncontrollably
compared to the normal surrounding tissue. Melanoma development is a multistep
process caused by genetic and epigenetic modifications *'. Eventually, the
melanoma cells may invade the dermis and the hypodermis, and penetrate the
endothelium of capillaries to enter the bloodstream or the lymphatic system and
finally form distant metastases (Figure 1) ** %,
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Figure 3. Melanin production. (1) The production of melanin, a process called melanogenesis, is activated upon UV
exposure. (2) UV radiation damages the DNA in the keratinocytes, activating the TP53 pathway, which results in the
production of aMSH that is secreted from the keratinocytes and binds to the MC1R on the melanocyte. (3) cAMP levels
are then increased within the melanocytes, activating protein kinase A (PKA), which induces CRE-binding (CREB)
protein and thereby the transcriptional activity of MITF. (4) MITF activates the transcription of pigment genes, including
TYR, TYRP1, DCT, and PMEL, which are transported to the membrane-bound melanosome. (5) Matured melanosomes
are then transferred from melanocytes to keratinocytes to protect them against UV light.

Genetic susceptibility to melanoma

About 10% of melanoma cases occur in patients with a family history of melanoma
24 Although most genetic alterations associated with melanoma development are
somatic, the underlying presence of heritable melanoma risk genes is essential to
disease occurrence. It is thought to be so even in “sporadic” melanoma *>?. In the
familial atypical multiple mole-melanoma (FAMMM) syndromes and the
melanoma-astrocytoma syndrome (MAS), germline mutations in CDKN2A and



CDK4 are the most frequent genetic abnormalities ”. CDKN2A encodes two crucial
tumour suppressor proteins, pl6I"“** and p14”*F, which, together with CDK4,
function as cell cycle regulators (Figure 4) 2%, Germline mutations in CDKN2A or
CDK4, and in BAP1 (enzyme), TERT (RNP enzyme), POT1 (RNP), ACD
(regulates telomere length) and TERF2IP (transcriptional regulator) are considered
high penetrance melanoma predisposition mutations. Together with MITF and
MCIR, they are important components of melanoma susceptibility >*°. Medium and
low penetrance alleles such as MITF and MCIR are more prevalent in the
population, but alone, they are unlikely to result in melanoma development.
However, a combination of mutations in several of these genes may be enough to
promote disease development.
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Figure 4. Cell cycle regulation. The proteins p16INK4A, p14ARF and Rb mainly govern progression through the G1-
S phase of the cell cycle. On the contrary, cyclins bound to cyclin-dependent kinases facilitate cell cycle progression.
CDK4/6 associates with Cyclin D and drive the cell cycle by phosphorylating Rb, releasing it from its inhibitory interaction
with the E2F transcription factor and thereby allowing the expression of E2F-related genes and progression through the
cell cycle. p16™%4A and p14ARF are the two most important proteins that govern the G1-S checkpoints, and in the absence
of these proteins, by, i.e., a mutation in the CDKN2A gene, the tumour cells can progress through these checkpoints
with minimal control. Alternatively, as a result of oncogenic stimulus such as DNA damage due to mutations or through
ROS, cells may enter the GO phase, a phenomenon referred to as oncogene-induced senescence, upheld mainly by
retinoblastoma (Rb) and p53 signalling pathways, to prevent tumour development 3435,

Polymorphism of the MC1R gene has been found to play a significant role in
sporadic skin melanoma. MCI1R, as described above, is the key regulator of skin
pigmentation, and more than 200 coding region variants have been identified, many
within the European population *°. Polymorphisms in the MC1R gene give rise to
diverse skin pigmentation phenotypes, among which red hair, freckles and fair skin
express low pigmentation and show vulnerability to melanoma. This is thought to
be a consequence of a quantitative shift of melanin synthesis from eumelanin to
pheomelanin *°. Furthermore, specific variants of MCIR are believed to increase the
penetrance of CDKN2A mutations, doubling the risk of melanoma compared to a
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CDKN2A mutation alone. Likewise, the coexistence of certain MC1R variants and
a somatic BRAF V600E mutation increases tumour growth *'*2. An interaction
between MCIR and the tumour suppressor PTEN has also been proposed, where
wild-type MCIR but not the variants associates with PTEN and protects it from

degradation, thereby stimulating an immune response *°.

Commonly dysregulated pathways in melanoma

The mutation rate in melanoma tumours, measured as the number of mutations per
Mb, exceeds that of all other cancers according to The Cancer Genome Atlas (TCGA)
data '. The high rate of somatic mutations makes it particularly difficult to distinguish
between causative (driver) mutations and bystander (passenger) mutations. The major
players involved in melanoma formation include cell-autonomous mutations of the
MAPK, PI3K and WNT signalling pathways » (Figure 5).

The Mitogen-Activated Protein Kinase (MAPK) pathway

The most common mutations in melanoma involve the MAPK signalling pathway.
They include acquired mutations in the genes encoding two kinases, BRAF and
NRAS, resulting in continuous activation and aberrant cell proliferation. Constant
activation of MAPK signalling can lead to increased expression of cyclin D1, which
interacts with CDK4/6 to promote phosphorylation and inhibition of the
retinoblastoma (Rb) family of transcriptional repressors, enhancing E2F-dependent
transcription of S-phase genes, facilitating G1-S phase transition and consequently
cell cycle progression (Figure 4) *°. However, upon acquirement of a BRAF
mutation, a benign melanocytic lesion does not switch to malignancy. Instead, it
enters a state of oncogene-induced senescence (OIS), leading to cell-cycle arrest
(Figure 4) >*’. OIS facilitates tumour suppression by blocking cell proliferation and
recruitment of immune cells to eliminate the damaged melanocytes *°.

Furthermore, BRAF mutations are found in about half of all melanocytic lesions
and are thought to occur early in the disease. Most mutations occur at the V600
position, where a valine-to-glutamate substitution (V600E) is the most common
(~ 80-90%), while V600K, V600D, and V600OR account for another 10% to 15%.
BRAF mutations are more frequent in melanomas that develop in sun-exposed skin.
The mutated BRAF kinase can activate its downstream effector MEK, independent
of RAS activation (Figure 5). MEK then activates ERK, which relocates to the
nucleus and alters gene transcription by increasing the expression of various
transcription factors (TFs), such as c-MYC and MITF *** MITF coordinates many
different signalling pathways in melanoma, including cell-cycle regulation,
differentiation, and migration, depending on its expression levels *°. Generally, low
MITF activity promotes invasion and cell cycle arrest, while high activity favours
proliferation and differentiation by upregulation of pigmentation genes (Figure 3)
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4142 Amplification in MITF is present in about 20% of melanomas and is associated
with a reduced five-year survival ©*.

NRAS and BRAF mutations are almost always mutually exclusive, where NRAS
mutations occur in about 20% of melanoma cases. In addition to MAPK pathway
activation, oncogenic RAS acts as a positive upstream regulator of the PI3K
pathway (Figure 5) *. Thus, activation of RAS transcription leads to downstream
activation of two interconnected pathways. While both cause cell proliferation,
dissemination, and survival of tumour cells, the PI3K-AKT signalling pathway
contributes stronger to apoptosis prevention. In contrast, the RAF-MEK-ERK
pathway is more active in proliferation and invasion **. Patients with NRAS
mutations, often at the Q61 position, tend to have a worse prognosis and shorter
median overall survival due to the aggressive nature of this mutation ¥/
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Figure 5. The signalling cascades of MAPK, PI3K and canonical WNT pathways. (A) The NRAS-BRAF MAPK
pathway is activated by binding a growth factor (GF) or mitogen to a receptor tyrosine kinase. Upon activation, the RAS
protein phosphorylates (P) MEK1/2, phosphorylating ERK1/2. ERK can then translocate to the nucleus and activate
transcription factors which promote proliferation and progression through the cell cycle. NF1 hampers this cell cycle
progression by converting RAS to its inactive GDP-bound form. (B) The activation of PI3K signalling by GTP-bound
RAS. PI3K activates AKT through phosphorylation using a second messenger (PIP3 not shown). AKT is a kinase that
mediates the phosphorylation of protein substrates, subsequently affecting the cell cycle and survival of the tumour cell.
PTEN acts as a suppressor of this pathway by dephosphorylating PIP3, thereby blocking the activation of AKT. (C) The
canonical WNT signalling pathway and its main effector, B catenin (B). B catenin is activated upon binding a WNT ligand
to the G-protein coupled receptor (GPCR), whereby it is prevented from degradation and instead accumulates in the
cytoplasm. B catenin then relocates to the nucleus, where it acts as a co-activator of transcription of genes related to
EMT-like phenotype switching, among others.
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The PI3K/AKT signalling pathway

To overcome OIS in a BRAF-mutated melanocytic lesion, subsequent mutations of
the PI3K pathway are frequently acquired *’. The coexistence of mutations in these
pathways has been shown to overcome BRAFV600E OIS by losing PTEN
expression or by overexpression of AKT3, a downstream target of PI3K (Figure 5).
PTEN-negative or AKT3-overexpressing melanomas do not undergo apoptosis in
response to BRAF inhibition. Both high activity of AKT3 and loss of PTEN function
have been shown to promote the progression of BRAFV600E-positive nevi to
melanoma 3. PTEN is also thought to inhibit MAPK signalling by decreasing the
phosphorylation of MEK and ERK ¥. Interestingly, BRAF mutations were found in
both the nevi- and melanoma parts in melanoma biopsies, while activation of the
PI3K pathway was detected in the melanoma portions only ***°. This indicates that
the PI3K/AKT pathway is activated during the progression to malignant melanoma,
most likely as means to overcome OIS.

Canonical and non-canonical WNT signalling

Normal WNT signalling is required to develop melanocytes, while aberrant WNT
signalling is known to contribute to melanoma formation **. The canonical WNT
pathway mainly contributes to the development of primary melanoma by
suppressing p1 6™ A overcoming OIS, and increasing proliferation. In contrast, the
non-canonical pathway is primarily involved in metastasis formation by disrupting
cell polarity and increasing migration capabilities *°. Moreover, constitutively
activated canonical WNT signalling via B-catenin has been shown to act
synergistically with the MAPK pathway by suppressing the expression of p16™<44
and cooperating with NRAS in the transformation of a melanocytic lesion into
melanoma. In a melanoma mouse model with a BRAFV600E mutation and
inactivated PTEN, pB-catenin acted as the central mediator of metastasis
development and a regulator of both the MAPK and PI3K pathways’'. Additionally,
WNT signalling is known to be one of the key regulators of epithelial-mesenchymal
transition (EMT). Therefore, it plays an important role in the EMT-like phenotype
switching that occurs during melanoma progression >2.

The role of KIT, NF1, TERT and TP53 in melanoma

Other essential effector molecules in melanoma formation include KIT, NF1, TERT
and p53. KIT is a proto-oncogene that encodes a receptor tyrosine kinase and is
considered a driver mutation in melanoma. It is found to be mutated in about 1-3%
of melanoma tumours *. KIT activates the MAPK and PI3K pathways leading to
cell proliferation and survival. NF1 is a tumour suppressor that negatively regulates
the MAPK and PI3K pathways. NF1 mutations are prevalent in melanomas that are
wt for BRAF and NRAS and are considered driver mutations in these patients
(Figure 5) **. Mutations in the TERT gene increase transcription from the TERT
promoter, thereby preventing cancer cells from undergoing apoptosis >°. Mutations
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in the promoter region of TERT are considered driver mutations because of their
association with familial melanoma and high frequency (70-80%) in sporadic
melanoma. Lastly, mutations in the well-known tumour suppressor TP53 are also
present within melanoma tumours (Figure 4). However, it is not as common
compared with other cancers. Point mutations are found in about 10-20% of
melanomas, suggesting that this cancer type uses different mechanisms to evade
tumour suppression by the p53 protein .

The tumour microenvironment

The tumour microenvironment (TME) is known to have a central role in melanoma
progression rather than acting as a bystander, and a pro-tumourigenic
microenvironment is essential for a tumour's survival and progression **. Compared
to the microenvironment surrounding normal tissue, the TME differs in architecture,
including extracellular matrix (ECM) composition, metabolism, nutritional status,
pH and oxygen levels *’. The TME consists of a complex mixture of fibroblasts,
immune cells and endothelial cells embedded in the ECM. There is continuous
reciprocal communication between tumour cells and the microenvironment, where
tumour cells secrete stimulatory growth factors, chemokines and cytokines and
change glucose and oxygen levels **°%’_ This results in the recruitment of stromal
cells, immune cells and vascular cells, which remodels the surroundings, creating a
pro-tumourigenic microenvironment (Figure 6). The mechanisms behind the ability
of the TME to drive melanoma progression, invasion and metastasis include
increased cell proliferation and survival of the tumour cells, changed cellular
plasticity including the acquirement of stem-like properties, where the melanoma
cells become more neural crest-like, and by metabolic reprogramming .

Reprogramming of the tumour microenvironment

Oncogenic reprogramming of cellular metabolism is an essential feature of
melanoma progression. It is triggered by genetic alterations and adaptation, forming
a microenvironment that lacks nutrients and oxygen °>®_ A metabolic shift from
oxidative phosphorylation (OXPHOS) to a glycolytic phenotype has long been
considered a hallmark of cancer ®'. Indeed, a key feature of BRAFV600E melanoma
is the metabolic switch from mitochondrial respiration to glycolysis ®. However,
there is increasing evidence linking mitochondrial pathways to cancer development
and progression “***. Mitochondrial metabolism is thought to impact tumour
development by increasing ROS as a by-product of OXPHOS, supporting the
genomic instability required for transforming a melanocytic lesion into a melanoma
tumour ®. ROS is also thought to trigger oncogenic signalling of the MAPK
pathway ®. It is becoming evident that melanoma cells are dependent on
mitochondria after inhibition of oncogenic MAPK signalling, linking mitochondrial
dynamics, oncogenic MAPK signalling, and metabolism to tumourigenesis.
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Furthermore, tumour cells secrete growth factors, transcription factors and
cytokines to modify the microenvironment by reprogramming fibroblasts to cancer-
associated fibroblasts (CAFs) (Figure 6). Although CAFs can originate from
epithelial cells, endothelial cells, HSCs and CSCs, among others, fibroblasts
represent the largest population of stromal cells within the TME . In the early
stages of tumourigenesis, activated fibroblasts act as tumour suppressors. As the
disease progresses, they eventually develop into CAFs, characterised by the
expression of a-smooth muscle actin, vimentin, desmin and fibroblast-activation
protein (FAP) > CAFs supply the tumour with growth factors, cytokines and
metabolites and stimulate blood vessel formation. They rely upon aerobic
glycolysis, a characteristic of highly proliferating cells, which promotes the
metabolic adaptation of the progressing tumour. The tumour stroma can impact the
aggressiveness of cancer cells not only through signalling but also through
mechanical pressure and tissue stiffness, mainly stimulated by the LOX proteins
6768 " A high frequency of CAFs and ECM proteins in the stroma forms a physical
barrier surrounding the tumour, increasing the interstitial pressure and hypoxia
within the tumour, partly explaining why a tumour with a high stromal content often
is associated with an inadequate response to therapy and a poor outcome *7°. In
response to the low oxygen levels, the cancer cells upregulate HIF 1, a transcription
factor that controls genes involved in angiogenesis, migration, metabolism, and
metastasis .

Phenotypic switch

The tumour stroma further contributes to melanoma progression by initiating a
“phenotypic switch”, where the melanocytic characteristics are lost and exchanged
in favour of a more undifferentiated phenotype ’>. The undifferentiated
mesenchymal-like melanoma cells almost completely lose their melanocytic
features and appear nearly undistinguishable from epithelial tumours undergoing
EMT, suggesting a resemblance between the two processes '>’* 7. Given that
melanocytes derive from neural crest cells, which underwent EMT during their
development into melanocytes, it is not surprising that phenotype switching mimics
this process °. The phenotypic transition of melanoma cells includes the acquisition
of a spindle-like morphology, upregulation of mesenchymal markers and release of
ECM degrading proteins, such as matrix metalloproteinases (MMPs), which further
support the invasive features (Figure 7). An additional downregulation of the
epithelial cell surface protein E-cadherin in favour of N-cadherin accompanies the
phenotypic switch. As a result, the keratinocytes lose control over the melanoma
cells, which gain properties to grow vertically through the epidermis (Figure 1) 7.
A parallel upregulation of the TGF-f signalling pathway and the above-described
pathways (MAPK, PI3K/AKT3 and Wnt/B-catenin) increase the abundance of
transcription factors such as MITF, SOX, Snail/2, Slug, Twistl, Zeb1/2, and NFkB,
markers facilitating the phenotype switching in melanoma . Melanoma is
believed to progress and metastasise by alternating between the melanocytic

15



(proliferative) and undifferentiated (invasive) states, including intermediate,
transitory and neural crest-like states (Figure 7) "**°. In several studies, the two
extreme conditions are characterised by a high expression of MITF, and a low
expression of a receptor tyrosine kinase (RTK) named AXL in the melanocytic state
and a low MITF and high AXL expression in the undifferentiated state. The different
phenotypes often coexist in the same tumour ****%!. When a more undifferentiated
phenotype is acquired, it may cause modification of tumour-specific antigens (TSA)
and a different repertoire of expression, accelerating the escape from immune
surveillance. That is why targeting TSAs, common to melanocytic (proliferative),
intermediate and undifferentiated (invasive) phenotypes, should be considered when
developing new treatment approaches to increase the likelihood of a more efficient
and prolonged treatment response.
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Figure 6. The immunosuppressive tumour microenvironment. The recruitment of various cells modulates the
tumour microenvironment by the secretion of cytokines and chemokines by tumour cells and other infiltrating cells. Most
cells within an immunosuppressive tumour microenvironment inhibit the activation and function of cytotoxic CD8+ T
cells. (A) Tumour cells can induce the activity of Treg cells, tumour-associated macrophages (M2) and MDSCs by
secreting growth factors such as VEGF. They also facilitate the transformation of fibroblasts into cancer-associated
fibroblasts and enhance the expression of PD1 on CD8+ T cells. (B) Treg cells inhibit CD8+ T cells and NK cells by
upregulating CTLA4 and releasing IL-10 and TGFp. (C) MDSCs, whose expression of PDL1 inhibits T cell activation by
binding to PD1. Furthermore, MDSCs promote Treg cell proliferation in a TGFB-dependent manner, boost angiogenesis
in the tumour microenvironment, and contribute to the phenotypic switch in melanoma cells. In addition, MDSCs hinder
CD8+ T cells by releasing arginase | and S100A8/A9 and metabolites such as ROS, NO and iNOS. (D) TAMs promote
regulatory DC maturation, inhibition of CD8+ T cells and NK cells, and facilitate phenotype switching in melanoma cells
by IL-10 signalling. (E) Cancer-associated fibroblasts (CAFs) can induce immunosuppression by inhibiting CD8+ T cells.
In addition, CAFs secrete TGFB, CXCL12, matrix metalloproteinase 2 (MMP2) and IL-6, which promote tumour
proliferation and invasion.
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The immune system

The immune system has a vital role in the fight against cancer. The last decade's
advances in immunotherapy have led to an old yet obvious approach to cancer
treatment based on activating the endogenic immune system and recognising the
tumour %%, The relevance of the immune system in the battle against cancer was
further emphasised by the 2018 Nobel Prize in Physiology or Medicine, awarded to
James P. Allison and Tasuku Honjo for their discovery of immune checkpoint
inhibitor antagonists as means of treating cancer ****. However, the treatment of
melanoma is still troublesome, mainly due to the plasticity of melanoma cells, which
often gives rise to a phenomenon called immune evasion, whereby the tumour cells
become invisible to the immune cells and are thus able to escape *’.
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Figure 7. Phenotypic switching in melanoma. Upon activation of the signalling pathways MAPK, PI3K, WNT, and
TGFB, a changed expression of specific markers leads to ECM degradation and reorganisation of the cytoskeleton,
which facilitates invasion and metastasis. Using single-cell approaches, it has become evident that phenotype switching
is not binary but rather a multistep process in which cells transit through a series of intermediate cell states expressing
combinations of epithelial and mesenchymal phenotypes. Furthermore, these intermediate states can simultaneously
display proliferation, invasion, and stemness features. Transcriptional regulators are highlighted in italic. The red
indicates the switch between E- and N-cadherin and the responsible genes CDH1 and CDH2. Melanocytic markers are
highlighted in orange, and other markers are in blue.

Three phases can describe the interplay between melanoma cells and the immune
system: elimination, equilibrium, and escape . During the early stages of tumour
formation, the neoplastic cells are recognised and eliminated by NK (natural killer)
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cells and cytotoxic CD8+ T-cells, hampering tumour initiation *’. Eventually, as the
tumour acquires additional mutations and epigenetic alterations, subpopulations of
cells evade the immune system. During the equilibrium phase, the resistant,
“invisible” clones expand. However, the immune system can keep the melanoma
cells in check by continuously eliminating the “visible” clones ’. In the last phase
of immune evasion, the best-adapted clones can grow without restraint, causing the
disease to progress.

The roles of the different immune cells in melanoma development

In the TME, various innate and adaptive cells can be found. Macrophages constitute
a large pool of immune cells in solid tumours, and other cell types include NK cells,
lymphocytes (B cells and T cells), dendritic cells (DCs), mast cells and neutrophils
3783 Macrophages present within a tumour can have very different functions, and
they are frequently divided into two main groups: pro-tumourigenic (M2) and anti-
tumourigenic (M1) (Figure 6). The M1 macrophages are often more active in the
carlier stages of tumour formation and exert immune activation, apoptosis and
inflammatory functions. On the other hand, the M2 macrophages are often the most
dominant in the later disease stages. The M2 macrophages promote tumour growth,
angiogenesis, invasiveness and immune suppression. Macrophages utilising
tumour-suppressive functions are often called tumour-associated macrophages
(TAMs). TAMs can switch between M1 and M2 depending on the stimulus from
the surrounding tissue °’. Although macrophages are often the most dominant
immune cell type, the presence, localisation and activity of TILs in melanoma
tumours are the most important features of successful immune surveillance. TILs
recognise antigens presented by the tumour cells and mediate cytotoxicity, thus
keeping the tumour growth in check. However, the tumour's ability to uphold an
immunosuppressive environment can instead promote tumour progression by the
release of interferons (IFN), interleukins (IL), growth factors and colony-
stimulating factors (CFSs), which recruit suppressive immune cells such as
regulatory T (Treg) cells, myeloid-derived suppressor cells (MDSCs), and TAMs
(Figure 6) ®*%. In general, melanoma tumours are considered highly antigenic,
meaning they more often have a high infiltration of TILs compared to other cancer
types. Melanomas also show a better immune checkpoint inhibitor therapy response
rate than other cancers *.

Additionally, Tregs and MDSCs often express a high amount of immune checkpoint
molecules such as PD1, PD-L1 and CTLAA4, further enhancing immunosuppression.
However, by continuously expressing immune checkpoint molecules, the CD8+ T
cells may become exhausted, creating a vicious cycle of immunosuppressive
signals, facilitating further disease progression . Additionally, it has been shown
that a high Treg cell to CD8+ T cell ratio in the tumour microenvironment of
melanoma is often associated with an unfavourable outcome *°. Furthermore, the
existence of highly organised tertiary lymphoid structures (TLSs) within the tumour,
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including B cells, T cells and DCs, is another way of promoting an immune
response. These cells form specialised immune aggregates surrounding high
endothelial venules (HEVs), enabling the recruitment of naive B cells and T cells.
Both tumour-infiltrating B cells and TLSs can activate an immune response in
patients with melanoma .

As outlined, melanoma tumours display a complex landscape, including a high
mutational load, resulting in subpopulations of clones with different mutations
combined with a constantly changing TME. An outcome of this is an exceptional
intratumoural heterogeneity observed in both primary tumours and metastases from
melanoma patients. Moreover, metastases within a patient can originate from
different clones, further complicating treatment planning and, most importantly,
achieving therapeutic efficacy.

Treatment of malignant melanoma

The understanding of melanoma pathobiology and treatment of melanoma patients,
particularly patients with metastatic disease, has dramatically changed during the
last two decades. A disease once untreatable may now be controlled and even
regressed. Melanoma management has evolved rapidly, and 2011 was a landmark
when the FDA approved two new types of agents for treating metastatic melanoma:
BRAF V600E-targeted therapy and anti-CTLA4 immunotherapy 2. Around the
turn of the millennium, the median survival for a patient with stage IV melanoma
was about seven months. In contrast, upon the introduction of immune checkpoint
inhibitors, the median survival has increased and is now above six years, which is
quite remarkable ****. The currently available treatments for melanoma are surgery,
radiotherapy, chemotherapy, immunotherapy and targeted therapy. The most
appropriate treatment for a patient depends on the disease stage, melanoma location,
and mutation status. Parameters such as age and health status are also considered *°.

Surgery

Surgical resection of early melanoma (stage I and II), with adequate margins, is the
standard treatment. Surgery is also an option for melanoma patients with more
advanced disease (stage III and IV), with sentinel lymph node positivity or distant
metastases. Still, alone, it has limited curative potential. Thus, it is combined with
radiotherapy, chemotherapy, immunotherapy, or targeted therapy * °2.

Chemotherapy

Before 2011, chemotherapy was the only systemic treatment for stage IV melanoma
2. Although chemotherapy remains a therapeutic option for melanoma
management, especially in palliative or relapsed situations, new therapeutic choices
are preferred in the advanced stages of the disease. However, in patients with
resistance to immunotherapy, severe toxicity towards immunotherapy or when there
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are no applicable targets for targeted therapy, chemotherapy is considered °. The
main disadvantages of chemotherapy are the low specificity towards the tumour
cells and the low capacity of drug accumulation in the TME. Therefore, the
therapeutic benefits are limited, and the side effects are usually prominent *.

Radiotherapy

Radiotherapy is rarely performed on primary melanomas and is only considered a
first-line treatment when surgery is not an alternative due to a tumour's location or
the patient's health status. On the other hand, radiotherapy is widely used as a
palliative treatment for patients with bone and brain metastases ***.

Immune checkpoint therapy

The increased knowledge of the molecular mechanisms responsible for melanoma
formation and progression, together with the known importance of the immune
system and TME has transformed the treatment of patients with disseminated
disease. Melanoma tumours are considered one of the most immunogenic tumours
with a high mutational burden and are thereby well suited for immunotherapy®.
Indeed, melanoma was the first cancer type treated with immune checkpoint therapy
%7 There are currently four approved targets, including CTLA4 (2011, FDA and
EMA), PD1 (2014, FDA and EMA), PD-L1 (2020, FDA) and LAG-3 (2022, FDA
and EMA). These proteins are expressed on the surface of T cells, among other cell
types and are involved in signalling pathways that lead to immune suppression.
LAG-3 negatively regulates CD4+ T cell activation and function while enhancing
Treg activity and was the most recently approved immune checkpoint target.

Additionally, LAG-3 has the potential to act synergistically with PD1 targets **. The
approved immune checkpoint inhibitors, monoclonal IgG antibodies, exert their
function by binding to these proteins and blocking their activity, thereby re-
establishing an anti-tumourigenic immune environment *°. In patients with
unresectable melanoma, PD1 antagonists, either as monotherapy or in combination
with CTLAA4, are often considered a first-line treatment, independent of BRAF
status. However, in some cases, targeted therapy might be more appropriate *>. Apart
from the approved target proteins, novel immune checkpoint inhibitors are being
explored, including TIM-3, TIGIT, VISTA, and BTLA, especially their function in
combination with currently approved immune checkpoint inhibitor therapy %,
Despite the major advances regarding immune checkpoint therapy, approximately
half of the melanoma patients do not respond, alternatively relapse due to primary
or acquired resistance 8 Therefore, we should continue the investigation of
combinatorial therapies of existing drugs and explore novel targets. For example,
the MDSCs constitute a promising target to convert the pro-tumourigenic
microenvironment into a normal tissue microenvironment °’.
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Targeted therapy

Approximately 70% of melanoma patients harbour a genetic alteration in one of the
main signalling pathways previously described. The MAPK signalling pathway
consists of an RTK and the proteins RAS, RAF, MEK and ERK. Small molecule
inhibitors of BRAF and MEK are approved as targets for melanoma therapy *.
Targeted therapies aim to stop the signalling and thereby inhibit uncontrolled
proliferation. However, resistance to these inhibitors is pronounced, but when used
in combination, an increase in efficacy combined with reduced toxicity is observed.
Additionally, combining BRAF and MEK inhibitors offers greater inhibition of
MAPK signalling coupled with a more extended response *°. Additional targeted
therapy includes inhibitors of KIT '%.

Oncolytic virus therapy

A relatively novel approach to treating local unresectable cutaneous, subcutaneous
and nodal melanoma lesions is through oncolytic viruses. The approved drug (T-
VEC) consists of a genetically modified herpes simplex type 1 virus. Upon injection,
it can infect and kill the melanoma cells but also stimulate a local and systemic
immune response **’. In preclinical studies, oncolytic viruses increased the tumour

cell sensitivity against immune checkpoint inhibitors in melanoma '°'.

Novel treatments

Novel promising therapies to fight melanoma include cancer vaccines based on
predicted neoantigens. A neoantigen is a tumour-specific antigen, a product of
somatic mutations, presented solely by tumour cells and not by normal cells *®. Due
to the high mutational frequency in melanoma, the mutational landscape does not
overlap too much between patients. Therefore, how this technology induces T cell
reactivity is based on the genome of a particular tumour. From there, potential
neoantigens are predicted in a patient-specific way **'®. However, although T cell
reactivity is induced, the long-term efficacy still relies on the continuous activation
of these cells, which a suppressive TME might hamper. Therefore, combining
cancer vaccines with immune checkpoint inhibitors may produce a more efficient
therapy response. Additionally, a cancer vaccine has the potential of being highly
specific with fewer adverse effects due to the tumour-restricted expression of
neoantigens, which might result in a higher proportion of responders to
immunotherapy, both among melanoma patients as well as other cancer types.

Another novel approach includes nanosystems, aiming to improve drug efficacy by
personalised and targeted drug delivery by associating a current melanoma
treatment, such as immune checkpoint inhibitors or targeted treatments, with a
nanoparticle delivery system '®. The most researched nanoparticles within
melanoma therapy include polymeric nanoparticles liposomal formulation, with
several ongoing clinical trials °.
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Adoptive T cell transfer (ATT) of TILs is another therapy under intense
investigation as an alternative for patients with resistance towards immune
checkpoint inhibitors '®. In ATT, ex vivo-expanded TILs are administered to
melanoma patients following lymphodepletion with high doses of IL-2 '™
However, constructing TILs is challenging, and IL-2 is often accompanied by
substantial toxicity *.

The potential synergistic effects of combining CAR-T cell therapy with anti-PD1
and anti-CTLA4 are being explored *. Treatment using CAR-T cells works by first
removing the T-cells from a patient, followed by in vitro culturing and genetically
engineering the cells to express the CAR antigen receptor, a fusion protein. This
allows T-cell activation and infiltration of the tumour and subsequent killing of
tumour cells. However, their function can be inhibited by a pro-tumourigenic or cold
TME, partially induced by the upregulation of immune checkpoint molecules,
which immune checkpoint inhibitors can reverse.

Finally, therapies aiming to reverse the suppressive signals from the TME are also
being investigated . One approach includes targeting TAMs, specifically, the
reprogramming of pro-tumourigenic M2 macrophages to anti-tumourigenic M1
macrophages or by killing TAMs or minimising their recruitment to the tumour site
37 98 Additionally, the combination of anti-angiogenic modulators and immune
checkpoint therapy is also under intense investigation '°°. However, despite the
numerous molecular targets and delivery strategies, most cancer patients do not
respond adequately to therapy. Melanoma, with its response rate to immune
checkpoint therapy of about 58%, is one of the cancer types that elicit the highest
response rate ',

Molecular classification of melanoma

Besides the clinical and pathological classifications of melanoma described
previously, there is an increasing interest in molecular classifications aiming at
stratifying patients into clinically meaningful subgroups to guide treatment
selection, prediction, and patient outcome.

In 2006, Hoek et al. outlined a transcriptional taxonomy for melanoma using cell
lines based on gene expression profiling *. They propose three groups with different
metastatic potentials. Subclass A and B were proliferative with weak metastatic
potential and displayed a neural crest-like transcriptomic signature, while subclass
C was less proliferative but with high metastatic potential (Figure 7). The subtypes
were primarily driven by Wnt- and TGFf-like signalling. Furthermore, in 2010,
Jonsson et al. proposed a molecular stratification of metastatic melanoma samples
based on gene expression profiling, dividing tumours into four distinct subtypes:
high-immune, proliferative, pigmentation and normal-like, as reflected by their
characteristic gene expression '®. This classification was further developed by
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Harbst et al. in 2012, where they demonstrated that the classification of primary
tumours could be accomplished using the same subclasses. They combined the
subtypes high-immune with normal-like and proliferative with pigmentation to
obtain low-grade and high-grade subtypes, which were significantly associated with
survival '%’. In a work by TCGA in 2015, melanoma tumours were divided based on
transcriptomic analyses ''°. Three clusters emerged from their analysis: immune,
keratin and MITF-low. Among the metastatic melanoma samples in the cohort, the
patient's survival was significantly different between the three subtypes, with the
patients from the immune subtype surviving longer, followed by the keratin subtype
and MITF-low.

Furthermore, Rambow and colleagues utilised a single-cell RNA approach to
identify molecular subtypes in melanoma, and they found four different subtypes
related to drug resistance '''. Tsoi et al. used cells to investigate the diverse stages
of melanoma dedifferentiation and found four distinct subclasses named C1-C4 *2,
The C1 subtype was considered the most undifferentiated due to the enrichment of
genes related to invasive capabilities such as cell adhesion, motility and
inflammation, similar to what was observed by Hoek et al. * and Konieczkowski et
al. "2, The C2 subtype shared the invasive and inflammatory features of C1 but
presented additional characteristics of a neural crest-like phenotype. As expected,
both C1 and C2 displayed low levels of MITF and high levels of AXL. C3 was
described as an intermediate subtype with enrichment in neural crest-related genes
and genes associated with a more differentiated phenotype. The last subtype, C4,
was defined as the melanocytic subtype with high levels of MITF and other
pigment-related genes. Although different samples and approaches were applied in
these studies, the different molecular subtypes show similarities, with MITF, AXL
and SOX10 being some of the common transcriptional elements. While the
proportion of overlapping genes within the various states of differentiation varies
among the studies, similar mechanisms seem to be involved.

Many promising ways of stratifying melanoma have been proposed at the level of
transcripts. However, classifications still need to be presented at the protein level.
Although studies have shown a moderate correlation between transcripts and
proteins '*!'7_ proteins are the main functional entities in the human body and the
targets of most drugs. This highlights the importance of studying protein expression
levels within a disease setting. Additionally, the involvement of the TME, including
the immune cells, emphasises the importance of studying clinical melanoma
specimens where all aspects of the disease can be viewed together with all its
complexity.
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Clinical proteomics

Why study proteins?

Proteins represent the most important biomolecules in understanding human
biology. They are the executors of most biological processes, including catalysing
chemical reactions, providing structural support, regulating the passage of
substances across the cell membrane, transporting oxygen, and coordinating cell
signalling pathways. Proteins include, among others, antibodies, enzymes,
hormones, cytokines, and transcription factors. Often their expression changes as a
response to different physiological conditions, and therefore, they should be at the
centre of developing new, more efficient and personalised therapies. Furthermore,
with their unique proximity to phenotype and pathophysiology, proteins are
excellent biomarkers with crucial and wide-ranging applications across biological
research, clinical care and drug development, such as tailoring treatments,
predicting responses and foreseeing patient outcomes.
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Figure 8. From genes to proteins. The DNA contains the information needed to make the proteins through a muilti-
step process consisting of two major steps: transcription and translation, which are referred to as gene expression. The
information within the gene's DNA is passed on to the messenger RNA (mRNA) during transcription, and when studying
transcriptomics, the mRNA levels are most often measured. The mRNA carries the information to the cytoplasm, where
the ribosome initiates the translation. Three nucleotides usually code for a particular amino acid, and the proteins are
assembled one amino acid at a time until a stop codon is reached. As a last step, the protein is folded to become stable
and biologically functional.
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The proteome and the study of proteins — proteomics

The word proteome was first described by Wilkins in 1994 and is defined as the
complete set of proteins made by an organism, which are translated at different times
and in different amounts, depending on their function and how they interact with
other proteins inside and outside the cell ''*!%°. Each protein can have many variants,
so-called proteoforms. Proteoforms can be distinguished by as little as an amino
acid change, a post-translational modification (PTM) or by alternative splicing '*'.
How many of the 1 million theoretical human proteoforms expressed in an organism
remain to be elucidated?

Proteomics is the large-scale study of proteins within cells, tissues or entire
organisms, with the objective of acquiring knowledge of cellular processes that
occur under specific conditions '**!*. Proteomic studies intend to identify and
quantify as many proteins as possible in a given sample and might include
identifying single amino acid variants (SAAVs) or mutations and PTMs. In clinical
proteomics, specimens, including body fluids and tissues, can be analysed from
healthy and diseased patients to identify novel biomarkers associated with different
diseases. Clinical proteomics can comprise a wide range of experimental processes,
utilising well-characterised clinical samples accompanied by clinical data. This can
ultimately lead to the identification of novel drug candidates that can be studied in
clinical trials to improve treatment options. Finally, clinical proteomics can assist in
personalised medicine to ensure the patient's disease is fully comprehended '**'%.

The role of single amino acid variants in cancer

A SAAYV describes an amino acid substitution in the protein sequence resulting from
genetic polymorphism. There is an implication of a functional role for SAAV in
several cancer types that may affect signalling pathways and help cancer cells adapt
to their environment '**'* Accumulation of somatic mutations is a hallmark of
cancer, and melanoma is the cancer type with the highest frequency of these
mutations '*°. The importance of studying these mutations is underscored by the
possibility of targeting tumour tissue by engineering neoantigens found exclusively
in tumour cells but not in normal tissue. In principle, any genetic change affecting
a protein-coding region has the potential to generate mutated peptides presented by
HLA class I proteins on the surface, which can be recognised by cytotoxic T cells,
making them potential cancer vaccine immunogens '2*'%7,

Post-translational modifications

About 250 different post-translational modifications exist, and nearly all proteins
can be post-translationally modified *""*!. Some of the essential PTMs to study
within the field of cancer are phosphorylation and acetylation '*2. Phosphorylation
generally occurs enzymatically in the endoplasmic reticulum and the Golgi
apparatus. It is one of the most common post-translation modifications, and occurs
at the amino acid residues of serine, threonine, and tyrosine, and it is considered
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crucial in cancer cell signalling '**'**. Often, phosphorylation is used as a surrogate
for monitoring kinase activity '*2. For example, many signalling transducers in
melanoma depend on phosphorylation upon activation. Aberrant signalling of the
MAPK, PI3K and WNT pathways are known features of melanoma and may result
from mutations, overexpression of kinases, or defects in the negative feedback
mechanisms. Hence, comprehensive characterisation of protein phosphorylation is
crucial '**. However, the task is complex since protein phosphorylation is often of
low stoichiometry and covers a wide dynamic range, imposing considerable strains
upon detection by mass spectrometry 2.

Lysine acetylation, where histone acetylation is the most well-studied, is thought to
play a vital role in cancer by altering gene transcription and chromatin remodelling
B6137 1t is a reversible PTM, controlled by acetyltransferases (KATs) and
deacetylases (KDACs), and changes in these proteins, such as mutations, has been
linked to cancer '**'*. Small molecule inhibitors targeting KDACs are approved as
cancer therapies '*. However, lysine acetylation stoichiometry is not well studied
in cancer, making it a promising field to explore further.

Mass spectrometry-based proteomics

Mass spectrometry (MS) coupled with high-performance liquid chromatography is
the key analytical technology in proteomics. Today's mass spectrometers generate
large amounts of high-quality data that allow protein identification, annotation of
post-translational modifications, and determination of the absolute or relative
abundance of individual proteins. MS-based proteomics can be divided into two
main categories, specifically bottom-up and top-down approaches, the latter

including the analysis of intact proteins '*'.

Bottom-up proteomics

Various bottom-up approaches are widely used to analyse complex biological
samples for discovery purposes. This includes the digestion of proteins into peptides
by sequence-specific proteases, which are then separated by liquid chromatography
before being introduced to the mass spectrometer '*'. Peptides are more easily
separated, ionised, and fragmented using liquid chromatography-tandem mass
spectrometry than proteins (LC-MS/MS) (Figure 9) '**. A very attractive aspect of
bottom-up proteomics is the ability to quantify proteins over a wide dynamic range
since proteins span approximately seven orders of magnitude in tissues and over ten
in body fluids .
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Figure 9. LC-MS/MS. A typical setup for bottom-up proteomics includes liquid chromatography-tandem mass
spectrometry (LC-MS/MS). When using a quadrupole-orbitrap analyser, an MS-ready peptide mixture is separated
online using RP low-pH fractionation and eluted into an electrospray ion source. Peptides are then ionised in tiny,
charged droplets, most often in positive mode. After evaporation, multiple positively charged peptides enter the mass
spectrometer, and a mass spectrum of the peptides eluting at each point is recorded (MS1 spectrum). Generally, the
most abundant peptides are prioritised for fragmentation by collision with an inert gas in the collision cell, and a series
of tandem mass spectra (MS2) are recorded.

The importance of sample preparation

Sample preparation is the step preceding the MS analysis, and unlike genomic and
transcriptomic research, there is no universal sample preparation method for
proteomics. A balance between sensitivity and scalability must be considered in
proteomic experiments since strategies to improve proteome coverage often come
at the expense of throughput. Therefore, the approach that produces the most
relevant data to answer the biological questions in a given study should be chosen.
Additional parameters to consider when developing sample preparation methods are
the reproducibility between replicates and the over-time variability of the technique
to acquire consistent and reliable results. Any variability associated with the sample
preparation should be addressed and evaluated before drawing biological
conclusions from the data.

A sample preparation workflow for “bottom-up” proteomics of tissue samples

The tissue samples used for proteomic analyses are divided into two main
categories, fresh frozen or formalin-fixed and paraffin-embedded (FFPE). There are
advantages and disadvantages to both tissue types. The additional costs of collecting
and storing frozen tissues, often resulting in smaller sample numbers, must be
weight against the more straightforward sample preparation and the opportunity to
study almost any post-translational modification. On the other hand, FFPE samples
can easily be stored at room temperature for years '**, and large cohorts with longer
follow-up times and hence more comprehensive clinical information are often
available '*'%. On the other hand, although no large effects have been seen in
protein abundance between frozen and FFPE tissues, the sample preparation is often
associated with difficulties, including proteins which are hard to extract and harsh
buffer conditions, which can be challenging to remove prior to MS analysis '*7!4%,

A “bottom-up” sample preparation workflow using frozen or FFPE samples can be
performed using different protocols, equipment and chemicals. However, some
common steps permeate the process (Figure 10). For example, deparaffinisation and
antigen retrieval is the first step of the sample preparation of FFPE tissues. During
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the fixation process, formaldehyde introduces crosslinks between molecules such as
proteins, RNA and DNA, which need to be broken to enable protein extraction from
the tissue '**. A widely used method for deparaffinisation includes xylene followed
by rehydration with ethanol '*. However, due to the health hazards of xylene, other
approaches are also commonly used, such as high pH and temperature-based
deparaffinisation with Tris-EDTA solutions '**'*!. To unmask hidden epitopes and
retrieve antigens, FFPE samples are often heated in high pH buffers containing Tris-
EDTA or SDS before further processing '4"!*2,

When working with frozen samples, the first step of the sample preparation includes
protein extraction. The protein extraction is often carried out with strong chaotropic
agents such as urea or with detergents such as SDS. This causes the proteins to
denature, and combined with ultrasound technology, the extraction process is even
more efficient, mainly by improved extraction of membrane proteins '>*. Low urea
concentrations (0.5-1.5 M) are compatible with the subsequent protein digestion
with proteases, while detergents such as SDS should be removed before digestion.
This can be accomplished through suspension trapping '** or precipitation '%,
among other methods. Digestion can be performed in various ways, such as in-
solution, in-gel and on-filter and with different proteases '*°. The most widely used
is trypsin, a serine protease, which cleaves exclusively at the carboxyl terminal of
arginine and lysine. Another commonly used enzyme is endoproteinase Lys-C,
which, as the name suggests, cleaves at the carboxyl-terminal of lysine residues.
Lys-C is preferably used as the first enzyme in a two-enzyme digestion protocol
since it can handle somewhat harsher conditions than trypsin, for example, a higher
urea content.

By carefully optimising the digestion conditions, the number of missed cleaved sites
is minimised, resulting in a high amount of fully cleaved peptides and a more
reliable and reproducible protein quantification. Following digestion, peptides are
usually cleaned to remove salts and other buffer constituents. The most widely used
method for sample clean-up is RP C18 desalting. Following desalting, the eluted
peptides are ready for LC-MS/MS. However, samples are commonly subjected to
prefractionation to increase proteome coverage and reduce the co-elution of
peptides with similar mass.

Many different fractionation approaches exist, such as RP high pH, Strong Cation
Exchange (SCX) '*7, and hydrophobic interaction liquid chromatography (HILIC).
The chosen pre-fractionation method should have high resolution and be orthogonal
to the separation used for the LC-MS/MS analysis. RP high pH fractionation
generally performs better than SCX due to well-separated peptides. Additionally, in
RP high pH fractionation, low or no-salt-containing buffers produce cleaner
samples, while another desalting step is needed following SCX, resulting in sample
loss '*®. The RP high pH fractionation and the second dimension RP low pH
separation, which is the standard setup of the LC-MS/MS system in proteomics,
provides better orthogonality compared to SCX-RP low pH '/,
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Large-scale proteomic experiments often include analysis of post-translational
modifications such as phosphorylation, where an enrichment strategy is employed.
Commonly used methods include immobilised metal ion affinity chromatography
(IMAC) and metal oxide affinity chromatography (MOAC) **. In IMAC, metal ions
such as Fe3+ are used, while in MOAC, TiO2 is the metal oxide of choice *°. The
phosphopeptides bind to the immobilised metal ions/oxide and can be eluted with a
high pH buffer such as ammonium hydroxide, followed by MS analysis.

MS acquisition methods

The most common acquisition methods for bottom-up proteomics are data-
dependent acquisition (DDA), data-independent acquisition (DIA) and targeted
approaches, the latter where the proteins of interest are predetermined and known

and not infrequently selected based on a hypothesis-free discovery experiment using
DDA or DIA.
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Figure 10. Workflow for bottom-up proteomics. Overview of steps commonly included in a data-driven discovery
approach using bottom-up proteomics.
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The Data-Dependent Acquisition

In DDA methods, the top N most intense precursor ions from the full MS1 scans are
selected using narrow isolation windows (~ 1 Da). Then, these ions are fragmented,
and individual MS2 scans are recorded. Therefore, the selection of precursor ions is
somewhat stochastic, favouring the more abundant ions, causing missing values and
less reproducible measurements.

A missing value may arise for several reasons, including at random, meaning that
the peptide is present in the sample at a detectable level but is not detected nor
correctly identified. Alternatively, the peptide is present but at an abundance below

the instrument's detection limit, and lastly, the peptide is not present '

This can be addressed to some extent by the so-called “match between runs”
approach, where a peptide sequence identified by MS2 can be transferred to a
peptide peak from another measurement based on precursor ion mass to charge ratio
(m/z) and peak retention time '¢"'%2. There are many possible instrument
configurations for DDA methods; however, the quadrupole-orbitrap hybrid
instruments are the most used "1,

Quantification in DDA mode can be either label-free, performed at the MS1 level,
or based on stable-isotope labelling such as tandem mass tags (TMT) using MS2
reporter ions. Isobaric tags enable multiplexing using stable heavy isotopes. The
tags contain an amine-reactive, a balancer, and a reporter ion group, resulting in an
equal mass. Therefore, identical peptides from different samples elute
simultaneously and appear as a single peak in the MS1 spectrum, resulting in the
possibility of multiplexing up to 16 samples in a single TMT experiment without
increasing the complexity of the MS1 spectrum considerably '®>. However, at the
MS2 level, the reporter ions released upon fragmentation enable relative
quantification. Peptide and protein quantification is accomplished by comparing the
intensities of the reporter ions in the MS2 spectra '°’. Multiplexing has the advantage
of being less sensitive to instrumentation variability since all samples are analysed
simultaneously; also, in combination with extensive fractionation, it is possible to
achieve a deeper proteome coverage in a time-efficient manner compared with a
label-free approach. Additionally, the TMT methodology is well suited for studying

the many existing proteoforms, including various post-translational modifications
166,167

Other labelling strategies include isobaric tags for relative and absolute quantitation
(iTRAQ) '*® and stable isotope labelling by amino acids in cell culture (SILAC) '%.
In iTRAQ, isobaric reagents label the primary amines of peptides and proteins. The
iTRAQ reagents consist of an N-methyl piperazine reporter group, a balancer group,
and an N-hydroxy succinimide ester group that reacts with the primary amines of
peptides. The quantification is achieved by analysing reporter ions generated upon
fragmentation in the mass spectrometer, similar to TMT. SILAC uses a non-
radioactive isotopic strategy where cells are labelled by growing in light and heavy
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medium, containing regular and heavy arginine or lysine. Metabolic incorporation
of the amino acids into the proteins results in a mass shift of the corresponding
peptides, which a mass spectrometer can detect. By combining the two samples, the
ratio of the peak intensities in the mass spectrum reflects the relative protein
abundance.

Data-Independent Acquisition

In contrast to DDA, where precursor ion selection is somewhat stochastic, in DIA
methods, all ions within the selected mass range are isolated and fragmented
sequentially, potentially resulting in fewer missing values. Quantification in DIA
mode can be performed on both MS1 and MS2 levels, though MS2 quantification
is more frequently used '®>. However, MSI-based quantification can be
advantageous since it can utilise the high-resolution capacity (120,000) of a
quadrupole-orbitrap mass spectrometer, a method called high-resolution DIA (HR-
DIA). One challenge when designing a DIA method based on MS1 or MS2
quantification is determining the optimal number of isolation windows and ensuring
enough sampling points across a peak, as under-sampling can result in unreliable
quantification. Therefore, optimising the method by considering both the cycle
times and peak widths is essential.

Computational and bioinformatics analysis

Data generated by mass spectrometry is extensive, and the computational analysis
is often time-demanding and generally consists of several consecutive steps. A
database search is usually the first step. For DDA, the most common approach is to
use a classical search engine containing theoretical spectra such as SEQUEST '
together with Proteome Discoverer, Andromeda '*"'"! together with MaxQuant or
Pulsar ' together with Spectronaut. The most common approach in DIA is to create
an experimental library based on DDA runs or an in-silico library '7*'", Also, direct
DIA approaches can be applied without constructing a library. This can be
accomplished in software such as DIA-NN '">!7¢ and Spectronaut "%,

For peptide identification, the software generally assigns a score to the peptide-
spectrum match; this is then followed by the estimation of false discovery rates
(FDRs), often using the targeted-decoy approach '""'”. Peptides are then assigned
to proteins. To avoid redundant identifications and ambiguous quantification,
proteins which are very similar and cannot be distinguished based on the identified
peptides are reported at the group level '*'. Finally, abundances are calculated, often
based on the average intensity of the top N peptides, and the final outputs are
matrixes containing peptide and protein abundances.

Before performing statistical analyses and addressing biological questions, the data
needs to be pre-processed to correct for experimental variability, missing values,
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and batch effects. This includes filtering and imputing missing values,
transformations, and standardisation strategies, including ratio calculations for TMT
data. Different statistical methods for handling missing values should be applied
depending on the assumed reason behind the missing value. If the peptide truly
exists at a detectable level, using observed values to impute missing values or simply
filtering out a few missing values is appropriate. However, imputations based on
observed values are not appropriate if the peptide abundance is below the
instrument's detection limit or not present '®*. The goal of pre-processing large
proteomic data sets is to obtain a final matrix that can be confidently used for further
statistical analyses and functional enrichment.

Since the multi-omics era, the view on data analysis has changed a lot. The
hypothesis-driven approach is often substituted for a data-driven approach with the
incentive that when data are sufficient, they are self-explanatory. However, in big
data, the number of significant features is often sparse, and several feature extraction
methods are employed depending on the objective. Often combinations of univariate
and multivariate analyses are exploited to answer questions about patient
stratification, diagnosis, and prognosis '** '®'. The selected significant omics
signatures are then annotated using different bioinformatic tools such as Toppcluster
182 STRING '*3, PANTHER '*, and DAVID '* together with public databases, for
example, KEGG (Kyoto Encyclopedia of Genes and Genomes) '*®, Gene Ontology
(GO) """, Reactome pathway database '®® and Gene Set Enrichment Analysis
Hallmark gene set '*’.

The proteomic field is continuously evolving, primarily because of improvements
in MS technology, methodology, and the availability of new bioinformatics tools,
enabling researchers to advance and gain further insight into disease biology,
thereby improving patient care. Today, melanoma represents a severe public health
problem. It is a heterogencous and unpredictable tumour that annually takes
thousands of lives worldwide. The emergence of immunotherapy and targeted
therapy has prolonged numerous lives, but many patients relapse or do not respond.
A prominent obstacle is selecting the target leading to immune activation, whether
it is an approved drug or a newly found potential drug target. This will require the
parallel examination of different aspects of the tumour cells and their
microenvironment, such as mutations, transcripts, proteins, neoantigens, and PTMs,
often referred to as multi-omics.

32



A1ims

There were two main objectives of the studies encompassed in this thesis. The first
included the development of robust and high-throughput sample preparation
methods for proteomic analysis of clinical tissue samples. The second objective
comprised the integration and interpretation of transcriptomic, proteomic,
phosphoproteomic and clinical and histopathological data for a better understanding
of melanoma biology and, ultimately, contributing to improved disease management
through better-informed clinical decisions.

The specific aims of the included papers were to:

L Establish a semi-automated sample preparation workflow for the
proteomic analysis of large cohorts of sectioned frozen tissues;

IL. Optimise an automated phosphopeptide enrichment protocol for
phosphoproteomic analysis of small amounts of tissue, followed by
integration into the workflow developed in the first study;

111 Establish workflows to process Formalin-Fixed and Paraftin-
Embedded tissues for studying global proteomes and endogenous
lysine acetylation;

V. Study the expression of the BRAF V600E mutated protein by mass
spectrometry in melanoma metastases and its association with tumour
phenotypes and patient survival; and

V. Characterise treatment naive melanoma metastases through

proteogenomic approaches combined with clinical and
histopathological data.
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Material and Methods

Study design and overview

The studies encompassed in this thesis consist of consecutive works (except paper
II), intending to answer biological questions related to the molecular mechanisms
responsible for developing and progressing malignant melanoma. An additional aim
was to stratify melanoma patients into clinically relevant and functional groups that
consider different aspects of the disease, such as the protein expression differences
related to clinical and histopathological features, BRAF mutations, the presence of
single amino acid variants, the compositions of the tumour microenvironment and
in the involvement of the immune system (Figure 11). In the first three studies,
robust and reproducible sample preparation protocols were developed that were
later applied to the main cohort of melanoma lymph node metastases (described in
detail below). Finally, the results were analysed using different statistical
approaches and bioinformatic tools and summarised in papers IV and V.
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Figure 11. An overview of the studied aspects of malignant melanoma covered in this thesis.
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The cohort or the patient samples

Throughout this thesis, samples of different types and tissue origins were analysed,
including frozen samples from melanoma patients (papers I-V), samples from
patients with pancreatic cancer (paper I) and rat spleen tissue (paper I). In paper 111,
FFPE samples from malignant melanoma and lung adenocarcinoma patients and
samples originating from tonsils were included. The biological interpretations and
conclusions are based on the analysis of a cohort of 137 malignant melanoma patient
samples collected at the university hospital in Lund. The collection and usage of the
sporadic samples throughout the studies were done in agreement with specific
ethical considerations for each sample type.

Main cohort

Tissue collection and clinical information

The patient samples were collected between 1975 and 2011, before the era of
modern cancer therapy. The tissue specimens were put on dry ice with a small
amount of isopentane in liquid nitrogen within 30 minutes of surgery. The samples
were then stored at -80°C until further processing. Initially, the tumours were
classified as stages I, II, III and IV (Table 1). However, for 80 % of the patients, a
reclassification, according to the 8" edition of the AJCCS, of the pathological stage
was possible. The samples were treatment naive.

Ethical consideration

The study was approved by the Regional Ethical Committee at Lund University,
Southern Sweden (DNR 191/2007, 101/2013 (BioMEL biobank), 2015/266 and
2015/618). All patients provided written informed consent.

Table 1. Patient characteristics of the main cohort analysed in papers IV and V.

Age at diagnosis Survival from sample collection  Overall survival
Range 23-96 years Range 0.1-25.2 years Range 0.2-42.5 years
Median + SD 64 + 13.9 years Median + SD 2+5.1years Median + SD 4.9 +7 years
Gender Disease stage (patients) Localization
Female 47 I-11 3 Lymph node 121
Male 87 1] 97 Cutaneous 1
NA 3 \Y 34 Subcutaneous 7

NA 3 Visceral 3

NA 5

Mutational status Type of BRAF mutation Status/Remarks
wt 36 V600E 45 Alive 26
BRAF 49 V600K 2 Dead 91
NRAS 35 V600R 1 Unknown cause 16
NA 17 V600A 1 NA 4
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Sample processing and LC-MS/MS analysis

Tissue sectioning and histological assessment

The tissue samples processed through papers -V were sectioned stepwise
according to Figure 12 '°. Every eleventh section was placed on a glass slide and
stained with haematoxylin and eosin using a standard staining protocol '°"'°2. The
tissue content was evaluated, and the percentage of tumour cells, necrosis,
connective tissue, and adjacent tissue were determined. In addition, a morphological
assessment, including the degree of lymphocytic infiltration in terms of distribution
and density, was assigned, where scores from zero to three were given for each
parameter (Table 2).

Frozen tissue FFPE

HE

Proteomics Histological evaluation

Phosphoproteomics |

HE

Proteomics
Phosphoproteomics |

Figure 12. Tissue preparation. The first step of the tissue sectioning protocol includes the sectioning of thin (4—10 um)
sections, where the first is attached to a microscope slide and stained with haematoxylin and eosins. The following
sections (between 1 and 30) are placed in tubes and stored appropriately until further analysis. The stained sections,
immediately neighbouring both sides of the sections placed in tubes, undergo histological examination. The tissue
composition is assessed for each section, and the percentage of tumour cells, necrosis, connective tissue, and adjacent
tissue is determined. In addition, various morphological assessments were considered, including tumour cell size,
predominant tumour cell shape, pigmentation, predominant cytoplasm, and parameters such as the distribution and
density of lymphocytic infiltration.
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Table 2. Summary of the histological annotations of the main cohort.

Histological features Median Mean + SD
Tumour % 80 67.2+30.7
Adjacent lymph node % 0 11.8+21.7
Connective tissue % 6.25 16.7 £ 26.8
Necrosis % 0 575+11.5
Lymphocyte distribution (0-3) 1 1.41+1.1

Lymphocyte density (0-3) 1 1.30 £ 0.94
Lymphatic score (0-6) 2.67 2.70+£1.89
Pigment score (0-3) 0 0.95+1.19
Tumour cell size (0-3) 0 0.04 £0.23
Predominant cell shape (0-3) 0 0.23+£0.48
Predominant cytoplasm (0-3) 2 1.45 £ 0.69

Protein extraction

The protocol developed in paper I was applied for protein extraction of the main
cohort, including 137 frozen melanoma tissues (papers IV and V) and for the
samples included in paper II. From each patient sample, 30 sections (10 pum
thickness) were used, and 100 pL of lysis buffer containing 4 M Urea in 100 mM
Ambic was added, followed by protein extraction using ultrasound technology. The
samples were then centrifuged, and the protein content in the supernatant was
determined using a colourimetric micro-BCA assay. For digestion, the protein
concentrations were equalised, and 100 pg of protein from each sample was taken
out and reduced with 10 mM DTT for 1 h at room temperature (RT) and sequentially
alkylated with 20 mM iodoacetamide for 30 min in the dark at RT.

In paper III, where FFPE tissues were processed, deparaffinisation and antigen
retrieval were performed with a xylene-free approach using a high pH Tris-EDTA
buffer prior to protein extraction. Antigen retrieval was induced, and the amino acid
cross-links were broken in two different ways. The first protocol utilised an SDS-
based extraction buffer containing 25 mM DTT and 10 % SDS in 100 mM TEAB
(pH 8), and 50 pL of extraction buffer was added per tissue section to each sample.
The samples were incubated at 99 °C for 1 h with shaking. In the second protocol,
the samples were first incubated with 1 mL of 500 mM Tris—HCI (pH 8.6) at 99 °C
for 1 h, which was then removed, and 50 pL of extraction buffer containing 8M urea
in 100 mM AmBic was added per tissue section. After antigen retrieval, the samples
were subjected to sonication to reduce viscosity, followed by centrifugation to clear
the lysates. Proteins extracted with the urea protocol were reduced with 25 mM DTT
at 37 °C for 1 h, protein determination was performed for all samples using a Pierce
TM 660 nm protein assay. An ionic detergent compatibility reagent for the samples
containing SDS was added before the protein determination. Prior to digestion, the
lysates were alkylated with 50 mM iodoacetamide for 30 min at RT in the dark.
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Protein digestion and sample clean-up

The urea in-solution digestion protocol developed in paper I was applied for the
main cohort (papers IV and V) and the samples included in paper II. First, the urea
concentration was decreased by diluting the samples with 100 mM Ambic to a urea
concentration of about 1.5 M. Digestion was performed in two steps at RT. Proteins
were first incubated with Lys-C at a 1:50 (w/w) ratio (enzyme/protein) for 5 h, and
then trypsin was added at a 1:50 (w/w) ratio (enzyme/protein) followed by an
overnight incubation. The reaction was quenched by adding 20% TFA to a final
concentration of ~ 1%. Next, peptides were desalted on the AssayMAP Bravo
platform using C18 cartridges and then dried in a centrifugal evaporator.

In paper III, suspension trapping (S-Trap) was used for digestion. First, phosphoric
acid was added to a final concentration of 1.2% in each sample. Then, S-Trap
binding buffer (90% methanol, 100 mM TEAB) was added to a final volume of
eight times the lysate volume. Next, the samples were loaded onto the S-Trap filter,
followed by a short centrifugation, and then the captured proteins were washed with
S-Trap binding buffer. Next, digestion buffer (S0 mM TEAB) containing Lys-C at
a 1:50 w/w ratio (enzyme/protein) was added onto the filter and incubated at 37°C
for 2 h. Then, digestion buffer (50 mM TEAB) containing trypsin at a 1:50 w/w
ratio (enzyme/ protein) was added on top, and the samples were incubated overnight
at 37°C. The following day, the peptides were eluted with three buffers; digestion
buffer; 0.2% formic acid; 50% acetonitrile containing 0.2% formic acid. Finally, the
eluted peptides were acidified with 50% formic acid to a final pH of ~ 3 and dried
in a centrifugal evaporator. Dried peptides were stored at -80°C until further
downstream analyses, including TMT labelling and phosphopeptide enrichment.

Multiplexing by isobaric labelling with TMT

In papers III, IV, and V, isobaric labelling with TMT was used for sample
multiplexing. The peptide amount in each sample was estimated using a
colourimetric peptide assay kit. In the main cohort (papers IV and V), equal amounts
of peptides were labelled with TMT 11-plex reagents within each batch. Peptides
were resuspended in 100 uL. of 200 mM TEAB, and individual TMT 11-plex
reagents were dissolved in 41 pL of anhydrous acetonitrile and mixed with the
peptide solution. The internal reference sample, a pool of 40 melanoma patient
samples, was labelled as channel 126 in each batch. After one hour of incubation,
the reaction was quenched by adding 8 uL of 5% hydroxylamine, followed by 15
min incubation at RT. The labelled peptides were mixed in a single tube, and the
volume was reduced using a centrifugal evaporator.

Then, the peptides were cleaned up using a Sep-Pak C18 96-well plate. The eluted
peptides were dried in a centrifugal evaporator and resuspended in water before high
pH RP HPLC fractionation. For TMTpro 16 plex (paper III), the same protocol was

39



applied except for the quenching of the labelling reaction, which was performed by
adding hydroxylamine to a final concentration of ~ 3 %.

Fractionation to reduce sample complexity

In papers I1I, IV and V, the TMT batches were fractionated using an XTerra Shield
RP18 Column (125 A, 3.5 um, 2.1 mm x 150 mm) from Waters (paper III) and an
Aeris Widepore XB-C8 (3.6 um, 2.1 x 100 mm) column from Phenomenex (papers
IV and V) on an 1100 Series HPLC from Agilent, operating at 80 pL/min and a
detection wavelength of 220 nm. Solvents A and B consisted of 20 mM ammonium
formate (pH 10) and 80% ACN in 20 mM ammonium formate (pH 10), respectively.
Approximately 200 png of labelled peptides were separated at RT using the following
gradient: 0 min 5% B; 1 min 20% B; 60 min 40% B; 90 min 90% B; 120 min 90%
B. In total, 96 fractions were collected at 1 min intervals and concatenated into 24
or 25 fractions by combining four fractions that were 24 fractions apart so that #1,
#25, #49, #73; and so forth, were concatenated and then dried in a centrifugal
evaporator.

In papers I and II, automated off-line high pH step-fractionation was performed.
Malignant melanoma digests were fractionated in the AssayMAP Bravo using the
RPS cartridges. The pH of the samples was adjusted to pH 10 with ammonium
formate. Six fractions were collected using step-elution consisting of 30 pL of 4%,
10%, 15%, 20%, 25%, and 80% ACN in 20 mM ammonium formate. The flow-
through was collected and analysed as a seventh fraction.

Analysis of post-translational modifications

Phosphorylation

From the main cohort of 137 melanoma tissues, 118 samples were subjected to
phosphopeptide enrichment using the protocol developed in paper II. In total, 100
pug of proteins were digested, and the cleaned peptides were subjected to
phosphopeptide enrichment by applying the optimised Phospho Enrichment
protocol on the AssayMAP Bravo platform using Fe(II[)-NTA cartridges. The
enriched peptides were then dried in a centrifugal evaporator and stored at -80°C
until analysis by LC-MS/MS.

Acetylation

In paper III, a protocol for studying endogenous lysine acetylation was developed
using S-Trap. First, the proteins were loaded onto the S-Trap Mini Spin Columns
(nominal capacity 100-300 pg), followed by complete acetylation of the protein's
free amino groups by two consecutive additions of 5 umol of N-acetoxisuccinimide
carrying three deuterium atoms (NAS-d3), dissolved in 20 uL of DMSO and 100
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pL of 100 mM TEAB. The mixture was incubated for 1.5 h at RT following each
addition step. Next, undesired O-acetylation was reversed by incubating the proteins
with 120 pL of 5% hydroxylamine for 20 min. The lysine-acetylated proteins were
then digested with trypsin 1:50 w/w ratio (enzyme/proteins) in 50 mM TEAB
overnight. Next, the peptides were eluted with three buffers; digestion buffer; 0.2%
formic acid; 50% acetonitrile containing 0.2% formic acid. The eluted peptides were
then acidified with 50% formic acid to a final pH of ~ 3 and dried in a centrifugal
evaporator.

LC-MS/MS analysis

The data presented throughout this thesis was generated by mass spectrometry.
Samples were analysed by nLC-MS/MS on an Ultimate 3000 HPLC coupled to a Q
Exactive HF-X mass spectrometer from Thermo Scientific equipped with an EASY -
Spray ion source. Approximately 1 pg of peptides was injected for most global
proteomic analyses, loaded onto an Acclaim PepMap 100 C18 trap column, and then
separated on an Acclaim PepMap RSLC C18 25 cm analytical column. For the
analysis of phosphopeptides, an iRT (indexed Retention Time) peptide mix was
added to each sample prior to MS analysis. A flow rate of 300 nL./min and a column
temperature of 45°C were used for all experiments. The solvents used for the
gradients were A (0.1% formic acid) and B (0.08% formic acid in 80% ACN). All
samples were analysed in random order. Three different approaches were used for
data acquisition: label-free DDA (papers I, Il and IIT), DDA including the TMT node
(papers III, IV and V) and DIA (paper V). Details of each LC-gradient and MS
parameters, such as gradient length, mass range, resolution, AGC target, injection
time, isolation window, dynamic exclusion, and normalised collision energy, can be
found in the respective paper.

Computational analysis

Database search

Proteome discoverer

Most of the data presented throughout papers I-V were processed with Proteome
Discoverer from Thermo Scientific. The search was performed using the SEQUEST
HT search engine against the Uniprot Homo sapiens revised database, including
isoforms. Cysteine carbamidomethylation was set as a fixed modification, and
variable modifications included in the search were the oxidation of methionine
residues and N-terminal protein acetylation. Mass tolerance for the precursor and
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fragment ions were 10 ppm and 0.02 Da, respectively. Two missed cleavage sites
were permitted with a minimum peptide length of six amino acids. A maximum
FDR of 1% was used for identification at peptide and protein levels. The peptides
that could be uniquely mapped to a protein were used to calculate protein
abundance.

For the TMT experiments, a TMT label at the peptide N-terminus and lysine
residues was included as a static modification, and isotope correction factors were
added to each batch. The search for phosphopeptides in paper Il included variable
phosphorylation of serine, threonine, and tyrosine. Also, the ptmRS algorithm was
added to the workflow, which scores phosphorylation sites with a site probability
threshold set to 75. In the acetylation experiment, lysine and N-terminal protein
acetylation (normal (d0) and heavy (d3)) were included as variable modifications.
The analysis of SAAVs consisted of a two-step search. The non-assigned MS/MS
spectra from the first search (as described above) were submitted to a second search
using an in-house database of 57,134 entries (see paper V for details). Peptide
variants identified with high confidence (FDR 1%) Peptide Spectrum Matches
(PSMs) were subjected to verification using the bioinformatics tool SpectrumAI '*>.
This resulted in the identification of 1015 unique missense somatic variants or
mutations belonging to 828 proteins.

MaxQuant

The data generated in paper I were analysed with MaxQuant v1.6.0.1 using the
Andromeda Search engine against the Homo sapiens revised database and against
the Rattus norvegicus database excluding isoforms. The default contaminant protein
database and the decoy database were used, and matches from these were excluded.
In addition, similar settings used for the PD search were implemented, and the
“match between runs” option was enabled.

Spectronaut X to search for phosphopeptides

The phosphoproteomic data was acquired by DIA and searched in Spectronaut X.
First, the spectral library was generated from 45 DDA MS analyses using Pulsar
against the UniProt Homo sapiens database, including isoforms with the same
parameters as for the phosphopeptide search in Proteome Discoverer. The DIA files
were searched using the generated spectral library, and the default factory settings
were used. A maximum FDR of 1% was set for the precursors, and the peptides and
proteins were quantified based on precursor MS1 intensity. The spiked-in iRT
peptides were used for retention time alignment.

Pview

The analysis of lysine acetylation was performed in the Pview'®* software to

complement the Proteome Discoverer analysis. For peptide identification, the mass
tolerance was set to 10 ppm at the MS1 and 0.02 Da at the MS2 levels, and 1% FDR
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was permitted. For the stoichiometry calculations, the isotopic tolerance was set to
3.5 ppm. Finally, only those peptides identified in Pview and Proteome Discoverer
were considered for lysine acetylation stoichiometry calculations.

Pre-processing of the proteomic data in Perseus

The result files generated in Proteome Discoverer and Spectronaut were imported
into Perseus'*”. Different valid value filtering was applied to each matrix. To correct
for experimental variability, the protein intensities were log2 transformed and
centred around zero by subtracting the median intensity in each sample. To correct
batch effects in the TMT data, the pooled reference sample in channel 126 in each
experiment was subtracted from each channel in the corresponding batch to obtain
the final relative protein abundance values. In the phosphopeptide analysis, all
phosphosites with more than 5% missing values were removed. For those
phosphosites with less than 5% missing values, abundance values were imputed by
applying the K Nearest Neighbour method. Additionally, in many biological
comparisons, z-scoring of the data was performed, where the protein intensities
were normalised to obtain a mean value of zero and a standard deviation of one.

Biological analyses and statistical methods for data evaluation

Throughout the studies, descriptive statistics were accompanied by several
statistical tests. In papers I-111, mostly univariate analyses such as linear regression,
frequency distribution, correlation analyses and analyses of variance were
performed. In papers IV and V, univariate and multivariate analyses complemented
each other to find features of interest, which were then subjected to functional
enrichment analysis using various public databases such as KEGG, Reactome
pathways and GSEA Hallmark gene set (see respective paper for details).
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Results and discussion

Method development

A less laborious tissue processing protocol for proteomic studies

A sample preparation workflow for shotgun proteomics using fresh frozen tissues
requires multiple processing steps often including tissue homogenisation and
protein extraction, denaturation, alkylation, enzymatic digestion, peptide clean-up,
enrichment for post-translational modifications and fractionation in one or multiple
dimensions, followed by MS-based identification and quantification.

In the first paper, three instrumental platforms were evaluated and directly compared
regarding experiment-to-experiment variation and the ability to increase the
throughput of large-scale proteomic experiments using frozen sectioned tissues.

For tissue homogenisation and protein extraction, the Bioruptor plus sonicator
model UCD-300 (Diagenode) and the Barocycler model 2320EXT (Pressure
Biosience Inc.) were compared side by side, and their efficiency of extracting
proteins from complex frozen tissue samples of melanoma, pancreatic cancer, and
rat spleen was assessed. A buffer consisting of 4 M urea in 100 mM Ambic was
used for all extraction comparisons.

First, the yield of the extracted proteins using the two instruments was compared by
utilising a relatively homogenous rat spleen tissue. We concluded that for small
amounts of tissue (2—3 mg or 3-5 sections with 10 pm thickness), the instruments
performed equally well, yielding approximately 99-189 pg of proteins,
corresponding to approximately 31-41 pg per section (Figure 13A). However, when
larger tissue amounts were used, the Barocycler showed a limitation in extraction
efficiency, most probably due to the limited amount of lysis buffer that can be added
to the microtubes, resulting in a low buffer-to-tissue ratio. On the other hand, the
Bioruptor could efficiently homogenise and extract larger amounts of proteins (20
sections with 10 pm thickness), yielding more than one milligram (47-51 pg per
section). This amount is sufficient to perform multiple analyses, including global
proteomics with extensive fractionation and to study PTMs such as phosphorylation
and acetylation. Additionally, we found a very good correlation (Pearson, r = 0.81)
between the section area and the protein yield in a more heterogeneous tissue type,
examining ten patient-derived melanoma tumours (Figure 13B), suggesting that the
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section area can be used to estimate the amount of extracted proteins for downstream
analysis independently of the tissue composition and heterogeneity.

The instrument's capabilities to extract proteins from the tissues were comparable.
As per gene ontology annotation, the quantified proteins from both approaches
showed preserved diversity, and the reproducibility between replicates was very
high. Furthermore, both instruments were robust in their ability to extract proteins,
as confirmed by strong correlations in protein quantification and low intra- and
inter-instrument coefficients of variation from downstream analyses (Figure 13C).
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Figure 13. (A) Protein extraction comparison between the Bioruptor and the Barocycler. Various section numbers from
fresh frozen rat spleen tissue (3, 5, 10, and 20) were used for protein extraction. The results are shown as each sample's
protein yield (ug) per tissue section. The crosses and circles represent the samples processed in the Bioruptor and the
Barocycler, respectively. (B) Correlation analysis between section area and protein yield for ten malignant melanoma
tumours extracted in the Bioruptor. The correlation coefficient (r = 0.806) indicates that the section area can be used to
estimate the amount of proteins. (C) The coefficient of variation of the proteins commonly quantified in three replicates
for the two individual extraction methods and the methods combined. The dotted line indicates the median CV.

Next, the digestion efficiency using the Barocycler and AssayMAP Bravo platform
(Agilent Technologies) was evaluated.

In the Barocycler, 30 and 50 pg of proteins extracted from rat spleen and melanoma
tissues were digested. In the first digestion attempt, the protocol from the
manufacturer was utilised, using a 1:50 enzyme-to-protein ratio (w/w), resulting in
a high percentage (22.2%) of miscleaved peptides. Then, the digestion temperature
and cycle numbers were adjusted, and we managed to decrease the rate of
miscleaved peptides (19.8%). Finally, by increasing the trypsin-to-protein ratio to
1:25 (w/w), we further reduced the missed cleavages to 13.7%. Throughout the three
digestion attempts, the number of quantified proteins was comparable; however, by
decreasing the number of miscleaved peptides, the coefficient of variation of the
quantified proteins was reduced from 33.7 to 11.5%, emphasising the importance of
a thorough evaluation of the sample preparations steps for obtaining the most
reliable protein quantification.
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Our research group developed a urea in-solution digestion protocol where protein
digestion was performed at room temperature (RT) '*. In that study, we
demonstrated a drop of carbamylated peptides by around 40% when performing
digestion at RT. In addition, a decrease in the urea concentration, ranging from 1.5
M to 0.5 M, significantly improved the digestion efficiency and decreased the
number of miscleaved peptides. At the same time, the number of identifications
increased, and the variability between experimental replicates was reduced.

Therefore, this protocol was directly transferred to the 96-well plate format of the
AssayMAP Bravo, where the robot performed all the pipetting steps of the in-
solution digestion, resulting in minimal manual sample handling. Digestion and
peptide clean-up was conducted in the AssayMAP Bravo and assessed using rat
spleen tissue lysate in six experimental replicates processed in parallel. The average
recovery of the desalted peptides was 83%, and the amount of miscleaved peptides
was 8.9%. To evaluate the platform's stability over time, 100 pg of rat spleen lysate
was digested four times over five weeks. The peptides were stored at -80°C and
analysed sequentially by nLC-MS/MS. We found a high overlap of identified
proteins between the four experiments (81.3%) and a median CV of 4.3% for the
quantified proteins (Figure 14A).

Additionally, we observed a strong correlation between the quantified proteins
processed with the two digestion platforms (Spearman correlation > 0.95),
demonstrating good quantitative reproducibility (Figure 14B). In particular, the
performance of the AssayMAP Bravo platform was outstanding, demonstrating its
reliability to be used to process complex clinical samples at a large scale.
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Figure 14. (A) The coefficients of variation (CV) for proteins commonly quantified in the six experimental replicates
digested in parallel in the AssayMAP Bravo and for the proteins commonly quantified in the four experiments performed
over time in separate batches. The dotted line indicates the median CV. (B) Spearman correlations between the proteins
commonly quantified in the digestion experiment, using rat spleen lysates, performed in the Barocycler (BC) and the
AssayMAP Bravo (AM), respectively, and for the two methods combined.
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Lastly, we evaluated a high pH RP step-elution fractionation in the AssayMAP
Bravo. Three 75 pg melanoma digests were used, and for each sample, seven
fractions (including the flow-through) were collected and analysed by nLC-MS/MS.
The MS analysis showed a two-fold increase in the number of identified proteins
and a three to four-fold increase in the number of identified peptides compared to
the unfractionated melanoma sample. In addition, the number of unique peptides
per fraction varied from 57 to 84%, and the average percentage of shared peptides
between the same fractions from different experiments was 84% (Figures 15A and
B). These results indicate good resolution and reproducibility of the elution profiles
within replicates and between experiments. The results also suggest that high pH
RP fractionation could be an easier yet very efficient way of performing the
prefractionation of peptides in clinical proteomic studies.
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Figure 15. (A) The number of unique peptides per fraction and the average percentage of unique peptides in each
fraction for the three separate experiments. The total number of quantified peptides in each experiment is also indicated.
(B) The number of shared peptides between the same fractions from the three separate experiments (green), the total
number of peptides per fraction (green + orange bars) and the percentage of shared peptides between fractions for the
three experiments.

The three tested instruments showed high consistency overall. No process-specific
bias was observed throughout the study. Furthermore, our optimised protocols can
be used for studying proteomes of heterogeneous tissue samples without sacrificing
the protein's diversity or quantitative nature.

Altogether, this work aimed at establishing the most automated workflow possible
for the future preparation of large cohorts of sectioned frozen tissues in a robust and
reproducible manner and to generate sufficient material to perform multi-omics
analyses. For processing the 137 melanoma metastases, we selected the combination
of tissue homogenisation and protein extraction in the Bioruptor with in-solution
digestion, including peptide purification in the AssayMAP Bravo platform.
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Automated phosphopeptide enrichment of small tissue amounts

As the next step of the method development, an automated phosphopeptide
enrichment protocol was optimised for small tissue amounts. Usually, large
quantities (1-2 mg) of starting material (tryptic peptides) are used for
phosphoproteomic analyses due to the low occupancy of many phosphosites '*7%°.
However, this can be hard to obtain when working with frozen clinical specimens
from cancer patients since most of the tissue is often used for diagnostic purposes.
Thereby the tissues are fixed in formalin and embedded in paraffin, and the
leftovers, if any, are used for research purposes. Therefore, we evaluated and
optimised a phosphopeptide enrichment protocol in the AssayMAP Bravo platform
using Fe(III)-IMAC cartridges to meet our study requirements.

Proteins from melanoma tissues were extracted in the Bioruptor, digested, and
desalted in the AssayMAP Bravo with the developed protocol described in paper 1.
Then phosphopeptides were enriched with our in-house optimised protocol. To
assess the sensitivity and selectivity of the method, increasing amounts of peptides
(12.5 pg to 200 pg) were used to enrich phosphopeptides from a pool of melanoma
tissues (Figure 16A). The number of phosphopeptide identifications increased
linearly with larger peptide amounts up to 100 pg. However, when loading 200 pg
of peptides, there was a decrease in the number of peptides identified per microgram
of starting material, indicating saturation of the cartridge. The selectivity (ratio
between the identified phosphopeptides and all identified peptides) was above 90 %
for all quantities. The enrichment of phosphorylated serine (pSer), threonine (pThr)
and tyrosine (pTyr) followed the expected pattern where pSer > pThr > pTyr.

To evaluate the reproducibility of the enrichment, peptides from three melanoma
samples were processed. Each sample was split in two, and 60 ug of peptides was
processed in each cartridge in parallel. Despite the low amounts of starting material,
good correlations between replicates and high overlap between the identified
phosphoproteins were obtained (Figures 16B and C).

To increase the number of identified phosphopeptides, one melanoma peptide
sample was subjected to high pH RP pre-fractionation before the phosphopeptide
enrichment, according to the method developed in paper I. The seven fractions were
then enriched using the optimised protocol. From 60 pg of starting material, we
observed an increase of 49% in identified phosphopeptides (Figure 16D), suggesting
that even low amounts of starting material can be fractionated before enrichment to
increase the depth of the analysis substantially. However, larger peptide amounts
would be necessary to obtain an even deeper analysis and improve the MS spectra
quality of the low-abundant phosphopeptides.
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Figure 16. (A) Phosphopeptide enrichment of a pooled melanoma digest using 12.5 to 200 pg of material. The left axis
represents the number of phosphopeptides and phosphoproteins in each experiment (from three separate enrichments).
The right axis shows the enrichment selectivity of each experiment. (B) Pearson correlation between two independently-
enriched samples from one melanoma patient. (C) Overlap between the phosphoproteomes of the three melanoma
samples. (D) Phosphopeptide enrichment of the six fractions and the FT obtained from high pH RP prefractionation on
the Bravo AssayMap platform using one melanoma sample. The graph includes the total number of enriched peptides
and proteins compared with the sample enriched without prefractionation.

Altogether, the protocol showed remarkable sensitivity, and the results were in line
with other phosphoproteomic analyses of individual samples or cell lines at that time
200202 Moreover, these results exceeded our expectations because our starting
material was 12.5- to 100-fold less than the compared studies. Indeed, functional
annotations of the differentially expressed phosphoproteins between the three
melanoma samples showed enrichment in some of the most important regulators of
melanoma development, such as the MAPK pathway, melanocyte development,
integrin signalling and cytoskeleton structure.

Lastly, the protocol was successfully integrated into the workflow developed in
paper I, and was used to perform phosphopeptide enrichment analysis of our large
cohort of melanoma metastases as part of a multi-omics approach.
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From frozen tissues to FPPE archives

Paper III aimed to explore the possibility of substituting frozen tissues with FFPE
tissues in our proteomic experiments to expand beyond the difficult-to-store and
often limited cohorts of fresh frozen tissues. Combined with clinical information
and patient outcome, FFPE samples are enormous resources for retrospective
studies '**2%-2% However, although recent publications have shown promising and
comparable results in terms of quality and quantity between frozen and FFPE
samples in proteomics, it requires careful sample processing with well-established
protocols. Therefore, in the third study, we developed different sample preparation
protocols for processing FFPE tissues using suspension trapping (S-Trap). S-Trap
has simplified and improved the sample preparation for MS-based proteomics by
combining several preparation steps '**.

PEPTIDES
SDS Urea
A
g 1204 c
11543 640 100 T
S
80+ s
& @
PROTEINS > 607 -
[&] o _
SDS Urea 40 o
5 -
| B
392 92 ? e
0- -8 T T T 1
SDS  Urea 15 20 25 30 35
Average

Figure 18. (A) Overlap of the identified peptides and proteins in three experimental replicates from each extraction
method. (B) The sequence coverage for the proteins that were quantified in each extraction condition. The thicker dotted
line indicates the median coverage, and the thin lines mark the quartiles. (C) Comparison of the protein expressions
between the SDS and the urea extraction methods represented in a Bland—-Altman plot. In total, 239 proteins (145 with
higher and 94 with lower abundance in the SDS samples) were outside the limits of agreement (upper limit: 1.75 and
lower limit: =0.77).

Before the samples were loaded onto the S-trap, a xylene-free method for
deparaffinisation was applied, which was able to efficiently remove large pieces of
paraffin without any substantial protein loss. Then two protein extraction protocols
using 1) 100 mM Ambic containing 8M urea and 2) 100 mM TEAB containing 25
mM DTT and 10% SDS were compared. For protein digestion, the protocol
provided by the manufacturer of the S-Trap was modified to decrease miscleaved
peptides by adding a two-hour Lys-C digestion step before digestion with trypsin
overnight, as demonstrated in paper I and by Betancourt et al.'”®. We found an
increase of 26% in identified peptides and a slight increase in protein sequence
coverage when using the SDS buffer (Figures 18A and B).
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When comparing the two methods regarding digestion efficiency, the urea buffer
performed slightly better than the SDS buffer (91.9% vs 87.5% fully cleaved
peptides). Also, a good quantitative agreement (94.8%) was observed between the
methods, although, the proteins extracted using the SDS buffer showed slightly
higher intensities (Figure 18C).

Finally, the cellular component distribution and physicochemical properties of the
peptides identified by the two methods did not show any noteworthy differences.
They showed similar distribution patterns when compared to each other and the
theoretical human proteome. Altogether, the results indicate that both methods
retain the proteome integrity. Nevertheless, the SDS-containing buffer was selected
for all further experiments due to the increased sequence coverage and the higher
number of quantified peptides and proteins.

Next, we looked at the protein-to-peptide recovery of the S-Trap 96-well plate
(nominal capacity 100-300 pg) by digesting different amounts of proteins (50—-150
pg) from FFPE lung adenocarcinoma (LADC) patient tissues. Recoveries of 61—
100% were obtained, and the two-enzyme digestion protocol (Lys-C and trypsin)
resulted in more than 90% fully cleaved peptides in all samples. The quantitative
reproducibility of the common proteins between the experimental replicates, within
and between the different digestion amounts, was very high (Pearson correlation,
r>0.98).

To investigate whether the peptides eluted from the S-Trap are compatible with
isobaric labelling using TMTpro 16 plex, we performed a “model experiment”. The
peptides obtained from LADC samples were pooled, split into four different
amounts, and labelled (Table 3). The labelling efficiency was above 98%, and,
despite the known ratio compression of TMT-data 2***"’| we could regain good
ratios, confirming the compatibility.

Table 3. TMTpro 16-plex experiment showing the different labelling amounts of each channel. Also, the expected ratios
and the obtained ratios are displayed.

Group TMT channels Lung tissue Expected ratio  Obtained ratio
(amount (ug)) amount (ug) (mean) (mean)
A 126 128C 130C 132C 29 - -
B 127N 129N 131N 133N 26 AB =1.12 1.12
C 127C 129C 131C 133C 21.5 A/IC =1.35 1.38
D 128N 130N 132N 134N 14.75 AD =1.97 1.91
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Finally, but most interestingly, we developed a fast S-Trap-based protocol to study
endogenous lysine acetylation, based on a protocol developed by Gil et al. 2. The
method makes it possible to assign the exact localisation of the acetylation site and
the relative quantification of the acetylation rate. In the first step of the protocol, the
protein's free amino groups were chemically acetylated using deuterated N-
acetoxisuccinimide (NAS-d3), which enables the differentiation between the heavy-
labelled acetylation from endogenous acetylation in the MS analysis. The protocol
of Gil et al. includes overnight ethanol precipitation and ethyl acetate extraction,
resulting in considerable sample manipulation and loss. Therefore, we adapted the
protocol to the S-trap and performed on-filter acetylation. This resulted in a
shortening of the protocol by more than a day by eliminating the precipitation and
increasing the throughput substantially by removing the ethyl acetate extraction,
which takes about one hour per sample and is performed one sample at a time. As a
result, we obtained very low variability in the peptide and protein quantifications
between the experimental replicates (Figure 19A).
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Figure 19. (A) Coefficients of variation calculated at peptide (continuous) and protein levels (dashed) between the
experimental replicates for the acetylation method and the classical trypsin digestion method. (B) The subcellular
compartment distribution of the endogenous acetylation sites, including their corresponding acetylation stoichiometry
for the FFPE (orange) and frozen (green) tissue samples, for one of the melanoma patients. The black lines represent
the median acetylation rate.

After establishing the protocol, as a next step, we wanted to assess to which extent
acetylation stoichiometry can be studied in FFPE tissue. Therefore, paired FFPE
and frozen tissue samples from three melanoma patients were compared. From
48,064 and 50,026 peptides, 6,602 and 6,625 proteins were identified in total in the
three pairs of FFPE and frozen patient samples.
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This resulted in the identification of 2,336 and 2,665 endogenously acetylated
peptides, corresponding to 1,698 and 1,884 proteins in the FFPE and frozen tissues,
respectively (Table 4). Noticeably, more than 70% of the proteins were previously
reported to be acetylated, confirming the validity of our approach. Furthermore,
functional enrichment of the acetylated proteins showed that most acetylation sites
originated from the nucleus, cytoplasm and plasma membrane in all three patients
(Figure 19B).

Table 4. The number of peptides and proteins identified in total, peptides containing lysine residues, acetylated peptides
and proteins identified in each sample individually and in total from the three paired melanoma FFPE and frozen tissue
samples.

Patients Peptides Proteins Peptides (K) Peptides (Ac) Proteins (Ac)
FFPE Frozen FFPE Frozen FFPE Frozen FFPE Frozen FFPE Frozen

1 44,228 46,326 | 6,460 6,478 23,0564 25,800 | 1,138 1,219 972 1,015

2 38,602 45,142 | 6,333 6,452 20,111 24,166 | 1,033 1,247 878 1,018

3 44,841 46,173 | 6,463 6,441 24,016 25,581 1,159 1,334 952 1,086
Total 48,064 50,026 | 6,602 6,625 26,890 29,050 | 2,336 2,665 1,698 1,884

As an example, a histone H3 peptide [1I0KSTGGKAPR18] containing two lysine
residues was selected to compare and demonstrate the degree of endogenous
acetylation between frozen and FFPE tissues. The tandem mass spectra of the H3
peptide with 2, 1, and no endogenously acetylated lysine residues were assessed
(Figure 20). The relative proportions of each acetylation state showed comparable
results with only a slight increase of the acetylation degree obtained in the FFPE
sample compared to the frozen. The calculation was based on unmodified peptides,
and since the formalin fixation process can increase the degree of monomethylation
29 " as was observed in our data (4% higher in FFPE compared to frozen tissue)
(Table 5), and consequently change the relative distribution between the modified
and unmodified peptides. As a result, the acetylation rate of H3, an endogenously
methylated peptide, might be slightly increased in the FFPE tissue compared to the
frozen.

In summary, the S-Trap protocol for proteomic analysis of FFPE and frozen tissues
is robust and generates reproducible results. It also offers flexibility regarding the
choice of extraction buffer as the S-Trap effectively removes nonprotein products
from the sample before digestion. This might allow harsher extraction conditions,
such as 10 % SDS or 8 M urea in harder-to-extract tissue types. Furthermore, the
workflow is easy to scale up using the S-Trap 96-well plate, making it applicable
for analysing large patient cohorts.

Additionally, we can conclude that the quantitative analysis of endogenous lysine
acetylation in FFPE tissues is as valid as in frozen tissue samples, which has not
been shown before to the best of our knowledge. Also, the sample preparation
protocol offers a simple and fast way of studying endogenous lysine acetylation and
complements other types of multi-omics data obtained from clinical samples.
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Adding an additional omics layer provides a more comprehensive presentation of
disease pathology and, thus, a better understanding of the underlying mechanisms.
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Figure 20. MS/MS and MS spectra of the peptide 10KSTGGKAPR18 from histone H3, identified in the three melanoma
patient's FFPE and frozen tissue samples that underwent chemical acetylation. (A) Representative MS/MS spectra of
the peptide with different degrees of endogenous acetylation, including the doubly acetylated form (2 x Ac-d0), the
singly acetylated form (1 x Ac-d03 and 1 x Ac-d0) and the nonacetylated form (2 x Ac-d3) (from top to bottom). (B) MS
spectra showing the isotopic distribution and relative degree of acetylation (green) of the peptide with two endogenously
acetylated lysine (493.28), one endogenously acetylated lysine (494.78), and without endogenous acetylation (496.29),
in the FFPE and frozen tissue samples, from the three melanoma patients.

Table 5. The average percentage of mono methylation at lysine residues, O-acetylation, and labelling efficiency in all
FFPE and frozen tissue samples.

Samples (average)

Methylation (K)

Acetylation (S, T, Y)

Labelling efficiency

FFPE
Frozen

4.9
0.8

%
%

0.39 %
0.35 %

98.4 %
98.9 %

55



Biological interpretations and clinical implications

The understanding of melanoma biology has increased profoundly over the last two
decades. Important scientific milestones include the identification of the oncogenic
driver genes BRAF?'®, NRAS*", NF1?!! and KIT*® in melanoma and the introduction
of immune checkpoint and targeted therapies, with the approval of CTLA4 and
BRAF targeted therapy in 2011. However, many melanoma patients do not respond
to immunotherapy, and patients on targeted therapy eventually progress '*.
Additional challenges that appear ahead include the continuous increase in
melanoma diagnoses worldwide. Attempts to classify melanoma based on
molecular signatures, such as mutations and gene expression (transcriptomics), have
been proposed to predict prognosis and improve therapy response and clinical
management 4380:10%:110.112213214 'However, proteomic-based molecular classification
with proximity to histopathology is lacking. Therefore, to complement the present
classifications of melanoma, we propose several ways of stratifying melanoma
metastases based on protein expression coupled with histopathology and patient
outcome.

In papers IV and V, 142 treatment-naive metastases from 137 melanoma patients
were analysed (Table 1). The cohort was collected before the era of immunotherapy
and targeted therapy. Therefore, we hypothesised that the proteogenomic and
histopathological analysis of these samples allow us to study the natural course of
melanoma biology and disease progression.

The melanoma metastases, mainly lymph nodes, were analysed by global
proteomics and phosphoproteomics. These analyses were complemented with
previously published transcriptomic data *'* from matched tumours. Of 12,695
proteins and 45,356 phosphosites, 8,124 proteins and 4,644 phosphosites were
commonly quantified in every sample.

Proteomic classification of melanoma metastases

Unsupervised-consensus hierarchical clustering analysis using the 3000 proteins
with the most variant expression levels (coefficient of variation > 0.36) was
performed, and by visually examining the hierarchical tree, five subgroups were
identified. They were classified according to their enriched characteristics based on
GO terms and KEGG pathways into extracellular (EC, n=23), extracellular-
immune (EC-Im, n = 26), mitochondrial (Mit, n = 30), mitochondrial-immune (Mit-
Im, n = 23), and extracellular-mitochondrial (EC-Mit, n = 16) (Figure 21). One-way
ANOVA was performed on each omics dataset to identify proteins, phosphosites,
and transcripts differentially expressed between each molecular subtype. In the EC,
EC-Im and EC-Mit, we observed an upregulation of proteins and phosphorylation
of proteins in pathways associated with ECM organisation and the complement and
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coagulation pathways, suggesting a more invasive phenotype “*’*%_In contrast,
the Mit, Mit-Im, and EC-Mit, to some extent, showed upregulation of oxidative
phosphorylation, ribosomal activity, metabolism, and RNA-related pathways. As
expected, the EC-Im and Mit-Im subtypes displayed enrichment in immune
signalling, upregulation of antigen processing and presentation, and T cell receptor
signalling pathways, including higher expression of PD-L1. At the transcript level,
the EC-Mit, Mit and Mit-Im subtypes showed increased RNA activity, and T cell
receptor signalling was strongly enriched in both immune subtypes.
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Figure 21. The tumour samples are grouped according to the proteomic subtypes and annotated with the transcriptomic
classifications''2'* and clinical and histological data. The heatmap displays the most significant proteins (top 500,
FDR < 0.005), phosphosites (top 1000, FDR < 0.05), and transcripts (top 500, FDR < 0.05) and the enriched pathways,
based on ANOVA across the five proteomic subtypes.

Next, we used Independent Component Analysis (ICA) to identify proteomic
signatures for each subtype. The top ten ranked proteins from the independent
component (IC) most significantly associated with each subtype were selected
(Figure 22). In the EC-Im signature, we found an upregulation of the antigen
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receptor-mediated signalling pathway, emphasising the immune system's
involvement in this subtype. Furthermore, upregulated cell-cell and cell-matrix
adhesion regulation was seen, contributing to the extracellular matrix component of
this subtype. The protein signature of the EC subtype was enriched for ECM
proteins and neutrophil degranulation, suggestive of poor prognosis and short
overall survival in melanoma *'°. Additionally, several proteins from the S100
family (S100P, S100A12, S100A8, and S1009) were identified, advocating their
potential as markers of this subtype.

The EC-Mit signature differed from the others in that no pathways were enriched.
Instead, the signature included the downregulation of CHL1, a cell adhesion protein,
which could contribute to cancer growth *'°. In the protein signature associated with
the Mit subtype, we found enrichment in proteins essential to mitochondrial
function, including OAT?", VDAC2*®, and SHMT2?". Additionally, high
expression of SI00A1 was evident, indicating a strong link to the Mit subtype.

The top ten signature proteins in the Mit-Im subtype were associated with a
downregulation of the complement and coagulation cascade rather than enrichment
in a mitochondria-related signature or an upregulation of protective immune
mechanisms. When upregulated in the tumour microenvironment, the complement
and coagulation cascade may enhance tumour growth and increase metastasis and
is implied in the contribution to EMT #°??!  Interestingly, we could see an
upregulation of these proteins in the EC subtype, highlighting the molecular
differences between these two subtypes.

When our proteomic subtypes were aligned with two transcriptomic classifications
performed on the same set of samples (109 overlapping samples)''®?!*  several
significant associations were obtained (Figure 23A). Samples classified as immune
by TCGA '"° were mainly divided into the EC-Im and Mit-Im subtypes and the
proliferative *'* and MITF-low''’ were separated into the EC and the EC-Mit
subtypes.
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Clinical parameters associated with the five subtypes

Among the clinical features associated with the five subtypes, we found that patients
with tumours in the EC, EC-Mit, and Mit groups had an increased risk of developing
distant metastases and displayed shorter survival times from the detection of the first
metastasis. In addition, they were associated with an overall survival (OS) of less
than five years compared to the patients with metastases belonging to the Mit-Im
and EC-Im subtypes. As expected, the Kaplan-Meier analysis showed that patients
within the immune subtypes (Mit-Im + EC-Im) had a significantly better prognosis
than patients with metastases belonging to the other subtypes (EC + EC-Mit + Mit)
(Figure 23B).
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Figure 23. (A) The associations between proteomic (this study) and published transcriptomic subtypes''®2', The EC-
Im subtype was significantly associated with the high-immune (FDR = 0.021) and immune (FDR = 0.0095) groups. The
Mit-Im subtype was significantly linked to the pigmentation (FDR = 0.021) and the immune (FDR = 0.0021) groups. In
comparison, the EC-Mit was significantly associated with the proliferative (p-value =0.014) and the MITF-low
(FDR = 0.026) groups. In addition, the Mit proteomic subtype was significantly linked to the keratin class (FDR = 0.040)
from the TCGA classification, and the EC subtype was associated with the proliferative (p-value = 0.0244) and the
MITF-low (p-value = 0.032) groups. (B) Survival (from surgical intervention to death or censoring) probability for patients
with tumours in subtypes associated with long and short survival.

Moreover, there were no significant associations between the proteomic subtypes
and BRAF V600E or NRAS Q61K/R mutations, which indicates that the subtypes
are not driven by any of these gene mutations, similar to what was shown on
transcriptomic level by TCGA''® (Table 6). Furthermore, we observed that
metastases from patients in disease stage III clustered with metastases from patients
in stage IV across the more aggressive subtypes (EC, EC-Mit and Mit) (Figure 21).
Thus, indicating that the proteomic subtypes stratify melanoma metastases beyond
the level of clinical staging and genomic driver mutations and with a connection to
patient outcome.
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Table 6. Association between the proteomic subtypes and mutational status.

Mutation  Subtype En;;c;:’nrent P-value Ben'j:.Dl-Ilaoch.
EC 1.06 0.18 0.25
EC-Im 0.80 0.12 0.25
BRAF EC-Mit 1.20 0.17 0.25
Mit 1.1 0.15 0.25
Mit-lm 0.90 0.18 0.25
EC 1.26 0.14 0.24
EC-Im 0.93 0.14 0.24
NRAS EC-Mit 0.69 0.19 0.24
Mit 1.23 0.12 0.24
Mit-Im 0.75 0.15 0.24
EC 0.58 0.11 0.27
EC-Im 1.14 0.18 0.27
Dox?'e EC-Mit 1.13 0.24 0.28
Mit 0.75 0.15 0.27
Mit-lm 1.47 0.08 0.27

Association between molecular subtypes and histological features

A thorough histological evaluation was performed on the sections adjacent to the
ones used for proteomic and phosphoproteomic analysis (Figure 12 and Table 2).
The assessed features were then correlated to the proteomic subtypes. Several
significant differences in the tissue composition were observed, where tumours in
the EC and EC-Im groups showed a lower tumour content (Figure 24A). The
immune subtypes displayed higher lymphatic scores (sum of lymphocyte infiltration
and density within the tumour), and adjacent lymph node and necrosis content were
higher in the EC-Im and EC subtypes, respectively. The morphological differences
spotted when examining the histological images showed interesting features (Figure
24B). Samples within the Mit subtype showed solid nests of aggressive tumour cells
with eosinophilic-stained cytoplasm and atypical nuclear features, resembling the
cells they originate from. In contrast, the EC subtype displayed an abundance of an
intercellular matrix as desmoplastic stroma with fewer tumour cells, a typical
characteristic of phenotype switching in melanoma.

Mit-Im and EC-Im appear to be subclasses of the highly aggressive Mit and EC
subtypes, respectively, where the presence of adaptive immune cells indicates a
more favourable clinical behaviour, pointing towards a possible antitumour effect
of the adjacent lymphatic tissue **2. Histologically, the EC-Mit group also represents
a more dedifferentiated phenotype with features of epithelioid and stromal-rich
areas within the tumour. The EC-Mit subtype may represent an intermediate or
transitory state in-between the more differentiated Mit groups and dedifferentiated
EC groups.
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Figure 24. Distribution of the annotated histological parameters; tumour content; adjacent lymph node; lymphatic score;
connective tissue, and necrosis among the five proteomic subtypes (Kruskal-Wallis and Dunn's multiple comparisons
test). (B) Histological images from tomours within the five subtypes representing their distinct features.
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Melanoma phenotype markers across the five subtypes

Phenotype switching of melanoma cells is an essential feature of progression, and
several markers have been identified (Figure 7)**"*%*#! The melanocytic linage
markers MLANA, PMEL, TYR, and SOX10, used in the clinic for diagnosis, are
often expressed at higher levels in more differentiated tumours and displayed a
significantly higher protein and transcript expression in the Mit and Mit-Im subtypes
when compared to EC, EC-Im and EC-Mit (Figures 25A and B).

MITF is considered one of the most important regulators of melanoma and is
involved in several aspects of the disease, such as survival, cell cycle control,
invasion, senescence, DNA  damage  repair, differentiation, and
dedifferentiation”***. The role of MITF depends on its expression levels, where
generally, low MITF activity promotes invasion and cell cycle arrest, while high
activity favours proliferation and differentiation by upregulation of melanocytic
lineage genes*'**. We found a significant upregulation of MIFT in the Mit and Mit-
Im subtypes at transcript and protein levels, although many missing values were
observed in the proteomic data. The receptor tyrosine kinase AXL, the counterpart
of MITF****%! ' was upregulated, on protein and transcript levels, in the EC and EC-
Im compared to the Mit and Mit-Im subtypes. The tumours within the EC-Mit group
displayed a mixed expression, highlighting the contribution of both EC and Mit-like
features in this subtype.

Furthermore, a switched gene expression from CDH1 to CDH2, coding for E- and
N-Cadherin, is known to have a profound role in melanoma phenotype switching,
resulting in a more invasive phenotype’’. Indeed, we found an upregulation of
CDHI1 protein expression in the Mit and Mit-Im subtypes. On the contrary, an
upregulation of CDH2 was observed in the EC, EC-Im and EC-Mit subtypes, again
emphasising the different phenotypes observed in these subgroups. Furthermore,
other proteins that characterise a melanocytic phenotype, such as CAPN3, IRF4,
MBP, and GPR143, were upregulated in the Mit and Mit-Im subtypes at protein
and/or transcript levels. In contrast, proteins that are known to be expressed in a
more undifferentiated phenotype (e.g. including the neural-crest-like phenotype’),
including FAP, SERPINE1, TWIST1, NGFR, JUN, WNT5A, FNI1, TCF4, among
others, were upregulated in the EC, EC-Im and EC-Mit subtypes "®"°. Remarkably,
there was no significant difference for some of the well-known markers of
melanoma phenotype switching, including VIM, SNAI1/2, and ZEBI1/2
transcription factors among the metastatic subtypes, which might reflect the often-
simultaneous presence of various differentiation patterns within melanoma,
including the intermediate, transitory and neural-crest-like states’?.

Moreover, there was no significant difference in the expression of the proliferation
marker Ki67 in the EC and EC-Im compared to the more differentiated Mit and Mit-
Im subtypes. This somewhat challenges the assumed association between
invasiveness and proliferation unless there is a co-existence of multiple phenotypes
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within the tumour’®*. The EC-Mit metastases, on the other hand, showed
significantly lower expression of Ki67 than the others. Slower proliferation might
indicate aggressiveness and invasiveness, often counteracting proliferation, which
other studies have demonstrated in cell cultures and mouse models?>*%.
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Figure 25. (A-B) Protein (top) and transcript (bottom) expression of melanoma markers and markers of EMT across
each subtype. In bold are the melanoma markers frequently used in clinical practice for diagnosis by
immunohistochemistry. (C) Principal component analysis of the S100 protein expression across all samples. (D)
Expression of selected S100 proteins across the proteomic subtypes.
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Expression of S100 protein family members across the five subtypes

Diagnosing melanoma can be challenging due to the absent expression of common
melanoma markers, which can be observed in highly dedifferentiated melanomas
1011227 "Iy these cases, antibodies directed towards proteins from the S100 family
can be used. Several proteins from this family have been implicated in cell
proliferation, metastasis, angiogenesis, invasion, and inflammation in different
types of cancer '“***2%_ Seven of the sixteen identified proteins formed two distinct
groups among our samples (Figure 25C). The first group, consisting of S100P,
S100A8, S100A9, and S100A12%!, was significantly upregulated in the EC
subtypes. In the second group, S100B** SI100A1 and S100A13** were
significantly upregulated in both mitochondrial subtypes compared to the EC
subtypes (Figure 25D)**. This result can be interpreted as a coordinated expression
of selected proteins from the S100 family across the proteomic subtypes.

The heterogeneous disease presentation often seen in melanoma was emphasised by
the proteomic subtypes''® They were characterised by different levels of
differentiation, where the Mit and Mit-Im subtypes displayed a higher expression of
melanocytic markers. In contrast, the EC, EC-Im, and EC-Mit subtypes showed
increased expression of markers related to a more invasive and undifferentiated
state. The results were supported by protein and transcript abundances and
histological features observed in nearby sections of each tumour. Furthermore, the
proposed proteomic subtypes integrate the microenvironment, including the
immune and stroma components, enabling refined subtyping of melanoma.
Additionally, EC-Im and Mit-Im subtypes seem to be associated with slower
metastatic spread and better prognoses.

On the other hand, the EC, EC-Mit, and Mit subtypes appear to escape immune
control and are accompanied by a more aggressive disease presentation.
Additionally, our results suggest that the subtypes can be distinguished based on the
abundance of routinely used immunohistochemical markers such as MITF, TYR,
PMEL (HMB45), MLANA, and members from the S100 protein family. Moreover,
a proteomic signature was assigned to each subtype, enriched in features closely
related to the overall characteristics of that particular subtype.

The role of BRAF V600 mutations in melanoma

About 50% of melanoma tumours harbour mutations in the BRAF gene, specifically
a V600E amino acid substitution (~90 % of all BRAF mutations)******, BRAF
V600E encodes a serine/threonine kinase and has been implicated in different
mechanisms of melanoma progression due to the deregulated activation of its
downstream effectors, MEK and ERK*’. In clinical settings, PCR-based DNA
methods that amplify the mutant BRAF gene are often used to assign the presence
or absence of a BRAF V600E mutation®*®. However, verifying a BRAF mutation
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does not mean that the BRAF gene is transcribed and translated. Also, in most
studies, the detection of a BRAF mutation at the genomic level has failed to show a
relationship with survival''®*’#* On the other hand, immunohistochemistry
staining of the BRAF V600E protein has displayed correlations between semi-
quantitative expression levels and survival®’. However, it comes with some
disadvantages in interpreting the staining pattern, which can vary among
pathologists®*®. Therefore, it was of great interest to investigate the BRAF V600E
protein expression by MS.
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Figure 26. Clinical data of a subgroup of 49 patients harbouring a BRAF V600 mutation confirmed at DNA and/or RNA
levels. The relative abundance of the BRAF VB00E mutated protein is depicted at the bottom and was used to divide
the patients into low and high-expression groups (yellow and green).

In papers IV and V, a subgroup of 49 metastases from the main cohort, with an
established BRAF V600E mutation on RNA and/or DNA levels, were assessed on
protein level (Figure 26). In 22 of the 49 samples, we could identify the mutated
BRAF V600E peptide IGDFGLATEK) by MS (Figure 27), where 20 agreed with
the mRNA analysis and were therefore used for further investigations. A method
seldom exhibits 100% sensitivity and specificity**, meaning the tumour samples
that showed disagreement between DNA, RNA, and protein might still harbour a
BRAF V600E mutation. Additionally, the tumour piece used for the clinical DNA-
based evaluation differed from the piece analysed by transcriptomics and
proteomics, which might contribute to the diverging results due to the
heterogeneous nature of melanoma tumours®®. When we compared the relative
abundance of the BRAF V600E protein across the 20 samples, we found an
additional layer of heterogeneity among the patients, where the tumour samples
showed a variable expression level of the mutated protein. To investigate whether
the protein level influenced the patient outcome, we correlated the abundance with
survival for patients above 40 years of age at the time of diagnosis of the metastasis.
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Patients below 40 years of age displayed a trend of more prolonged survival and
were omitted, as several studies have indicated previously?****°. ROC curve analysis
followed by Kaplan-Meier analysis showed that high levels of the mutated BRAF
V600E protein correlated negatively with patient survival, and strikingly all patients
expressing high levels of the BRAF V600E protein died within 18 months of
diagnosis. This suggests that higher expression levels of the BRAF V600E protein
can serve as a risk- and prognostic factor in melanoma patients in stages III and IV
who are above 40 years of age at the time of diagnosis.
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Figure 27. (A) Assigned MS/MS spectrum of the TMT-labelled peptide IGDFGLATEK from BRAF V600E. Interpretation
of the data showed the substitution of valine residue for glutamic acid (Glu, m/ztheo = 129.0425) that corresponds to
the mutation. (B) Assigned MS/MS spectrum of the TMT-labelled peptide IGDFGLATVK from wt BRAF. Interpretation
of the data showed the presence of the expected valine residue (Val, m/ztheo = 99.0684). The low m/z region is

highlighted in both MS/MS spectra to indicate the presence of TMT 11-plex reporter ions used for relative protein
quantification.

The histological images were examined to see whether any apparent morphological
differences between the high and low BRAF V600E expression groups could be
observed. Indeed, for the tumours expressing high protein levels, we found an
increased vascularisation together with smaller but more heterogeneous cells with a
non-cohesive pattern. On the contrary, the cells from tumours expressing low levels
of the mutated protein were bigger and displayed a deeper cytoplasmic colour, more
frequent multinucleation and increased cell grouping. Based on this analysis, a
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heterogeneity-based scoring system was set up (0—4) comprising tumour cell size
variation, vascularisation, decohesion and multinucleation.

For positivity, a minimum of 55% of the samples in the respective group had to
display the feature. As expected, we observed a higher heterogeneity score in the
group expressing high levels of the mutated BRAF V600E protein (Table 7).

Table 7. Heterogeneity assessment of the high and low BRAF V600E protein expression

Grou Cell size variation Neo- Discohesive Multi- Heterogeneity
P (>7 um) vascularisation pattern nucleation score (0-4)
BRAF
VBOOE high 5/9 (56%) 719 (77%) 6/9 (66%) 3/9 (33%) 3
BRAF 317 (43%) 117 (14%) 207 (29%) 5/7 (T1%) 1
V600E low

As a next step, we extended the analysis, including all 49 patients with a BRAF
V600 mutation confirmed by RNA analysis. We hypothesised that patients with a
BRAF V600 mutation might present different mortality risks. Therefore, the 697
differentially expressed proteins between the BRAF V600E high and low-
expressing groups from paper IV were subjected to pathway enrichment. These
pathways were then matched with the protein matrix from the 49 samples and
further subjected to Integrative Genomics Robust iDentification of cancer
subgroups (InGRiD) analysis *!. Simplified, InGRiD is a statistical approach that
integrates biological pathways with omics data to identify molecularly defined
subgroups of cancer patients. Each protein from the matched matrix belonging to
the identified biological pathways is first subjected to Cox regression and given a
score depending on its association with survival. The protein scores of each patient
are then summed, and the patients are categorised into three subgroups based on
mortality risk (Figure 28A). The patient's survival information was used as the
outcome variable.

Based on the results, three groups with different mortality risks were created,
supporting the hypothesis that patients with a BRAF mutation might have different
outcomes related to different BRAF V600 mutated protein levels. Notably, eight out
of nine patients with high expression levels of the mutated protein ended up in the
high and medium-risk groups, while most patients with low levels ended up in the
low-risk group. Furthermore, pathway enrichment of the differentially expressed
proteins between the low and medium-high mortality risk groups showed that
neutrophil degranulation, the complement cascade, transcription, TGF-beta
signalling and DNA repair pathways were positively related to mortality risk. In
contrast, signal transduction, vesicle-mediate transport, mitochondrial fatty acid
beta-oxidation, fatty acid metabolism and nucleotide metabolism pathways were
found to be negatively related to mortality risk.
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Figure 28. (A) Survival probability based on mortality risk among the BRAF V600 subgroups of patients, coloured by
survival probabilities: red (high risk of mortality, n = 16), green (medium risk, n = 12), and blue (low risk, n = 21). Median
survival times for the three groups are shown. (B) Association between BRAF mortality groups and the five proteomic
subtypes. A significant association was found between the low-risk mortality subgroup and the proteomic subtypes with
better prognosis (EC-Im and Mit-Im) (Fisher exact test, FDR=0.002). In comparison, the medium and high-risk BRAF
subgroups were significantly associated (Fisher exact test FDR=0.002) with the subtypes having worse prognoses (EC,
Mit, and EC-Mit). (C) Significantly upregulated proteins (green) of the antigen processing and presentation pathway in
the low-mortality risk group compared to the med-high. Identified proteins are shown in (grey).

The proposed BRAF V600-based mortality risk groups displayed associations with
the proteomic subtypes, whereas the low mortality risk group was significantly
associated with the immune subtypes. In contrast, the med-high mortality risk group

was significantly associated with the subtypes displaying worse prognoses (Figure
28B).

After a comprehensive investigation of the patient samples belonging to the low-
risk group and from our previous knowledge of the patients expressing lower levels
of the BRAF V600E protein, a hypothesis of an oncogene-induced senescence-like
(OIS-like) phenotype emerged. The presence of such a phenotype might act as a
tumour suppressor and consequently lead to a better outcome in these patients. The
patients in the low-risk group were characterised by higher lymphatic scores and
more adjacent lymph node tissue, as well as an upregulation of MHC II molecules
(Figure 28C).
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Additionally, upregulation of interferon-gamma signalling was observed on protein-
and phosphoprotein levels, another hallmark of senescence and an activator of MHC
I antigen presentation®*?. This indicates an increased susceptibility to cell-mediated
cytotoxicity and possibly a contribution to the OIS-like phenotype®*.

Additionally, several proteins and phosphoproteins from the cellular senescence
pathway were dysregulated in favour of a senescent phenotype in the low-risk
group, including two JmjC demethylases (KDMS5B and KDM4A) known to trigger
senescence were downregulated *** (Figure 29A). Downregulation of KDM5B
activates p53 and thereby inhibits cell proliferation. It also contributes to the
silencing of E2F target gene promoters through direct interaction with Rb 37245248,
Downregulation of KDM4A also activates the p53 pathway and contributes to the
accumulation of promyelocytic leukaemia (PML) nuclear bodies. The PML protein
is a known tumour suppressor**’. We found an upregulation of several phosphosites
in the protein, responsible for its accumulation and degradation, suggesting an
increased turnover of the PML protein (Figure 29B). KDM4A and KDMS5B can be
considered proto-oncogenes, and targeting these demethylases could potentially
result in tumour suppression, which makes them attractive therapeutic targets in
melanoma.
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Figure 29. (A) Proteins and phosphoproteins linked to cellular senescence and their expression patterns between the
low- and med-high mortality risk groups. (B) Expression differences of the identified phosphosites in the PML protein
and the PML-13 isoform between the low and medium-high mortality risk groups.
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The differences in protein profiles, biological pathway enrichments, and histology
assessment support the hypothesis of a heterogeneous mutated BRAF protein
expression. This is defined by two major groups of BRAF V600E positive
metastases (low and medium-high), linked to the escape from, or exposure to
immune surveillance. These facts pose challenges and opportunities from diagnostic
and therapeutic perspectives, such as whether all patients harbouring BRAF V600
mutations benefit equally from targeted therapy. Our results indicate that a BRAF
V600 protein expression-based metastasis stratification could help the patients and
contribute to more informed clinical decisions, as these tumours do not display the
same biology. Additionally, due to the higher presence of TILs in the low-risk
mortality group, these patients likely respond better to immunotherapy. In future
studies, it would be interesting to associate the BRAF V600 mutated protein levels
with response durations of targeted therapy.

The landscape of single amino acid variants in melanoma

Despite melanoma being the cancer type with the highest mutational burden ', the
literature is scarce when addressing the expression of mutated proteins within
melanoma. Therefore, we wanted to explore the single amino acid variants (SAAVs)
in the melanoma proteome. A custom protein sequence database was built using
protein mutations from the Cancer Mutant Proteome Database >*°. This included the
skin cutaneous melanoma data from TCGA (369 cases) and seven melanoma cell
lines from the NCI-60 panel. We identified 1015 SAAVs in 828 proteins, where 81
of the SAAVs have been linked directly or indirectly to cancer or have been
predicted to be cancer-promoting. Functional annotations of the proteins affected by
the SAAVs, showed enrichment in pathways commonly dysregulated in melanoma.
This included the PI3K/AKT and MAPK signalling pathways as well as ECM-
related processes, cellular metabolism and the complement and coagulation cascade
(Figure 30A). Most of the SAAV of the PI3K/AKT pathway were structurally or
functionally associated with the ECM (Figure 30B). Less than 2%, corresponding
to 19 SAAVs, originated from samples with < 50% tumour content, indicating that
the ECM-related protein variants, such as MMP2, are likely produced by the
melanoma cells. This finding is in line with a recent Pan-Cancer genomic study,
which revealed that a higher copy number and more missense mutational alterations

are present in the ECM genes compared with the rest of the genome®".

Quantitative analysis of the SAAV expression resulted in 52 differentially expressed
variants across the proteomic subtypes, where the highest number of overexpressed
SAAVs was found in the EC subtype (Figure 31A). This further emphasises the
important role of ECM-remodelling and dysregulation of the TME in melanoma
progression, and these events are possibly related to phenotype switching of
melanoma cells.
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belonging to signalling pathways frequently dysregulated in melanoma. In brackets are the number of SAAVs within that
gene.

To predict which SAAVs are expressed at a higher frequency in melanoma tissue,
we searched the dbSNP Short Genetic Variations database’” for the European
population's corresponding variant allele frequencies (VAf) to acquire an
understanding of the expected contributions of these SAAVs in the population. The
variants with a frequency in our melanoma cohort greatly different from the VAfin
the population were used to generate a signature of 167 SAAVs likely associated
with melanoma. These SAAVs were classified into three levels. Level 1 included
the SAAVs with frequency differences outside the limits of agreement of the VAf
and were considered under and over-represented in our cohort (Figure 31B). This
included the melanoma driver mutations NRAS Q61K/R, BRAF V600E, CDKN2A
P114L, and HRAS G13. The SAAVs belonging to level 2 fulfilled three criteria,
namely, 1) a VAf in the population of below 30%, 2) no wild-type peptide detected
in our data, although it is present at a high frequency in the population (~70%) and
lastly, 3) there is evidence of the wild-type peptide in the Peptide Atlas database,
meaning that the wt peptide has been identified by proteomics previously, and
consequently should not be missing in our data due to technical aspects (Figure
31C). Thus, we believe these SAAVs to be over-represented in melanoma tissue.
Level 3 comprised the SAAVs, where VAfs were absent. The absence of VAf data
can indicate a low occurrence of these SAAVs in the population while being
identified at different levels in our cohort and potentially associated with melanoma.
In eight cases, the wt-peptide was not detected despite being previously identified
in proteomic studies reported in the Peptide Atlas database.
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Figure 31. (A) Differentially expressed SAAVs across the proteomic subtypes. (B) Level 1 of the melanoma-associated
SAAV signature, with 34 over- (orange) and 49 under- (blue) represented SAAVs, from the expected frequency in the
population, based on a SAAVf and Vaf ratio. (C) SAAVs categorised as level 2 (22) and level 3 (62) from the melanoma-
associated signature.

The melanoma SAAV signature was enriched in pathways closely related to
melanoma development and progression (Figure 32A). Interestingly, across the
three levels, we found five SAAVs in the proteins of the heavy chains of muscle
myosin II complex (MYH! EI1853K, MYH2 E486K, MYH4 N16271, MYHS
E932K, and MYH13 D1765N), which originate from the loci 17p13.1, the same loci
of TP53, a frequently mutated tumour suppressor in melanoma and other
cancers®>**, Myosin Il is required for cell contractility, cytoskeleton reorganisation,
and cytokinesis. Different reports have associated mutations and polymorphism in
heavy chains of muscle myosin II with cancer predisposition**> and non-cancer-
related diseases™***>. We hypothesise that these variants are reactivated by
melanoma cells as part of cytoskeletal remodelling, where myosin II might
contribute to the survival of melanoma cells with reduced MAPK activity**®.

Furthermore, the tumour mutational burden can predict response to immunotherapy
in melanoma®*’, which suggests that mutated peptides binding to MHC I molecules

can be the targets of an anti-tumoural immune response. To investigate neoantigens
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with the potential to express identified SAAVs, we aligned the amino acid sequence
of the SAAV-bearing peptides to a large experimental dataset of a melanoma-
associated immunopeptidome?®. This resulted in 56 SAAVs that could be presented
as variant peptide ligands by an HLA I complex. To compare the MHC I binding
prediction of the 56 matched peptides with our SAAV counterparts, we used the
NetMH prediction tool**. The tool uses different peptide lengths (8—12), which are
matched against several HLA types, summing up to 140 SAAV-altered peptide
combinations ranking better as HLA class I neoepitopes than their wt counterparts.
This included 19 cases where the wt was outside the specified threshold
(%Rank EL < 2) in the binding prediction (Figure 32B). The variant peptide ligands
CYB5R1 N44S, CD300LF Q218R, GCA S80A, and QARS N285S were the best
candidates for the HLA allotypes HLA-A26:01, HLA-B07:02, HLA-B15:01, and
HLA-B58:01, respectively. Among the significant HLA I peptide ligand variants,
we found CDKN2A P114L, ARL6IP6 R56L, GCA S80A, LOXL1 R141L, CFL1
L111F, HSPB1 1179N, and TGFBI E126K, which were included in the melanoma-
associated SAAV signature defined in this study. These results indicate that
knowledge of wvariant expression, supported by the melanoma-associated
immunopeptidome and MHC I binding prediction tools, may lead to the discovery
of neoantigen candidates as targets of anti-tumour immune responses.

In the landscape of SAAVs, we found a mixture of commonly dysregulated
pathways and less explored SAAVs and pathways. Many of them are enriched in
genes related to different functions of the ECM, suggesting a contribution of these
SAAVs to the formation of a pro-tumourigenic TME, as further emphasised by their
higher abundance in the EC subtype. Additionally, we created a signature of over
and under-represented SAAVs in melanoma, which included the most important
driver mutations, supporting our approach and strengthening the link to melanoma.
Furthermore, we identified several SAAVs with higher peptide-MHC 1 binding
prediction than corresponding wild-type peptide ligands. This highlights the
potential of identifying SAAV expression as a valuable source of antigens eliciting
tumour-specific immune responses. In the future, additional studies are required to
address the function of these SAAVs and their role in melanoma development and
progression.
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Figure 32. (A) Using KEGG and the Reactome databases, the corresponding proteins and enriched pathways of the
melanoma-associated SAAV signature. (B) The predicted affinity of the top 5 SAAV-neoantigen candidates for each
HLA, ranking better than their wt counterparts using NetMHC. The peptide ligand variants that were a part of the
melanoma-associated SAAVs signature are displayed.

Tumour microenvironment composition as a prognostic factor

The TME is essential in melanoma progression and metastatic spread **. Throughout
this study, the recurrence of differences in TME properties observed among the
proteomic subtypes, within the BRAF mortality risk groups, and among the
signature of melanoma-associated SAAVs pointed towards an association with
patient outcome. A subset of 29 samples exhibited a tumour content of less than
50% and was used to analyse the TME composition in more detail. First, ROC curve
analysis was used to separate the samples based on three-years survival from sample
collection (Figure 33A). The two groups were named high and low lymph node
(HLN or LLN) and high and low connective tissue (HCT or LCT), reflecting the
tissue content based on the histological assessment (Figure 33B). The sample
overlap between the groups was nearly 100 % (Figure 33C). When performing the
Kaplan-Meier analysis, it was clear that patients in the HLN and LCT groups had a
much better prognosis compared to the LLN and HCT groups (Figure 33D).

Interestingly, a Cox regression analysis showed that LN (Cox coefficient =-1.661,
p-value = 0.001) and CT (Cox coefficient = 1.718, p-value = 0.001) content were
better indicators of prognosis than disease stage (III versus 1V) (Cox

75



coefficient = 1.265, p-value = 0.008). Furthermore, a multivariate Cox regression
analysis adjusted for age, gender, and disease stage showed an increased risk of
developing distant metastasis and a shorter overall survival for the LLN group
compared to the HLN group (Table 8).

A 100+ I— 100=
HLN
g g c
2 Z
= 50 2 504
= ¢
2 2
@ @ i 13
@ AUC: 0.82 @ AUC: 0.80
p-value: 0.0065 p-value: 0.0088
0 T 1 0 T 1
0 50 100 0 50 100
Specificity (%) Specificity (%) Ler
B 100 100 ‘ LLN
g = Sh
ry )
g 7
= Piege 2
s 2
g 50 g 50 13
[
2 0 0 M
G
3
SN
HLN LLN LCT HCT HCT
D 100 100
HLN LCT
g LLN g HCT
c 2
- o
[z o
S k]
z 2 50
5 5
_g Log-rank test p-value: 0.0009 g Log-rank test p-value: 0.0011
a I
0 T T T 1 0 T T T 1
0 5 10 15 20 0 5 10 15 20

Survival (years) Survival (years)

Figure 33. (A) ROCs of adjacent lymph node (left) and connective tissue (right) based on three years of survival. (B)
Adjacent lymph node (left, cut-off = 27%) and connective tissue (right, cut-off = 45.5%) contents in the TME for the
subgroups of samples generated from the ROC analysis. (C) The patient overlaps between the HLN and LCT groups
and between the LLN and HCT groups. (D) Survival probability for patients with tumours grouped based on their tissue
content, HLN and LLN (left) or HCT and LCT (right).

Table 8. Multivariate Cox regression comparing the LLN and HLN groups.

Variables Distant metastasis Overall survival

(age, gender,

stage adj.) HR 95% CI p-value HR 95% CI p-value
LLN vs. HLN 5.96 1.63-28.96 0.021 19.91 3.35-173.4 0.0023
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Histological images from the different groups showed distinctly different features.
The HLN/LCT tumours mainly displayed a TME consisting of TILs surrounding
and infiltrating the tumour. On the contrary, the LLN/HCT group displayed large
areas of stroma and fatty tissue mixed with tumour cells (Figure 33E).

Figure 34. Histological images from different tumours in the HLN (top) and HCT groups (bottom).

To see whether these observations could be complemented with quantitated cell-
specific data. We applied the cell-specific transcriptomic signatures of melanoma
from Tirosh et al.% to our proteomic and transcriptomic data. Indeed, the HLN group
was enriched in proteins and transcripts mainly expressed by B and T lymphocytes,
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macrophages, and endothelial cells. Two-dimension pathway enrichment of the
upregulated proteins and transcripts in the HLN group were related to antigen
processing and presentation, ribosome activity, and B and T cell receptor signalling
(Figure 34). The LLN group displayed enrichment in markers of cancer-associated
fibroblasts (CAFs), macrophages, and endothelial cells. Specific markers of CAFs,
including collagens, complement components, and growth factor proteins, were
upregulated. This group was also enriched in pathways related to the complement
and coagulation cascades, EMT, ECM organisation, and collagen turnover. Among
the upregulated proteins in the LLN group, we found LOX (lysyl oxidase enzymes),
which catalyse the crosslinking of collagens and elastin, increasing tissue stiffness.
This protein has been shown to promote tumour progression through increased
integrin signalling and EMT ¢. Additionally, upregulation of the fibroblast
activation protein (FAP), known to enhance migration and invasion capabilities
260261 ywas observed in the LLN group. Based on the results from these analyses, it
is not surprising that the patient outcome greatly differs with respect to the TME
composition.

These results align with previous breast and colon cancer studies, where the stroma-
to-tumour ratio in lymph node tissue was linked to prognosis. Just as in study (paper
V), it was found that a high stromal content (> 50%) was associated with a more
aggressive tumour progression *7°2%2. The stroma-tumour and lymphocyte-tumour
ratio can be assessed in routine pathology on HE-stained slides. It might be helpful
as a selection criterion for therapy, as suggested for colorectal cancer and breast
cancer 309262264 " Consequently, these results emphasise the need to explore this
phenomenon in larger cohorts, combining different analysis strategies. The
translation of such histopathological assessments could be readily implemented in
clinical practice and used for better-informed medical decisions. Thus, our study
(paper V) underscores the importance of further investigating the relationship
between the tumour and its microenvironment and its association with clinical
outcomes.
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Figure 34. Enrichment analysis in two dimensions displaying significant pathways (FDR < 0.001) commonly
dysregulated on the proteomic and transcriptomic levels between the HLN and LLN groups.

To sum up, the presented results (papers IV and V) provide insights into melanoma
biology, emphasising comprehensive patient stratification within three main areas.
Firstly, the proteomic subtypes provide a foundation for an in-depth molecular
classification of the disease. Secondly, identifying BRAF V600E mortality-based
risk groups allows for a more individualised treatment approach. Lastly, classifying
patients into subgroups based on the surrounding microenvironment in lymph node
tissue can foresee prognosis. And finally, our study provides a detailed and well-
integrated multi-omics dataset that can generate new hypotheses and set the
foundation for several follow-up studies to verify the results.
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Conclusions and future perspectives

Melanoma and many other cancer forms represent major public health problems.
Disease management of melanoma is challenging due to its heterogeneous nature
and unpredictable progression pattern®*>*%. The emergence of immunotherapy and
targeted therapy has prolonged numerous lives, but many patients relapse or do not
respond. We believe the key to successful therapy is selecting the right molecular
target leading to immune activation, whether?? an approved drug or a newly found
potential drug target.

Clinical proteomics is continuously evolving, mainly due to improvements in MS
technology and the availability of new bioinformatics tools, enabling researchers to
advance and gain further insight into disease biology, thereby improving patient
care. In addition, as new therapies are continuously being developed, there is a
prominent need for patient stratification and prognostic and predictive biomarkers.

Due to the complexity of the proteome, no standard method for sample preparation
in bottom-up proteomics exists. Protocols differ depending on sample type,
experimental goals and analytical method used. The most important factors to
consider were discussed in papers I-III and included minimal sample handling,
optimised cellular lysis and protein extraction, generation of fully cleaved peptides
and throughput. Additionally, the results in paper III provided evidence of the
interchangeability between frozen and FFPE tissues for studying the proteome of
melanoma tumours. This is a valuable finding due to many existing FFPE archives
with accompanying clinical information available worldwide.

Several disease classifications have emphasised melanoma complexity at genomic
and transcriptomic levels — and now at the proteomic level, as outlined in paper V.
The proposed proteomic subtypes and previously identified transcriptomic subtypes
show associative features characterised by the presence of phenotypes with different
capabilities to proliferate and invade, named in broad terms as MITF"&/AXL"" and
MIFT""/AXL"€" Although the identified proteomic subtypes were linked to several
markers of phenotype switching and displayed distinct histological features,
multiple phenotypes seem to coexist within a tumour. These results partly explain
the challenges in finding the proper treatment regime for each patient. A successful
validation followed by alignment of protein expression to the phenotypic
characteristics observed in each subtype would enable the potential translation into
clinical practices. Thus subtype-specific treatment approaches may be applied.
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Furthermore, the proteomic subtypes were significantly linked to the proposed
BRAF V600 mortality risk groups, with the patients in the low-risk group being
associated with the immune subtypes and, consequently, better survival. Several
features directly or indirectly related to oncogene-induced senescence were enriched
in the BRAF V600 low-risk mortality group. This might explain the underlying
molecular mechanism supporting a better clinical outcome among these patients.
The additional layer of patient stratification based on the BRAF V600E protein
expression, discovered in paper IV, might contribute to the understanding of the
variable treatment responses to BRAF inhibitors and thus gives rise to a more
individualised therapeutic strategy, as the simple “presence” or “absence” of a
BRAF mutation is not enough.

The well-known mutational burden of melanoma directed us towards identifying a
melanoma-associated SAAV signature. Among the genes generating the highest
frequency of SAAVs compared with non-melanoma tissue, we found known
melanoma drivers, including BRAF, NRAS and CDKN2A. Furthermore, the largest
proportion of SAAV-containing proteins was associated with functions of the ECM,
suggesting their involvement in forming a pro-tumourigenic microenvironment.
Additionally, the potential role of particular SAAVs as neoantigen candidates with
stronger binding affinity to MHC I compared to their wt counterparts was
elucidated. Future studies should aim at decoding the role of these SAAVs in terms
of protein function, melanoma predisposition and progression, and their relation to
patient outcome.

In papers IV and V, the recurrent difference in tumour microenvironment properties
observed among the proteomic subtypes, within the BRAF mortality risk groups,
and among the signature of melanoma-associated SAAVs led to the discovery of
the tumour microenvironment composition as a strong predictor of prognosis. The
assessment of stroma-tumour and lymph node-tumour ratios in lymph node
metastases of melanoma patients bears the potential to be implemented in clinical
practice and used for more comprehensive patient evaluations. Thus, our studies
underscore the importance of further investigating the relationship between the
tumour and its microenvironment in larger melanoma lymph node metastases
cohorts.

In every aspect of melanoma biology investigated throughout these studies, the
immune system was the key determinant of prognosis and outcome. Melanoma is
one of the cancer types with the highest response rate to immune checkpoint
inhibitors. Although resistance to immunotherapies may manifest at different times,
similar or overlapping mechanisms are often seen, enabling tumour cells to evade
anti-tumour immune responses. Revealing these underlying mechanisms in
melanoma might benefit patients with other cancer types as well.

Although progress in understanding melanoma biology and development has
improved significantly over the past two decades, new challenges are emerging,
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such as the continuously increasing incidence of melanoma worldwide. Moreover,
we are only beginning to understand how the complex constellation of mutations
relates to and affects the signalling between the tumour and its microenvironment,
giving rise to particular melanoma phenotypes that are determinants of disease
progression. As we move forward, our rapidly growing knowledge will allow us to
bring melanoma to the level of a chronic, manageable disease, and a cure for most
patients with disseminated melanoma may be close behind.
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Popularvetenskaplig sammanfattning

Malignt melanom ar den mest aggressiva hudcancerformen och incidensen har 6kat
kraftigt de senaste decennierna — med omkring fyra procent per ar. I Sverige
insjuknar mer &n 4 000 personer arligen. Malignt melanom férekommer i alla &ldrar,
men dr mycket sillsynt hos barn. Genomsnittsdldern for diagnos var ar 2019, 66 ar
for kvinnor och 70 &r for mén. Melanom kan forekomma var som helst pa kroppen
men &r vanligast pd underbenen hos kvinnor och bélen hos mén.

Melanom utvecklas ur en celltyp som kallas melanocyt. Melanocyter har till uppgift
att producera pigmentet melanin som skyddar kroppen mot solens ultravioletta
stralar. Hog exponering av ultraviolett strilning kan ge upphov till skador i
melanocyternas DNA, vilket i sin tur kan leda till att de borjar dela sig okontrollerat
— och dé kan malignt melanom utvecklas. Det vanligaste symtomet vid melanom i
huden &r att ett fodelsemédrke har vuxit, dndrat férg eller form och borjat klia eller
bloda. Forutom ultraviolett stralning utgdr férg- och storleksforédndrade
fodelsemérken, stort antal fodelsemirken, benidgenhet att bli briand av solen, hog
alder, blond eller rod héarfarg samt bla eller gron 6gonfirg betydande riskfaktorer i
sammanhanget.

Melanom diagnostiseras genom att en ldkare inspekterar huden med ett
dermatoskop; ett forstoringsglas med stark lampa. Om misstanke om malignt
melanom uppstér opereras forandringen bort och undersoks i mikroskop. Dérefter
stélls diagnos. Om melanomet vixer pd bredden och ar vildigt tunt ar risken for
spridning till andra delar av kroppen minimal och avldgsnande av foridndringen
anses vara botande. Vixer det ddaremot vertikalt, ner i underhuden, kan
tumorcellerna fa kontakt med blod- och lymfkérlssystemen och pa sé sitt sprida sig
och bilda metastaser i andra organ. Om en patient bedoms ha metastaser gors en
helkroppsundersokning. En sddan undersdkning inkluderar oftast datortomografi
eller motsvarande rontgen och provtagning for att lokalisera och bekrifta
utbredningen av metastaserna.

Ar 2011 godkindes immunterapi och malinriktad terapi for behandling av malignt
melanom. Det var en vindpunkt i behandlingsviag for patienter med metastaser.
Immunterapi med sa kallade PD1-hdmmare &r oftast forstahandsalternativ vid
spridd sjukdom. PD1-hdmmare kan ocksd kombineras med en annan typ av
lakemedel med immunmodulerande effekt (CTLA4) for att ytterligare forbéttra
behandlingsresultaten. Dessa ldkemedel fungerar genom att aktivera en viss typ av
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vita blodkroppar sid att de angriper tumorcellerna. Mediandverlevnaden for
melanompatienter med spridd sjukdom har forbéttrats avsevért sedan inforandet av
immunterapi, fran cirka 9 manader till nyligen rapporterade 72 manader, det vill
sdga 6 ar i en lang studie dir en kombination av PD1 och CTLA4 anvéndes.

Ungefér hélften av alla melanomtumdrer har en forvirvad BRAF-mutation vilket
gor att BRAF-proteinet signalerar kontinuerligt och det leder till att cellerna delar
sig okontrollerat. Det finns malinriktad behandling mot det muterade BRAF-
proteinet (sa kallade BRAF-hdmmare) och dérfor utfors alltid en genetisk analys for
att faststdlla mutation infér eventuell systemisk behandling. Alla patienter med
BRAF-genmutationer uttrycker inte samma méngd av det muterade proteinet i
tumorcellerna och eftersom maéltavlorna som de flesta ldkemedlen riktar sig mot ér
proteiner sé &r det sérskilt intressant att studera uttrycket av proteiner i tumdrceller
och den omkringliggande vdvnaden, tum&rmikromiljon.

I takt med att allt fler likemedel introduceras for behandling av melanom, och med
hinsyn till de biverkningar som ofta uppstir och den betydande samhéllskostnad
som &r forenad med varje behandling, 4r det viktigare &n négonsin att fa kunskap
om vilka faktorer som kan forutsdga hur olika patientgrupper kommer att svara pa
respektive behandling. I den hir avhandlingen undersoks skillnader i tumdrcellernas
och deras omkringliggande vivnaders proteinuttryck med malet att kunna dela in
patienter i grupper och sedan koppla grupperna till prognos och dverlevnad. Malet
framover &r att anvénda uttrycket av nagra specifika proteiner som skiljer sig at
mellan melanompatienter som proteinmarkdrer och pa ett béttre sitt skriddarsy
behandlingsstrategi och forutsdga prognos.

I avhandlingens tre forsta studier var huvudfokuset metodutveckling. Nidrmare
bestdmt syftade artikel ett till att etablera ett arbetsflode for att mojliggora
provupparbetning av ett stort antal frysta tumorvavnader pa ett reproducerbart och
effektivt sidtt med maélet att erhélla tillforlitliga data. Som nésta steg i
metodutvecklingen optimerades i artikel tva ett arbetsflode for att studera viktiga
proteinmodifieringar anpassat for smé vivnadsméangder. For den hér typen av analys
anvinds normalt stora méngder fryst vdvnad, men det kan vara svart att fa fram nér
man arbetar med kliniska prover fran cancerpatienter eftersom det mesta av
vivnaden anvinds for diagnostik och endast eventuella rester anvéinds for
forskningsédndamal. I artikel tre undersdktes och bekraftades mojligheten att ersitta
frysta vivnader med formalin-fixerade och paraffin inbdddade (FFPE) vdvnader i
véra experiment. Frysta vévnader &r ofta svara att fa tag pa och dyra att forvara
medan FFPE-vivnader, som anvidnds 1 rutindiagnostik, kan forvaras i
rumstemperatur. Dessutom finns det stora arkiv med FFPE-vdvnader pa flera
sjukhus som kan anvéndas for forskningséndamél och som i kombination med
klinisk information utgér enorma mojligheter att bedriva preklinisk och klinisk
forskning.
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I avhandlingens tva sista arbeten applicerades de utvecklade protokollen pa en grupp
av 137 frysta metastaser fran patienter med malignt melanom. Tumdrproverna
insamlades mellan ar 1993 och 2012 fran patienter som opererats for spridd
melanomsjukdom, oftast till lymfkortlar, dér en liten tumdrbit frysts ner for att
kunna anvéndas i forskningssyfte. Tumorproverna analyserades for att avgora vilka
forandringar i proteinuttryck som forekom i tumorcellerna och den omkringliggande
tumormikromiljon mellan patienter. Resultaten visade att patienterna kunde delas in
i fem grupper. Den grupp dér tumoéren uttryckte ménga proteiner kopplade till
immunforsvaret hade den bésta prognosen, medan gruppen med uppreglering av
proteiner kopplade till tumérmikromiljon och extracelluldrmatrix, en typ av
proteinndtverk som omger de flesta cellerna i kroppen, uppvisade sdmst prognos.

Nérvaro eller franvaro av en BRAF-genmutation séger inte mycket om en patients
prognos, men vad vi kunde konstatera var att om man tittar pa det specifika uttrycket
av det muterade BRAF-proteinet s& kunde vi koppla ett hogre uttryck till en sdmre
overlevnad. Dessutom kunde vi dela in patienter med BRAF mutationer i tre
riskgrupper for dodlighet (lag, medium och hog), vilket skulle kunna bidra till att
bittre skriddarsy deras behandling. Vér hypotes dr att patienter i lagriskgruppen kan
tdnkas svara béttre pd immunterapi jamfort med de andra grupperna.

Att mikromiljon omkring tumoren spelar en viktig roll for huruvida patienter svarar
pd behandling och deras prognos borjar bli mer vedertaget. Studier av
tumo6rmikromiljon borjar fa en alltmer framtrddande roll i forskningen. I var studie
kunde vi klassificera melanompatienter i grupper baserat pa de celltyper och
proteiner som uttrycktes i tumormikromiljon i lymfkortelvivnad och pa sé sitt
forutse prognos.

Sammantaget ger resultaten i den hér avhandlingen en detaljerad beskrivning av
malignt melanom ur flera olika aspekter vilket kan generera nya hypoteser och lagga
grunden for flera uppfOljningsstudier att verifiera véra resultat. De olika
proteinprofilerna vi identifierade har betydelse for prognos och dven chansen att
svara pad behandling. Vidare studier krdvs for att sékrare kunna avgora vilka
patienter som bor fa respektive behandling, hur man ska undvika att resistens
uppstér och att hitta nya sétt att géra melanomtumorer mer kénsliga for behandling
med immunterapi.
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