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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

“Science knows no country, because knowledge belongs to humanity, and is the torch which illuminates

the world.”

- Louis Pasteur

“I do not know what I may appear to the world, but to myself I seem to have been only like a boy
playing on the seashore, and diverting myself in now and then finding a smoother pebble or a prettier

shell than ordinary, whilst the great ocean of truth lay all undiscovered before me.”

- Isaac Newton
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Résumeé en francais

Le mélanome est la forme la plus grave et la plus mortelle de cancer de la peau. Les traitements
actuels (immunothérapie et ciblage de la voie MAPK) sont limités par I'émergence de diverses
sous-populations cellulaires qui different par leurs degrés de sensibilité aux traitements, ainsi
que par leurs capacités d’invasion et d'expression de geénes clés. On distingue ainsi deux
principaux phénotypes cellulaires dans le mélanome. D’une part, les cellules mélanocytaires
sont souvent sensibles aux drogues utilisées en clinique et expriment des génes d’identité tels
que MITF ou SOX10. D'autre part, les cellules mésenchymateuses présentent une
multirésistance aux traitements, une mobilité accrue et un phénotype de type cellule souche
caractérisée par I’extinction de MITF/SOX10 et I'expression de génes tels que AXL et EGFR.
A I'heure actuelle, il n'existe aucun moyen efficace et généralisé pour cibler les cellules
mésenchymateuses en clinique. A ce titre, il est important de découvrir de nouvelles approches
thérapeutiques. Le fait que des cellules du mélanome dépendent fortement du niveau
d'expression éleve de certains génes pour maintenir leur phénotype unique, fait que cette
dépendance transcriptionnelle pourrait étre 1’objet d’un ciblage thérapeutique. Ainsi, l'objectif
principal de ma thése a été de tester les effets de différents types d'inhibiteurs transcriptionnels
sur les cellules de mélanome. Deux stratégies distinctes d'inhibition transcriptionnelle ont été
¢tudiées. Premi¢rement, I’inhibition des protéines CDK7 et XPB du facteur général de
transcription TFIIH, par les molécules THZ1 et Triptolide respectivement, a été etudiée (I). La
deuxiéme stratégie a consisté a tester des inhibiteurs transcriptionnels d'origine marine qui se
lient de fagon covalente a I’ADN : la Lurbinectedine et deux de ses dérivés. Ces molécules ont
¢été récemment synthétisées par ’entreprise pharmaceutique PharmaMar S.A., avec laquelle

nous collaborons sur ce projet (I1).

I- Le premier sujet de ma these, dont une partie des résultats a été publié dans EMBO Reports
en 2021, se focalise sur le ciblage de TFIIH dans le mélanome, un facteur qui est impliqué dans
différentes fonctions cellulaires telles que l'initiation de la transcription et la réparation de
I'’ADN. Fait intéressant, il a été montré que la sous-unité kinase CDK?7 est fortement recrutée
dans les cellules du mélanome sur des régions appelées super-enhancers (SE), ce qui entraine
I'expression intense d'oncogénes, tels que les facteurs de transcription MITF et SOX10. Nous
nous sommes donc concentrés sur le role de CDK7 dans le mélanome et les effets de son

ciblage par la molécule THZ1. Nos résultats montrent qu’a des concentrations nanomolaires



de THZ1, les cellules a phénotype mélanocytaire présentent une forte inhibition de la
croissance cellulaire, alors que les cellules mésenchymateuses sont insensibles. Pour étudier le
mécanisme moléculaire de cette insensibilité, nous avons généré des cellules résistantes en
exposant des cellules mélanocytaires de maniére chronique au THZ1. Etonnamment, ces
cellules sont devenues mésenchymateuses. L'analyse comparative du transcriptome de ces
cellules devenues résistantes a montré une augmentation de I'expression d’un ensemble de
génes régulés par le facteur de transcription GATA6, comme notamment le géne codant pour
la pompe d'efflux ABCG2. De manicre remarquable, 1’invalidation de GATA6 entraine une
baisse d’expression d'ABCG2, et resensibilise partiellement les cellules a 1’inhibition de
CDKZ7. Nous avons constaté que I'ensemble des génes régulés par GATAG est enrichi dans la
sous-population mésenchymateuse de cellules de mélanome. L'expression de GATAG6 étant
anti-corrélée a celle de MITF, nous avons invalidé l'expression de MITF dans les cellules
mélanocytaires et observé une augmentation de I'expression de GATA6. Conformément a notre
hypothese selon laquelle MITF pourrait réprimer I'expression de GAT A6, nous avons démontré
par ChIP-Seq que MITF est recruté dans une région intronique du gene GATAG, ce qui inhibe
son expression. En conclusion, l'inhibition de CDK7 par THZ1 conduit a une régulation
négative des genes SE-dépendants tels que MITF et SOX10 dans les cellules mélanocytaires,
ce qui favorise un switch phénotypique vers I’état mésenchymateux et résistant dans lequel le

facteur GATAG est activé.

Des inhibiteurs pharmacologiques ciblant d'autres sous-unités enzymatiques de TFIIH existent.
La triptolide (TPL) est une molécule qui se lie de maniére covalente a la translocase XPB et
inhibe son activité ATPase. Bien qu'il y ait récemment eu des indications que l'inhibition de
XPB pourrait perturber les SEs dans le cancer du pancréas, il n'est pas clair si XPB est
directement recruté dans ces régions et si ses activités enzymatiques entrent en jeu. De plus,
I'interaction potentielle entre XPB et les SEs n'a pas été étudiée dans d'autres cancers tels que
le mélanome, et on ne sait toujours pas si les différentes sous-unités de TFIIH comme CDK?7
et XPB auraient la méme importance dans I’activation des SEs, et si, en conséquence, leurs
inhibitions auraient des effets similaires. Nos résultats montrent que contrairement a THZ1,
toutes les cellules de mélanome testées, qu’elles soient mélanocytaires ou mésenchymateux,
sont sensibles a TPL a de faibles doses nanomolaires, avec un fort effet antiprolifératif méme
dans des mélanospheres (cellules de mélanome cultivées en conditions 3D). THZ1 et TPL
affectent communément un nombre de génes dans des cellules mélanocytaires, tels que des

facteurs cruciaux SE-dépendants comme MITF et SOX10. Néanmoins, la réponse
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transcriptionnelle pour les deux drogues differe modérément, TPL dérégulant moins de génes.
Enfin, alors que I'exposition chronique au TPL conduit également a I’émergence de cellules
résistantes, aucun changement de phénotype vers un état mésenchymateux n'a été observe,
comme ce fut le cas pour la résistance au THZ1. Collectivement, ces données préliminaires
indiquent que I'inhibition de XPB pourrait étre un candidat plus intéressant pour la perturbation
des SEs dans le mélanome que I’inhibition de CDK?7. S’agissant d'un projet de recherche en
cours, certaines questions cruciales n’ont pas encore de réponse : Quel est I'impact de TPL sur
les génes SE-dépendants dans les cellules mésenchymateuses ? XPB est-il directement recruté
au niveau des SEs et de la méme maniere que CDK7 ? Quelles sont ses fonctions moléculaires

exactes au niveau des SEs ? Quels sont les mécanismes a l'origine de la résistance au TPL?

Il — La deuxieéme stratégie d’inhibition transcriptionnelle étudiée fait appel a des molécules se
liant directement a I’ADN. J’ai notamment étudié les effets sur le mélanome d’un nouveau type
d’inhibiteur transcriptionnel d'origine marine, la Lurbinectedine. Celle-ci se lie spécifiquement
et de maniere covalente au niveau des genes hautement exprimés, ou elle bloque I'ARN
polymérase I, induit des cassures d'ADN et conduit a l'apoptose. La Lurbinectedine a
récemment recu l'approbation accélérée de la FDA dans le traitement du cancer de poumon a
petites cellules métastatique. Cependant, ses effets sur d'autres types de cancer tels que le
mélanome sont largement inconnus. Collaborant avec PharmaMar S.A., nous avons eu a
disposition exclusive des dérivés structuraux de cette molécule, a savoir les molécules PM14
et PM54, afin de potentiellement les breveter contre le mélanome. Compte tenu de la
dépendance transcriptionnelle de ce cancer, nous avons supposé que ces molécules pourraient
étre tres efficaces dans ce cancer. En effet, nous avons vu que toutes les cellules testées étaient
extrémement sensibles a des doses nanomolaires, quel que soit leur phénotype mélanocytaire
ou mésenchymateux. Une forte inhibition de la prolifération et des capacités d’invasion, ainsi
qu’une forte induction d'apoptose, ont été observées a la fois dans des cellules cultivées en 2D
ou en 3D. De plus, des traitements courts de souris xénogreffées provoquent des diminutions
importantes de marqueurs de mitose et des augmentations de marqueurs d’apoptose dans les
tumeurs. L exposition aux drogues entraine une diminution d’expression significative de genes
connus pour étre surexprimés dans le mélanome, tels que MITF dans les cellules
mélanocytaires ou EGFR dans les cellules mésenchymateuses. En conclusion, Ila
Lurbinectedine et ses dérivés semblent montrer une haute efficacité initiale dans le mélanome
et devraient étre étudiés pour I'utilisation clinique contre des mélanomes résistants a des

thérapies conventionnelles.
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Bien que la Lurbinectedine soit utilisée en clinique pour le traitement de cancers du poumon,
aucune information n’existe sur des mécanismes de résistances. Par ailleurs, 1’éventuelle future
utilisation dans le traitement du mélanome renforce d’autant plus I’intérét d’étudier ces
mécanismes potentiels. Nous avons donc chroniquement exposé quatre différentes cultures de
cellules de mélanomes a des doses croissantes de Lurbinectedine ou de ses dérivés. De maniere
intéressante, nous avons réussi a générer des cellules résistantes a partir d’un seul type de
cellules mésenchymateuses, les traitements ayant été trop cytotoxiques pour les autres cultures.
Des analyses RNA-Seq ont montré que I’expression d’un grand nombre de génes était
impactée, notamment le géne codant pour la pompe d’efflux ABCB1 qui se retrouve hautement
surexprimée. L utilisation d’agents pharmacologiques inhibant ABCB1 restaure complétement
la sensibilité des cellules résistantes envers la Lurbinectedine et ses dérivés. A I’inverse, la
surexpression de cette pompe rend résistantes des cellules initialement sensibles, revélant
qu’ ABCBI contribue au mécanisme de résistance a la Lurbinectedine. De maniere intéressante,
la surexpression d’ABCB1 semble étre inhibée dans la plupart des cellules mélanocytaires par
des phénomenes de dégradation par le proteasome. Nous étudions donc actuellement les
mécanismes derriere la dégradation d’ABCB1 en essayant d’identifier les ubiquitine ligases
impliquées. De plus, nos resultats préliminaires laissent entendre que la surexpression
d’ABCBI dans les cellules mésenchymateuses est régulée par les facteurs AP-1/TEAD, déja

connus pour jouer des rdles importants dans le phénotype invasif des cellules de mélanome.

En conclusion, mes travaux pendant ces quatre années de thése ont porté sur I’efficacité de
plusieurs types d'inhibiteurs de la transcription sur des modeles in vitro et in vivo de mélanome,
en étudiant aussi les effets potentiellement néfastes associés a ces traitements comme
I’émergence de résistances. Plus précisément, ces travaux ont permis de montrer I’'implication
de CDKY dans la commutation phénotypique des cellules du mélanome, et ont mis en lumiere
le fait que I’inhibition de XPB serait potentiellement plus bénéfique. J'ai également travaillé
sur un nouveau traitement potentiel du mélanome, démontrant une grande efficacite.
Cependant, nous avons aussi caractérisé un mécanisme de résistance contre la Lurbinectedine.
En dehors de ce travail principal, mes autres travaux en collaboration ont également porté sur
la caractérisation de BAHCCL, une protéine codée par un gene SE-dépendant surexprimé dans
le mélanome, et impliquée dans sa prolifération. Enfin, j'ai également travaillé sur EXD2, une
nucléase impliquée dans la réponse transcriptionnelle au stress génotoxique, qui interagit avec

I’ ARN polymérase II bloquée par une 1ésion pour dégrader I’ARNm synthétisé.
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Preface: Thesis structure

This thesis manuscript focuses on investigating the effects of various types of transcriptional
inhibitors on melanoma cells. Although there have been remarkable advancements in the
treatment of advanced melanoma over the past decade, the development of therapeutic
resistances remains a prevalent issue. These resistances often stem from the inherent cell state
plasticity observed in melanoma cells, which exhibit a state of ‘transcriptional addiction’ to
sustain their abnormal phenotypes. Therefore, the objective of this thesis is to explore the
potential utility of transcriptional inhibitors in treating metastatic melanoma, comprehending
their impact on melanoma cells, and deciphering the mechanisms through which melanoma
cells might acquire insensitivities to them.

The manuscript begins with an exhaustive introduction to the topic of melanoma,
beginning with a discussion on melanocyte biology and positioning cutaneous melanoma in
the context of other skin cancers. Subsequently, molecular and cellular events driving
melanoma disease progression are described, with a particular focus on the role of cell state
plasticity and the associated gene expression programs. Current treatment strategies for
melanoma and their limitations are explained, and followed by the introduction of the concept
of targeting the ‘transcriptional addiction' of cancer cells as a potential innovative treatment
approach. After providing a comprehensive depiction of the normal regulation of the
transcriptional process, the oncogenic mechanisms leading to transcriptional dysfunctions are
elucidated, along with the resulting dependencies of cancer cells on these dysfunctions. Finally,
three different strategies to target these ‘transcriptional addictions’ are presented, which
constitute the framework for my thesis work.

Following the introduction, | present the main results we obtained either as published
studies or as preliminary drafts of manuscripts. The first part of the results aims to understand
the role of the CDK7 and XPB subunits of the general transcription factor TFIIH in melanoma
biology and in super-enhancer-associated oncogene expression, by utilizing the two covalent
inhibitors THZ1 and Triptolide. In the second part of the results, the focus is primarily on a
novel kind of DNA-binding transcriptional inhibitor, Lurbinectedin. We show very
encouraging preclinical data but also uncover, for the first time, a cellular resistance mechanism
against this promising drug. After presenting the results, a concise conclusion summarizes and
discusses the main findings of the studies. Finally, two additional projects in which I

participated are included as annexes, and the bibliography is found at the end of the manuscript.
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Section I: Cutaneous Melanoma
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Figure 1. The histological structure of human skin.
From Masri et al., 2022.
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Figure 2. The stratified nature of the epidermis.
From Kabashima et al., 2019.
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A. Notions about the skin, melanocytes, and melanoma

1. Skin anatomy and physiology

1.1. Overview of main functions

The skin represents the heaviest and superficially largest organ of the human body. In adults,
this complex structure covers approximately 2 m? and can make up to 20 % of the body weight
(Ibrahim et al., 2020). The skin is composed of a wide range of cells, reflecting its various
physiological functions that go beyond its role as a first line of defense and communication
with the outside environment. Its different functions include hydro- and thermoregulation
(Kenny and McGinn, 2017), Vitamin D synthesis (Bikle, 2011), microbiome interactions
(Gallo, 2017), excretion and absorption of various molecules (Halling-Overgaard et al., 2017),
acting as a blood reservoir (Deschamps and Magder, 1990) and a sensory organ (Zimmerman,
Bai and Ginty, 2014), and protection against a vast array of threats.

Apart from its role as a physical and mechanical barrier, the skin represents a biological
and immunological obstacle against environmental pathogens. Complex cross-talks between
skin cells such as keratinocytes or melanocytes, nerve cells, immune cells (either residing in or
being recruited to the skin), and the skin microbiome ensure efficient immunological protection
against viruses, bacteria, fungi, and parasites (Belkaid and Segre, 2014; Kabashima et al.,
2019). The skin is also a chemical barrier, synthesizing and secreting important protective
biomolecules. Various dermal enzymes such as Cytochrome P450 or alcohol dehydrogenase,
as well as antimicrobial peptides, help protect against outside harmful chemicals or
microorganisms (Pyo and Maibach, 2019). The skin's sebaceous glands produce sebum-
containing lipids and enzymes also involved in this process and in the dehydration response.
Finally, skin melanocytes produce melanin, a pigment crucial for shielding the organism from

the harmful effects of UV-radiation.

1.2. Histological structure and cellular components

Human skin is structured into three distinctive layers (Wong et al., 2016; Kabashima et al.,
2019), with the hypodermis being the innermost one (Figure 1). The hypodermis is composed
of loose connective areolar and adipose tissue and contains blood vessels irrigating the
moresuperficial layers, as well as various types of immune cells and somatosensory nerves.

The dermis is the thickest layer and provides most of the mechanical strength and elasticity to
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Figure 3. The dendritic morphology of melanocytes. Right: Phase contrast microscopy of

NHMs (Normal human melanocytes) in monolayer culture, 100x. Left: Immunohistochemical
analysis of NHM cells. MEL-5 (specific melanocyte antigen, green), DAPI (blue), 100x.

From https://www.mattek.com/products/human-melanocytes/
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Figure 4. Non-classical (potential) roles of melanocytes.
Adapted from Chen et al., 2022.
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the skin, as it is composed mainly of dense connective tissue with dermal fibroblasts producing
a compact extracellular matrix (ECM, collagen, and elastin fibers). Other components are
immune cells, blood and lymphatic vessels, sensory receptors, and epidermal appendages such
as nails, hair follicles, sebaceous and sweat glands (Tortora, 2017). The epidermis is the
outermost and most biologically active layer of the skin, a constantly renewing squamous and
keratinized epithelium separated from the underlying dermis via the dermal-epidermal
junction. It is subdivided into four sublayers, called strata, which are defined by the
developmental stage of their composing keratinocytes (Figure 2). While the more stem-like
cells of the deeper basal stratum continually divide and push older and more differentiated cells
upwards, the more mature keratinocytes in superior strata produce keratin, a fibrous and
resistant protein protecting the skin. The uppermost part of the skin, the stratum corneum,
consists of layers of squamous and flattened keratinocytes filled and surrounded by keratin
(also called corneocytes), which protect the body from friction, water loss, and pathogens
(Gould, 2018). Apart from keratinocytes, which make up 90 % of epidermal cells, other cell
types are found in the skin, including Langerhans (4 %) and Merkel cells (3 %), which are
respectively involved in immune homeostasis and touch sensation, and melanocytes (3 %),

whose functions will be detailed hereinafter (Sulaimon and Kitchell, 2003).

2. Melanocyte Biology

2.1. Roles and functions of melanocytes

Melanocytes are non-epithelial, neuroectoderm-derived cells displaying a highly polarized and
dendritic morphology (Li, Knapp and Iden, 2020) (Figure 3). They have the unique capability
to synthesize melanin, a complex pigment capable of scattering and absorbing UV radiation,
thereby ensuring the protection of neighboring cells from UV-associated DNA damage (Lin
and Fisher, 2007). Although primarily found in the basal stratum of the epidermis (1500 cells
per mm?) (Kanitakis, 2002), melanocytes are also encountered in significant numbers in hair
follicles and the iris of the eye (Shain and Bastian, 2016). Surprisingly, melanocytes are also
present in deeper parts of the body that are not directly exposed to UV radiation, such as inside
the ear (Zhang et al., 2013), the brain (Adameyko and Lallemend, 2010), the heart (Yajima and
Larue, 2008; Levin et al., 2009), adipose tissue (Ikeda et al., 2021) as well as in several mucosae
(Ma et al., 2021). Nevertheless, these ‘nonclassical’ melanocytes differ phenotypically from

those found in the skin (Colombo et al., 2011; Yamaguchi and Hearing, 2014; Gudjohnsen et
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al., 2015; Anbar, Hegazy and Shalaby, 2019).

Whereas the primary function of dermal and ocular melanocytes seems to be
pigmentation and associated UV-protection, various other less studied roles have been
uncovered (Slominski, Paus and Schadendorf, 1993; Plonka et al., 2009; Chen et al., 2022)
(Figure 4). Melanocytes are increasingly recognized as vital players in skin immunity (Figure
5), as they express many different pattern recognition receptors, which can initiate the
inflammatory cascade once activated (Gasque and Jaffar-Bandjee, 2015). Additionally,
melanocytes can secrete cytokines (TNF-a, CCL2, CCL20, CXCL8, CXCL12), interferons
(IFN-a. and IFN-B), and interleukins (IL-6, IL-10, IL-16) (Tam, Dzierzega-Lecznar and
Stepien, 2019), and are capable of pathogen phagocytosis and antigen presentation to CD4+T
cells, indicating their role as ‘nonprofessional’ antigen-presenting cells (Le Poole et al., 1993;
Kabashima et al., 2019). Melanocytes also have neuroendocrine functions as they can secrete
a vast range of hormones and neurotransmitters such as catecholamines or corticotropin-
releasing hormone (CRH) (Takeda, Takahashi and Shibahara, 2007; Slominski, 2009).
Interestingly, melanocytes also seem to possess elaborate environmental sensor abilities by
expressing photosensitive opsins (Regazzetti et al., 2018) and olfactory receptors (Gelis et al.,
2016), with potential roles in the regulation of the peripheral circadian rhythm. However, this
claim remains contested (Chen et al., 2022). Some of these melanin-production-independent
roles may be a predominant task for extracutaneous melanocytes, such as oxidative stress
regulation for cardiac melanocyte-like cells (Hwang et al., 2015).

An active area of research in recent years has been to characterize the origin and
functions of extracutaneous melanocytes. Additionally, many questions remain largely
unanswered, even about classical melanocytes. For example, it is not well understood how
neuroendocrine and sensory functions are regulated, what their exact systemic physiological
effects are, and if they have clinical relevance. Be that as it may, the best-studied function of

melanocytes remains their capacity to produce melanin.

2.2. UV radiation and protection by melanogenesis

As the skin represents the organ that is the most exposed to the dangers of UV-mediated
mutagenesis, the multi-step process of melanin production and distribution called
melanogenesis (Figure 6) is of crucial importance. UV radiation is classified into three subtypes
depending on the wavelength: UVA (400-315 nm), UVB (315-280 nm), and UVC (280-100
nm) (Lee et al., 2020). While the energetic UVC radiation is absorbed by the earth’s ozone
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In the global genome nucleotide
excision repair (GG-NER) subpathway,
the damage sensor XPC, in complex
with RAD23B and CETN2, constantly
probes the DNA for helix-distorting
lesions (step 1, left). Upon recognition
(step 2, left) and binding of the XPC
complex to the damage, RAD23B
dissociates from the complex (step 3,
left). In the transcription-coupled NER
(TC-NER) subpathway, damage is
indirectly recognized during transcript
elongation by the stalling of RNA Pol 11
at a lesion. During transcript elongation,
UVSSA, USP7 and CSB transiently
interact with RNA Pol 1l (step 1, right).
Upon stalling at a lesion, the affinity of
CSB for RNA Pol Il increases (step 2,
right) and the CSA-CSB complex is
formed, which results in backtracking of
RNA Pol Il (step 3, right) that renders
the DNA lesion accessible for repair.
After damage recognition, TFIIH is
recruited to the lesion in both GG-NER
and TC-NER (step4). The XPG
endonuclease binds to the pre-incision
NER complex (step 4). Upon binding of
TFIIH, its CAK subcomplex dissociates
from the <core TFIIH complex.
The helicase activity of TFIIH opens the
double helix around the lesion, and 5'—
3" unwinding of the DNA by the TFIIH
helicase subunit XPD verifies the
existence of lesions with the help of the
ATPase activity of the XPB subunit and
XPA (step 4). In this step, RPA is also
recruited and coats the undamaged
strand. XPA recruits an endonuclease —
the XPF-ERCCL heterodimer, which is
directed to the damaged strand by RPA
to create an incision 5" to the lesion (Step
5). Once this ‘point of no return’ is
reached, XPG is activated and cuts the
damaged strand 3" to the lesion, which
excises the lesion within a 22-30
nucleotide-long strand (step 6) Then,
DNA Pol 3, DNA Pol x or DNA Pol ¢
are recruited for gap-filling DNA
synthesis (step 7). Gap filling can begin
immediately after the 5 incision is
made. The NER reaction is completed
through sealing the final nick by DNA
ligase 1 or DNA ligase 3 (step 8).




layer, UVB and UVA radiation can penetrate the skin in a wavelength-dependent manner. UVA
radiation, while very abundant and able to penetrate deep into the dermis and cause photoaging
by generating reactive oxygen species (ROS) that can damage DNA (D’Orazio et al., 2013), is
far less carcinogenic than the higher-energy UVB radiation (Anna et al., 2007; Ikehata et al.,
2018). Mostly absorbed by the epidermis, UVB photons can directly damage DNA by causing
covalent bonds to form between adjacent pyrimidine bases (photodimers), creating primarily
cyclobutane pyrimidine dimers (CPDs) and pyrimidine-6,4-pyrimidone photoproducts
(6,4PPs) (Mullenders, 2018). These bulky and DNA-distorting photolesions, if not removed by
the complex cellular repair mechanism known as such as nucleotide excision repair (NER)
(Compe and Egly, 2012; Marteijn et al., 2014) (Figure 7), can cause UV-specific mutations,
primarily C—T substitutions at dipyrimidine sites (Ikehata and Ono, 2011; Brash, 2015).

The primary role of epidermal melanocytes is to protect neighboring cells from these
genotoxic dangers. UV-damaged keratinocytes activate TP53, which stimulates the secretion
of a-melanocyte stimulating hormone (a-MSH), a ligand of the melanocortin one receptor
(MC1R) expressed by melanocytes (Cui et al., 2007; Shain and Bastian, 2016) (Figure 6). The
activation of MC1R sets in motion a cCAMP/CREB-dependent signaling cascade resulting in
the expression of the microphthalmia-associated transcription factor (MITF), the master
regulator of the melanocyte lineage (D’Mello et al., 2016; Goding and Arnheiter, 2019). MITF
then stimulates the expression of pigmentation genes such as tyrosinase (TYR) and
dopachrome tautomerase (DCT), which synthesize melanin from tyrosine (Sturm, Teasdale and
Box, 2001). Of note, two different types of melanin exist in humans, brown-black eumelanin
and yellow-red pheomelanin, the production ratios of which genetically depend on
polymorphisms of the MC1R gene. The eumelanin/pheomelanin ratio represents the primary
determinant of skin/hair pigmentation and phototype, an assessment of sun sensitivity (Ito and
Wakamatsu, 2003; Maresca, Flori and Picardo, 2015). Although having different biosynthetic
pathways, both types of melanin are eventually packed into lysosome-like structures called
‘melanosomes’ and transported through the melanocytic dendrites to adjacent keratinocytes of
the hair bulb or epidermis (Hida et al., 2020). Interestingly, the exact molecular mechanisms
of melanosome transport remain unresolved (D’Alba and Shawkey, 2019; Moreiras, Seabra
and Barral, 2021). Inside the keratinocytes, melanosomes can be strategically positioned over
the ‘sun-exposed’ side of nuclei to form umbrella-like structures called ‘supranuclear melanin-
caps’ (Kobayashi et al., 1998; Byers et al., 2003; Castellano-Pellicena et al., 2021) (Figure 8),
which scatter and absorb UV-radiation. This is possible because of the melanin polymer's

exceptional refractive index value and broad absorption spectrum (Solano, 2014).
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Figure 8. Supranuclear melanin-caps. Skin stained with melanin-specific Warthin Starry
stain. Melanin is concentrated in keratinocytes as supranuclear caps (red arrows).
Adapted from Joly-Tonetti et al., 2018.
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2.3. Embryonic origins and transcriptional regulation of the melanocyte identity

Approximately two weeks after fertilization, the gastrulation phase of embryonic development
leads to the emergence of three main embryonic germ layers: the endoderm, mesoderm, and
ectoderm (Tyser and Srinivas, 2022). After gastrulation, the complex process of neurulation
differentiates the ectoderm into two parts, the surface ectoderm and the neuroectoderm, which
is further divided into the neural plate and the neural plate border, delimiting the non-neural
ectoderm. It is at this border that the neural crest (NC) cells arise, from which the melanocyte
lineage descends (Milet and Monsoro-Burq, 2012) (Figure 9). Later stages of neurulation result
in the formation of the neural tube (the precursor of the central nervous system) from the neural
plate, leading the NC cells to reside in the dorsal region of the neural tube and to begin
expressing neural crest specifier transcription factors (TFs) like SOX10, PAX3, TFAP2A, and
FOXD3 (Bronner and LeDouarin, 2012; Sim&es-Costa and Bronner, 2015). This subsequently
allows the NC cells to undergo an epithelial-to-mesenchymal transition (EMT) with the
expression of factors like SNAIL, SLUG or SOX9 and to transform into a multipotent, highly
migratory stem-cell-like progenitor population which delaminates and leaves the neural tube
region (Theveneau and Mayor, 2012; Mort, Jackson and Patton, 2015).

The stereotypic viewpoint today is that these migratory NC cells move along highly
defined pathways to settle in diverse distant final sites, while progressively differentiating into
distinct cell types depending on the microenvironmental cues the cells encounter by a
mesenchymal-to-epithelial-like process (Sommer, 2011; Green, Simoes-Costa and Bronner,
2015; Shellard and Mayor, 2019). Most NC cells would migrate dorsoventrally to differentiate
into for example Schwann cells or peripheral neurons. On the other hand, cells moving along
a dorsolateral path, colonizing the tissues that will later become the skin epidermis, would
eventually give rise to melanocytes (Erickson and Goins, 1995; Ernfors, 2010). Interestingly
however, it seems that a number of melanocytes (termed ‘second-wave’) can also arise from
Schwann cell precursors having migrated dorsoventrally (Adameyko et al., 2009; Adameyko
and Lallemend, 2010; Colombo et al., 2022). Conversely, Schwann cells are able to
transdifferentiate into melanocytes (Dupin et al., 2003). This underscores the proneness to
phenotypic instability and transcriptional plasticity of even seemingly fully differentiated NC-
derived cells like melanocytes (Luo et al., 2015; Vandamme and Berx, 2019).

In any case, NC cells migrating to the future epidermis differentiate into melanocyte
precursors called melanoblasts by losing the expression of many early NC cell specifiers,

including FOXD3, while beginning to express the master regulator TF and specification marker
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MITF (specifically the MITF-M isoform). This happens by the direct action of the remaining
NC specifier TFs SOX10 and PAX3 as well as WNT/B-catenin and KIT signaling (Potterf et
al., 2000; Hou and Pavan, 2008; Betancur, Bronner-Fraser and Sauka-Spengler, 2010;
Colombo et al.,, 2022). While some melanoblasts translocate to hair follicles to become
melanocyte stem cells, others become mature, dendritic, and pigmented interfollicular
melanocytes through the MITF/SOX10/PAX3 positive feedback-loop circuit resulting in the
expression of terminal differentiation factors such as TYR or DCT, (Murisier and Guichard,
2007; Simdes-Costa and Bronner, 2015). Importantly, open questions remain about the precise
gene-expression programs specific to different developmental time points and anatomical
locations which govern these melanocytic stages, although spatial single-cell transcriptomics
have begun to give insight into this matter (Belote et al., 2021; Theocharidis et al., 2022).
Although there are nine isoforms of MITF (due to nine alternative promoters), with
varying degrees of expression tissue specificity (Flesher et al., 2020), the MITF-M isoform is
almost exclusively present in melanocytes. First discovered in mice exhibiting small
‘microphthalmic’ red eyes and loss of pigmentation (Hodgkinson et al., 1993), the MITF gene
is located on chromosome 3913 and implicated in a wide range of functions. From cell survival,
pigmentation, proliferation, migration, differentiation, senescence, metabolism, and DNA
damage repair, MITF-M coordinates key aspects of melanocyte biology (Goding and
Arnheiter, 2019; Gelmi et al., 2022). MITF is a basic domain helix—loop-helix leucine zipper
(bHLH-LZ) TF belonging to the MY C superfamily that binds DNA as homo- or heterodimers
with the related TFEB, TFE3 and TFEC TFs (Pogenberg et al., 2012). The MITF bHLH domain
can recognize 6-bp E-box sequences (CACGTG) present in promoters of a wide plethora of
target genes, implicated in melanocyte homeostasis and survival (Cheli et al., 2010). However,
MITF displays a higher affinity for an E-box variant named ‘M-box’ (TCATGTG) which is
specifically present in promoters of melanogenesis-related genes like TYR, DCT or MLANA
(Lowings, Yavuzer and Goding, 1992; Bentley, Eisen and Goding, 1994) (Figure 10). To
regulate the expression of its target genes, MITF interacts with various cofactors such as the
chromatin-remodeling NURF and pBAF/BRG complexes or lysine acetyltransferases like
p300/CBP (Sato et al., 1997; Koludrovic et al., 2015; Laurette et al., 2015). As the activity of
MITF-M is of crucial importance to melanocytes, its expression is finely regulated at different
levels. An intricate network of signaling pathways and TFs converge on the MITF-M promoter
(Figure 11), either repressing or activating its expression (Kawakami and Fisher, 2017). Of
note, the cAMP/CREB cascade activated by a-MSH, as well as the NC-specifiers PAX3 and
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Figure 12. Skin cancer classification and approximative incidence rates. No information

was found for non-keratinocyte NMSCs. Data from Saginala et al., 2021 and Scatena, et al.,

2021.
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SOX10 positively stimulate MITF expression (Bondurand et al., 2000; Potterf et al., 2000;
Betancur, Bronner-Fraser and Sauka-Spengler, 2010), whereas stress-response signaling, as for
example through HIF 1a or AP-1 factors such as ATF4, represses MITF expression (Riesenberg
et al., 2015; Falletta et al., 2017; Ferguson et al., 2017; Maurus et al., 2017). Significantly, the
early NC-specifier FOXD3 also represses MITF. As such, the loss of expression of FOXD3 by
NC cells migrating to the epidermis allows for their differentiation into melanoblasts and
mature melanocytes (Thomas and Erickson, 2009; Curran et al., 2010). Other mechanisms
regulating MITF expression and activity include cytoplasmic mRNA polyadenylation (Pérez-
Guijarro et al.,, 2016), the action of microRNAs (Kunz, 2013), and posttranslational
modifications, which can for example modulate MITF nuclear export (Ngeow et al., 2018) or
DNA-binding affinity and genome distribution (Louphrasitthiphol et al., 2020). Given its
primordial role as the master TF of the melanocytic lineage, it comes as no surprise that
mutations of MITF and its regulators like SOX10 and PAX3 can lead to pigmentary and
developmental pathologies such as Waardenburg syndrome (Huang et al., 2022). Significantly,
deregulations of the expression of these factors are heavily involved in the emergence of
melanoma (Hartman and Czyz, 2015), the cancer developing from melanocytes. The
aforementioned properties of melanocytes (their immune functions, their neuroendocrine
capacities, their neural crest origin from multipotent, highly migratory stem-cell-like cells
capable of EMT, and their proneness to phenotypic instability and associated transcriptional
plasticity) help to explain why melanoma is particularly aggressive and by far the deadliest

type of skin cancer (Mort, Jackson and Patton, 2015).

3. Skin cancers and melanoma

3.1. Clinical Classifications and Epidemiology

Skin cancers are the most common neoplasms diagnosed worldwide, especially in Caucasian
populations (Cigzynska et al., 2021). They are broadly subdivided into either melanoma or non-
melanoma skin cancers (NMSC), with the latter type being far more frequent (99 % of skin
cancers). NMSC are further classified into basal cell carcinoma and squamous cell carcinoma,
also called ‘keratinocyte carcinomas’ and which comprise the vast majority of NMSC cases
(Nagarajan et al., 2019; Cigzynska et al., 2021). Other rarer and more aggressive subtypes exist,
such as Merkel-cell carcinomas, which emerge from non-keratinocytic and non-melanocytic

cells. NMSCs vary vastly from each other in terms of biological characteristics, genetic
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Superficial spreading melanoma is the
most common subtype [3]. It frequently
presents with diffused borders, a combination
of several colors such as brown, black,

red, white, or others, and an irregular and
elevated surface. It is characterized by laterally
spreading melanocytes within the epidermis,
making the assessment of the lateral extent of
the melanoma difficult [1,2].

Nodular melanoma is another common
subtype. In contrast to the superficial
spreading melanoma, the nodular melanoma
presents with a relatively sharp border as the
melanocytes extend vertically rather than
horizontally [1,2].

Lentigo maligna or Lentigo maligna
melanoma usually develops on sun-damaged
skin (eg, on the head and neck area of elderly
patients). Lentigo maligna is a melanoma

in situ and a precursor lesion for the lentigo
maligna melanoma. Distinction from“actinic
melanocytosis” (increased intraepidermal
melanocytes secondary to chronic sun
exposure) can be difficult [2]. Contrary to the
melanoma in situ, lentigo maligna melanoma
invades the dermis.

population but appears in higher proportions
in other races (in particular in Blacks, Asians, and
Pacific Islanders) [4]. Itis found on acral regions,
such as the palms of the hands, the soles of the
feet, within nail beds, or under nail plates [2,5].
Diagnosis is often delayed due to the hidden
location or because it can be mistaken foran
ulcer or a plantar wart with hemorrhage.
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landscapes, pathogenesis, and disease progression. Most are usually treated with surgery or
radiotherapy (Madan, Lear and Szeimies, 2010). While an estimated 5.5 million people are
diagnosed with an NMSC every year in the U.S., with rising incidence rates, the mortality rate
lies only at 0.03 % (Skin Cancer (Non-Melanoma) - Statistics, cancer.net, 2022). This is mainly
because NMSCs develop slowly and rarely spread (Cives et al., 2020).

Malignant melanoma, on the other hand, while representing only 1 % of skin cancers,
accounts for 80 % of deaths (NCI-SEER-Database, 2023) due to its high proclivity for
metastasis (Atkins et al., 2021; Radke et al., 2022). Worryingly, cutaneous melanoma incidence
rates are rising substantially every year (320 % since 1975 in the U.S.), especially in women
(Saginala et al., 2021) (Figure 13). An estimated 100,000 people are diagnosed yearly in the
U.S., with the average age being 65. Nevertheless, cutaneous melanoma represents one of the
most common cancers in young adults (Del Fiore et al., 2021). Although mortality rates have
declined over the last decade (almost 18 % from 2013 to 2016) due to the introduction of
revolutionary new treatments, an estimated 8000 people still die every year from cutaneous
melanoma in the U.S. (Berk-Krauss et al., 2020; Melanoma Skin Cancer Statistics, cancer.org,
2023). Most cases are detected at an early stage and present very high survival chances,
however, 5 % of patients are diagnosed with advanced distally spread disease and face a somber
5-year relative survival rate of about 30 % (Saginala et al., 2021) (Figure 14). Of note, non-
cutaneous melanoma, which can arise from mucosal or ocular tissue, and a rare subtype of
cutaneous melanoma of glabrous skin, acral melanoma (Figure 12), show even poorer
prognosis. For example, the 5-year relative survival rate for distally spread uveal melanoma is
18 % (Eye Melanoma - Statistics, cancer.net, 2023). These rare non-cutaneous or acral
melanoma types differ clinically, phenotypically, and genetically from those of hair-bearing
skin (Hayward et al., 2017; Rabbie et al., 2019; Chacdn et al., 2020; Weiss et al., 2022; Vergara
et al., 2022), and will not be further discussed here.

Among cutaneous, non-acral melanoma, the traditional Clark classification presents
three main subtypes based on pathological morphology and primary sites: superficial spreading
melanoma (the most common form), nodular melanoma, and lentigo maligna melanoma
(Figure 15) (Scolyer, Long and Thompson, 2011). Of note however, in the current clinical
staging system of cutaneous melanoma of the American Joint Committee on Cancer (Keung
and Gershenwald, 2018), these subtypes are not mentioned as prognostic factors, as clinicians
instead focus on aspects like vertical tumor thickness (Breslow’s depth) or the deepness of
invasion (Clark’s level) (Scatena, Murtas and Tomei, 2021). In contrast, in the newest World

Health organization classification of skin tumors (Elder et al., 2020; Yeh and Bastian, 2021),
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Figure 17. Landscape of driver mutations in cutaneous melanoma.

Tumor samples from 333 cutaneous primary and/or metastatic melanomas were used to
establish mutational landscapes. Total number of mutations, age at melanoma accession,
mutation subtype (BRAF, RAS [N/H/K], NF1, and Triple-WT), color-coded matrix of
individual mutations, type of melanoma specimen (primary or metastasis), and mutation

spectra are indicated for each sample (from top to bottom). Adapted from Akbani et al., 2015.
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cutaneous melanoma is classified according to its origin from either chronically sun-damaged
(CSD) or non-CSD skin and associated genomic alterations and mutational pathways (Figure
16). CSD-melanomas show high UV-mutation burden and arise on parts of the body like the
head, neck, and dorsal extremities, usually in older people. On the other hand, non-CSD
melanomas show fewer UV mutations and affect the less sun-exposed areas, such as the trunk
and proximal extremities of younger people (< 55 years) (Bastian, 2014; Shain and Bastian,
2016). Significantly, these two types of melanomas differ in clinical aspects and oncogenic
alterations (Curtin et al., 2005).

3.2. Genomic classification and driver mutations

Underlying the pathophysiological manifestations of the diverse melanoma subtypes are genes
that, when their expression is altered, allow melanoma cells to maintain their deregulated
phenotypes, like increased proliferation and survival (Hodis et al., 2012; Ding et al., 2014).
While for a given case, hundreds or thousands of genes can be found to be altered, only specific
few somatic mutations are recurrently considered proper ‘drivers’ of tumor growth and
progression (Guan, Gupta and Filipp, 2015; Shain et al., 2015; Birkeland et al., 2018). The
most common classification of genomic alteration landscapes divides melanoma cases
according to the most prevalently mutated genes: mutant BRAF (55 %), mutant H/N/KRAS
(25 %), mutant NF1 (10 %), and Triple-WT (wild-type, 10 %) (Figure 17) (Akbani et al., 2015).
RAF, RAS, and NF1 proteins are essential regulators of the MAPK and PI3K/AKT
proliferation and survival pathways (Figure 18), with one or both found hyperactivated in over
90 % of melanomas (Davies, 2012; Sullivan and Flaherty, 2013). The most common mutation
in melanoma is the BRAFV600E substitution, associated with the 400-fold increased activity
of this kinase (Al Hashmi et al., 2020). BRAFV600E is primarily found in non-CSD
melanomas. On the other hand, RAS (mostly G12 or Q61), NF1 (loss of function), and non-
BRAFV600E mutations are commonly found in CSD-melanomas, and are more related to UV
damage (Bastian, 2014). The Triple-WT subtype represents a more heterogeneous group
characterized by a lack of BRAF, RAS, or NF1 mutations. Instead, alterations in genes such as
GNAQ, GNA11, KIT or TP53 and more copy-number and structural genome changes are found
relative to the other subgroups. Other melanoma driver mutations affect genes such as ARID2,
CDKN2A, PTEN, and TERT (Akbani et al., 2015). While these pathogenic drivers have been
well cataloged in recent years, the order of occurrence, evolutionary pathways, and biological

implications for melanoma progression are incompletely understood.
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Figure 18. Main molecular pathways involved in melanomagenesis and associated
mutations.

From Scatena, Murtas and Tomei, 2021.
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Figure 19. Levels of tumor heterogeneity.
Adapted from Grzywa, Paskal and Wilodarski, 2017.
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B. Cutaneous melanoma disease progression

1. The evolving nature of melanoma progression understanding

Carcinogenesis towards a primary cutaneous melanoma (hereafter called melanoma), capable
of invasion and metastasis, is a complex process. It is important to note that for the longest
time, researchers tried to model cancer progression along a stepwise, gradual, one-dimensional
path from initiating lesion to final metastatic cancer, with closely associated genetic alterations
(Clark et al., 1984). However, the emerging data indicates a more complicated reality of
different melanoma subsets, with many different evolutionary pathways, cell types,
pathophysiological manifestations, and genomic alterations, whose diseases trajectories can
vary substantially, even among patients with supposedly similar clinical melanoma subtypes
(Sanborn et al., 2015; Harbst et al., 2016; Birkeland et al., 2018; Belote et al., 2021; Eddy, Shah
and Chen, 2021; Loras et al., 2022; Rogiers et al., 2022). Furthermore, other layers of
complexity arise from the fact that genotype-phenotype connections are hard to infer (Hodis et
al., 2022), and that oncogenic changes to DNA are not transforming in all circumstances
(Baggiolini et al., 2021; Fowler et al., 2021). Instead, the precise anatomic location of a
melanocyte dictates a transcriptional state which renders it more or less susceptible to specific
oncogenic effects (Weiss et al., 2022). Hence, a one-fits-all progression model for melanoma
seems outdated in the light of important interpatient, intertumor, as well as intratumor
heterogeneity (Figure 19) (Grzywa, Paskal and Wiodarski, 2017; Ng, Simmons and Boyle,
2022; Gavish et al., 2023). Importantly, anatomical position, microenvironmental factors, and
transcriptional cell states must be considered when talking about melanoma development. As
such, our understanding of progression models has expanded tremendously in recent years and
is more heavily taken into account by the newest WHO melanoma classification (Elder et al.,
2020; Yeh and Bastian, 2021). However, to provide a more schematic view of the process in
the following pages, the progression model outlined hereinafter is based on the well-known,
simplified, but still widely accepted one proposed by Clark et al. in 1984, which proposed a
five-step development from melanocytes to metastatic melanoma (Figure 20). This progression
includes: 1) benign naevus; 2) dysplastic naevus; 3) radial growth phase; 4) vertical growth
phase; and 5) metastatic melanoma. Nevertheless, it is crucial to remember the more complex,

evolving, less-linear nature of this subject, and the crucial aspect of tumor heterogeneity.
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2. Initiation: From melanocytes to melanocytic precursor lesions

2.1. Cell of origin and somatic mutations

Under normal circumstances, epidermal melanocytes divide twice a year (Jimbow et al., 1975).
However, as they are located at the very barrier to the outside environment, skin cells like
melanocytes are chronically exposed to UV radiation (Wei et al., 2021). Seeing that DNA
repair processes weaken in elderly individuals, UV-related somatic mutations accumulate
exponentially with increasing age (Hernando et al., 2021). Ultradeep bulk-sequencing of
cutaneous biopsies revealed that despite the protection mechanism of melanin production, non-
cancerous, sun-exposed aged skin cells like keratinocytes already harbor a very high burden of
mutations, more than in many cancer types, with strong positive selection for skin cancer driver
mutations (Martincorena et al., 2015). Thus, it comes as no surprise that melanoma presents,
with lung cancers, the highest average mutational burden of any cancer (Alexandrov et al.,
2013), and that the most significant risk factors are excessive sun exposure and a light
phototype (Schadendorf et al., 2018). Although most are ‘passenger mutations’ without any
noticeable phenotypic effects, rare ‘driver mutations’ can confer a selective advantage to some
melanocytes, leading to preferential growth or survival of a clone (Martincorena and Campbell,
2015). Interestingly, the predominant cell-of-origin of melanoma is still debated. While it
seems that melanocyte stem cells can act as cancer-initiating cells (Moon et al., 2017), other
data suggest that fully mature melanocytes are better-suited candidates (Kohler et al., 2017).

In a landmark study in 2020, Tang et al. shed light on the mutational dynamics of the
first steps of melanoma initiation by overcoming the technical difficulties related to sequencing
individual pre-neoplastic skin melanocytes. They confirmed that sun-exposed melanocytes
display an astonishing average of 20,000 UV-radiation-induced mutations per cell, which is
similar to the mutational burden found in transformed malignant melanoma cells. This
suggested that melanoma cells display similar numbers of mutations to neighboring normal
melanocytes, with the difference being the nature and degree of oncogenicity of the mutations.
Expectedly, there was substantial heterogeneity between anatomical sites, but surprisingly
there were also marked differences in mutation burdens between groups of melanocytes taken
from the same skin location, assumed to be subject to similar amounts of UV radiation. The
authors found that the differential expression of genes regulating p53, like MDM2 or MDM4,
correlated with mutation burdens. Unexpectedly, chronically sun-exposed skin (like on the

face) had lower numbers of mutations than intermittently sun-exposed skin (like on the back),
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possibly due to divergences in UV protection, mutation rates, DNA repair, or melanocyte
turnover. This finding could explain why most melanomas develop in intermittently sun-
exposed areas (Elwood and Gallagher, 1998). Another interesting finding of Tang et al. was
that one-fifth of analyzed melanocytes in sun-exposed skin already harbored diverse weak
activator mutations in MAPK pathway genes like BRAF, NRAS, or NF1 (Krauthammer et al.,
2015; Yao et al., 2017). These cells were often found to be slightly more proliferating and
created ‘clonal fields’ or clusters of pathogenically mutated melanocytes in the skin. However,
the authors did not detect the strong MAPK activator BRAFV600E or NRAS
Q61(K/R/L)/Q12D mutations. This might be explained by the fact that this study did not
analyze melanocytes from naevi (moles), which often present the BRAFV600E mutation.

Based on these observations, the authors proposed a model of three distinct trajectories
of melanoma initiation, depending on the order of driver mutation occurrence (Figure 21).
Firstly, somatic UV-dependent mutations (or in rare cases inherited germline mutations) may
affect genes besides MAPK effectors, such as by increasing the expression of TERT, the
catalytic subunit of telomerase (Huang et al., 2013), or by disabling tumor suppressor genes
like ARID2 (Carcamo et al., 2022) or CDKN2A (Zeng et al., 2018), which alone are not
sufficient to generate a neoplasm. They might however prime the melanocytes for
transformation once an activating MAPK mutation is acquired. Secondly, UV-mutations can
also ‘weakly’ increase MAPK signaling (for example with BRAFV600K, BRAFKG601E, NF1
loss-of-function, or KIT gain-of-function) (Shain et al., 2018), leading to melanocyte growth
and creation of melanocyte clusters/fields, which progress to malignant melanoma if additional
driver mutations are acquired. These two trajectories rely on UV mutations and might
immediately progress into ‘de novo’ high-CSD-in-situ melanomas without a discernible
precursor lesion (Figure 22). Thirdly however, low-CSD melanoma tend to arise from strong
MAPK activator mutations like BRAFV600E, which are not directly caused by UV radiation
and initially significantly increase melanocyte proliferation to form precursor lesions like
benign naevi (Figure 22). These are defined as preliminary, partially transformed neoplasms in

which further development is halted, at least until additional somatic mutations accumulate.

2.2. Precursor lesions: Melanocytic naevi

Approximately one-third of melanomas can be directly traced back to naevi precursors, which
are benign, usually pigmented proliferations of melanocytes (Lee et al., 2021). Although only

a tiny percentage of naevi progress to malignant melanoma (about 1 in 3000 for men and 1 in
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11000 for women), having a high number of them presents a decisive risk factor for melanoma
development, including ‘de novo’ melanomas not deriving from naevi (Tsao et al., 2003;
Gandini et al., 2005; Shreberk-Hassidim, Ostrowski and Fisher, 2023). Rarely, naevi can be
congenital, but most arise during the first two decades of life and tend to regress after age sixty,
by mechanisms not entirely understood (Damsky and Bosenberg, 2017).

About 80 % of naevi form because of MAPK pathway hyperactivation by the
BRAFV600E mutation in a single melanocyte (the remaining 20 % are mainly due to
H/N/KRAS mutations, mutually exclusive with BRAF mutations) (Yeh, von Deimling and
Bastian, 2013; Roh et al., 2015; Cisowski et al., 2016). Of note, the etiology of BRAFV600E
is still debated. While the T—A transversion leading to the V60OE mutation is not a classic
UV signature mutation, atypical and rare UV photoproducts or ROS generation could still
implicate UV radiation in this process (Laughery et al., 2020). Constitutive MAPK pathway
activation, as for example through BRAFV600E, is sufficient to give a strong proliferative
signal for melanocytes to clonally expand (Dankort et al., 2009). However, after this period of
initial mitotic burst, several mechanisms usually lead to growth arrest and the formation of a
mature, stable naevus (Michaloglou et al., 2005), in which the proliferation rate however is not
entirely zero but rather in equilibrium with inhibitory factors (Glatz et al., 2010). This process
can take months and more than 16 rounds of cell division to create a naevus of 2 to 6 mm
comprised of more than 100,000 melanocytes (Damsky and Bosenberg, 2017).

Several tumor suppressive mechanisms explaining this dramatically reduced
melanocyte proliferation have been proposed in recent years (Figure 23), but their individual
contributions and dynamics are still incompletely understood. While for a long time oncogene-
induced cellular senescence has been seen as the leading cause of cell cycle arrest, this view is
being challenged by observations that melanocytes lacking senescence-inducing proteins, such
as CDKN2A proteins p16'™NK4A and p14”RF or p53, keep the ability to enter a growth-arrested
state (Damsky et al., 2015). Other mechanisms include activation of the Hippo/YAP/TAZ
(Vittoria et al., 2022) or DNA damage response pathways (Gorgoulis et al., 2005), actions of
miRNAs (Xu et al., 2012), metabolic rewiring (Hag et al., 2013), immune surveillance (Duffy
et al., 2010; Katlinskaya et al., 2016), and the role of telomeres (Ramirez et al., 1999; Huang
et al., 2013). In conclusion, all these overlapping mechanisms lead to naevi being growth
arrested, potentially for many years or indefinitely. For a naevus to develop into a melanoma,
several of these tumor suppression mechanisms must be overcome simultaneously, through the
acquisition of supplemental driver mutations.

Of note, there seem to exist precursor neoplasms in an intermediary state between the common
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Figure 25. Proposed model of the genetic evolution of melanoma from precursor lesions

to metastatic disease, and mutation burden and types at each step of progression.

CNAs = copy number alterations. Adapted from Shain et al., 2015.
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naevus and melanoma, denominated as ‘dysplastic naevi’ (Figure 22 and 24), presenting
malignant histologic or clinical features like severe dysplasia, irregular borders, or variable
pigmentation (Duffy and Grossman, 2012). Individuals with multiple dysplastic naevi seem to
show increased melanoma risks (Tucker et al., 1997). While there is still debate about the
clinical significance of these enlarged and atypical naevi, sequencing analyses by Shain et al.
in 2015 have shown that, in contrast to benign naevi, which invariably harbored a singular
driver mutation like BRAFV600E, the intermediary lesions/dysplastic naevi presented multiple
driver mutations and increased mutation burden (Figure 25). In the majority of cases, non-
BRAFV600E MAPK mutations were found, pointing to the fact that dysplastic naevi do not
usually arise from previous benign naevi, and instead follow another initiation trajectory, which
might explain their propensity for appearing ‘de novo’ on CSD skin (Figure 21). Also,
heterozygous mutations in cell cycle genes like CDKN2A were detected in a significant subset
of lesions (Shain et al., 2015; Shain and Bastian, 2016) (Figure 25). Additionally, most
dysplastic naevi presented mutations in the TERT promoter, substantially elevating telomerase
expression and thus telomere length, which very probably induced their malignant features by
causing immortalization and genomic instability (Huang et al., 2013, Chiba et al., 2017).
Interestingly, TERT promoter mutations are found in nearly all melanomas (Shain et al., 2018).
Based on this, Shain et al. propose a model in which TERT mutations emerge very early in
melanoma progression and are positively selected as the initial secondary driver mutation
prompting the malignant transformation of melanocytes (Figure 25). In growth-halted naevi,
this would allow to bypass mechanisms such as oncogene-induced-senescence. The
telomerase-dependent increased survivability of melanocytes (naevi-associated or not) would
enable them to accumulate subsequent mutations, with progression towards malignant

melanoma in-situ (Figure 21).

3. Progression: Towards invasive melanoma

3.1. Melanoma in situ

Melanomas in situ are defined as malignant and irregular hyperplasia of melanocytes which
entirely reside in the epidermis (Figures 20 and 22). In the Clark progression model, this phase
is called ‘radial growth phase’, as the cells have become highly proliferative through
senescence escape and immortalization, but they cannot yet invade underlying tissues by

crossing the dermo-epidermal junction (Hall and LeBoit, 2014). Clinically, they can represent
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raised lesions in the skin, and the survival rates when totally resected are near 100 % (Guerry
et al., 1993). Although different evolutionary paths can lead to melanoma in situ, either with
associated naevi precursor lesions or de novo apparitions (Figure 21), they are genetically
characterized by the presence of a MAPK-stimulating mutation and TERT promoter mutations
(Shain et al., 2015) (Figure 25). It may take years for in situ melanoma to become invasive,
showcasing the need for additional genomic alterations for this specific capacity (Weinstock
and Sober, 1987). These may be necessary to overcome additional inhibitory mechanisms other
than oncogene-induced-senescence, such as immune surveillance. This immune escape is
helped by the fact that melanoma tumors tend to become more heterogeneous during these later
progression stages, as polyclonality through differently branched evolutionary cell trajectories
increases (Figure 26). This leads to the probable coexistence of various subclones with
differently activated genetic driver pathways (Shain et al., 2018; Hodis et al., 2022), but also
allows for the emergence of multiple cellular phenotypes with divergent levels of melanocytic
differentiation and distinct governing transcriptional programs (Grzywa, Paskal and
Wiodarski, 2017; Hinohara and Polyak, 2019). The mechanisms underlying this epigenetic

plasticity will be further elucidated later on.

3.2. Invasive melanoma

The vertical growth phase of melanoma begins once malignant cells breach the epidermal
basement membrane and invade the subjacent mesenchymal tissue, the dermis, forming a bona
fide 3-dimensional tumor. At this stage, the invasion depth serves as a primary determinant of
cancer staging and for prognosticating survival, metastasis, and disease management (Balch et
al., 2009). As such, invasive melanomas are subcategorized by their thickness, the distance in
millimeters between the granular layer of the epithelium and the deepest point of the invasive
tumor front, also called Breslow depth (Figure 27), mainly into thin (<1mm), intermediate (1-
4mm) and thick (>4mm) melanoma. Thick melanoma represents invasion into subcutaneous
fat and is the most likely to spread, with 5-year survival dropping to around 50 % (Erkurt et
al., 2009; Montagnani et al., 2016; Bozsanyi et al., 2022).

Compared to melanoma in situ, invasive melanoma shows an even increased mutational
burden. Of note, as the tumor develops into deeper skin regions, it is less exposed to UV
radiation. As such, UV-dependent point mutations become rarer as larger chromosomal
rearrangements and copy number alterations (CNAs) become more frequent (Bauer and

Bastian, 2006; Montagnani et al., 2016) (Figures 22 and 25). This can potentially be explained
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by the fact that at this stage of melanoma development, inactivating alterations of cell-cycle-
regulating checkpoint genes are observed in almost all cases, such as bi-allelic mutations for
the CDKN2A protein p16'N**A or the retinoblastoma protein RB1, both implicated in the G1/S
checkpoint. Their mutations lead to abnormal cell cycle progression and potential
chromosomal aberrations (Reed et al., 1995; Pavey et al., 2002) (Figure 28). Additionally,
invasive melanomas often display secondary driver mutations in genes related to maintaining
chromatin structure, such as in SWI/SNF chromatin-remodeling complex members ARID2,
ARID1A, or SMARCA4, further contributing to genomic instability (Wang, Haswell and
Roberts, 2014). Furthermore, the disabling of SWI/SNF complexes gives rise to a more stem-
cell-like chromatin landscape dominated by PRC2 remodeling complexes (Wilson et al., 2010;
Shain et al., 2018). Additional weak or strong MAPK-activating mutations are frequently
acquired during this malignant progression, ramping up oncogenic MAPK signaling even more
(Joseph et al., 2010; Shain et al., 2018) (Figure 28). During later stages of melanoma invasion,
alterations in the p53 (Lassam, From and Kahn, 1993) and PI3K/AKT/mTOR (Goel et al.,
2006) pathways also tend to appear (each found altered in approximately 25 % of melanomas),
respectively contributing to genomic instability and the diversification of oncogenic signaling.
During this stage of melanoma development, the different above-mentioned genetic
changes as well as a host of microenvironmental factors such as increased hypoxia (Cheli et
al., 2012), acidic surroundings (Andreucci et al., 2020), decreased nutrient availability
(Ferguson et al., 2017), increased inflammation (Landsberg et al., 2012), and differences in
stromal interactions (Bellei, Migliano and Picardo, 2020; Romano et al., 2021), all contribute
to a pseudo-EMT with profound metabolic (Avagliano et al., 2020; Tasdogan et al., 2020) and
epigenetic (Arozarena and Wellbrock, 2019) changes. Melanoma cells having undergone this
so-called phenotype switch present a less differentiated, more stem-like phenotype by starting
to express TFs found during the neural-crest developmental stage like SNAIL, SLUG, or
SOX9, while losing the expression of differentiation markers like MITF (Pedri et al., 2022).
These cells show increased mobility and invasive capacities, as they can for example secrete
matrix metalloproteinases (Moro, Mauch and Zigrino, 2014). Interestingly, the genetic and
epigenetic causes of increased invasiveness are in some cases closely linked, such as in the
case of the more stem-like chromatin landscape induced by SWI/SNF mutations. Another
example would be that mutations in CDKN2A cause the E2F1-dependent expression of BRN2,
a TF repressing MITF, and an important driver of the dedifferentiated state and thus of

melanoma invasion and metastasis (Zeng et al., 2018; Fane et al., 2019; Hamm et al., 2021).
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4. Dissemination: Melanoma metastasis

4.1. Melanoma spreading trajectories

Melanoma is defined as metastatic once cells leave the local primary tumor site via the
lymphatic and then circulatory systems and disseminate to other tissues to grow secondary
tumors. Compared to other cancers, melanoma has a very high risk of early and rapid spreading,
due to the fact that it develops from melanocytes which themselves originate from the highly
migratory neural-crest cells (Damsky, Rosenbaum and Bosenberg, 2010; Damsky,
Theodosakis and Bosenberg, 2014; Sundararajan et al., 2022). This final stage of cancer
progression is the deadliest and displays the highest rates of mitotic indexes, mutational
burdens (especially with sharp increases in large-scale genomic alterations), and intra- and
intertumoral genetic and epigenetic heterogeneities (Paluncic et al., 2016; Thompson, Mozzillo
and Ross, 2020; Vergara et al., 2021). Metastases tend first to be macroscopically observed in
the lymph nodes surrounding the primary tumor, before appearing in more distant organs such
as the liver, bones, lungs, or brain. This led to the historical assumption that metastatic
progression follows a linear, temporal trajectory of melanoma cells starting from the primary
tumor to enter the lymphatic system and then mainly invade regional lymph nodes (regional
metastasis) and subsequently proceed towards distant metastasis (Damsky, Theodosakis and
Bosenberg, 2014). However, this view is being challenged by the fact that early precautionary
resections of regional lymph nodes do not prevent the outcome of distant metastasis and do not
significantly improve patient survival (Morton et al., 2014; Leiter et al., 2016; Faries et al.,
2017). Furthermore, blood-circulating melanoma cells can already be found in patients without
lymph node metastases (Reid et al., 2013; Keller and Pantel, 2019), indicating a parallel mode
of tumor dissemination via both the lymph and blood (Figure 29) (Werner-Klein et al., 2018).
One proposed explanation as to why regional lymph nodes develop earlier metastases might
just be due to the closer proximity of the primary tumor, simply increasing the probability of
tumor cells passing through, leading to repeated seeding (Shain and Bastian, 2016).

However, recent, elegantly performed studies in rodent models (Brown et al., 2018;
Pereira et al., 2018) showed that while melanoma cells can spread directly from the primary
subcutaneous tumor, cells can be dispersed from lymph node metastases as well. Dissemination
via/from the lymph nodes seemed to be responsible for more lung metastases than cells that
took an immediate route from the primary tumor. In these models, the lymph nodes seemed to

serve as efficient direct entry points to the blood circulation, as tumor cells did not need to first
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make a detour through lymphatic vessels. This contradicted the widely accepted view that
metastatic cells can only reach the bloodstream by first passing through lymphatic circulation.
Furthermore, another study (Ubellacker et al., 2020) showed that melanoma cells first passing
through the lymphatic system (high in oleic acid and glutathione, while low in free iron) seemed
to display increased subsequent survival in the blood circulation by becoming more resistant
to ferroptosis and oxidative stress, which represent major obstacles for tumor cells taking a
direct bloodstream route (Piskounova et al., 2015; Tsoi et al., 2018; Talty and Bosenberg, 2022)
(Figure 30). An explanation for those observations might be the fact that melanoma cells adapt
to the lymphatic environment by metabolically shifting towards fatty acid oxidation and
increasing YAP/TAZ signaling, which are known drivers of the dedifferentiated and resistant
cell state (Aloia et al., 2019; Lee et al., 2019; Thompson, 2020; Li et al., 2021). These studies
thus also confirmed that melanoma cells spreading from lymph nodes were more likely to form
secondary tumors than those that did not and that metastases have the capacity to reseed each
other, which would help explain the exponential emergence of secondary tumors during the
final stages of disease progression (Kim et al., 2009; Sanborn et al., 2015) (Figure 29). Whether
these in vitro and rodent observations also occur in humans remains to be explored, as they
seem contradictory to the clinical data mentioned above, which showed that regional lymph
node dissection has little patient benefit. In conclusion, many unanswered questions remain

about the complexities of metastatic trajectories in melanoma.

4.2. Cell states, migration, and dormancy

Although numerous genetic alteration steps are needed to progress toward metastatic
melanoma, no recurrent metastasis-specific mutations have been found, as none seem to
specifically drive melanoma dissemination (Reiter et al., 2018; Shain et al., 2018).
Nevertheless, reactivation of pathways associated with embryonic melanocyte development
such as increased WNT/B-Catenin or AP-1 signaling tend to be implicated (Damsky et al.,
2011; Gajos-Michniewicz and Czyz, 2020; Suresh et al., 2023). As such, before-mentioned
epigenetic changes such as the EMT-like phenotype switch to more invasive, stem-like,
dedifferentiated MITF" cell states, displaying altered expression of matrix metallopeptidases
(MMP) and cell adhesion molecules (Hao et al., 2012; Das et al., 2017), seem to be
indispensable in the metastatic process (Huang et al., 2021) (Figure 31). Like in most other
cancers, this metastatic cascade follows the key steps of invasion, intravasation, circulation,

extravasation, and colonization at secondary sites (Lambert, Pattabiraman and Weinberg,
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2017) (Figure 32). While the EMT-like invasive cells are well suited for the first four steps of
this process, their capacity to re-establish colonies in secondary sites seems limited (Rambow,
Marine and Goding, 2019; Karras et al., 2022). As such, the conundrum of the exact
contributions of the different cell states in the metastatic progress becomes apparent, and
various models addressing this problem have emerged over the years (Vandyck et al., 2021).
Some studies propose that differentiated melanoma cells might passively intravasate into
circulation, whereas dedifferentiated cells display active intravasation. Once in circulation,
both cell types would cooperate to migrate to an adapted niche to establish a secondary tumor,
with differentiated cells ‘riding along’ dedifferentiated cells (Bockhorn, Jain and Munn, 2007;
Tsuji, Ibaragi and Hu, 2009) (Figure 33). Recent studies showcase this cooperation by
identifying heterotypic clusters of both melanoma cell states that extravasate efficiently due to
the dedifferentiated cells and, once they arrived in a favorable niche, grew rapidly to form
metastases because of the differentiated cells (Chapman et al., 2014; Campbell et al., 2021)
(Figure 34). Another model proposes however that the dedifferentiated melanoma cells can
reverse back to a differentiated and proliferative state by a mesenchymal-to-epithelial-like
(MET-like) phenotype switch to form secondary growths (Yao, Dai and Peng, 2011; Brabletz
et al., 2018; Vandamme et al., 2020) (Figure 34). In this model, a delicate balance between
EMT- and MET-like phenotype switches is paramount (Cook and Vanderhyden, 2020;
Vandyck et al., 2021), and metastases here would more likely result as a consequence of the
seeding of a single cell, rather than of a heterogeneous cell cluster (Cheung and Ewald, 2016).
Recent data suggest these two mechanisms might be intertwined (Rowling et al., 2020).

Remarkably, a subset of dedifferentiated melanoma cells displaying neural-crest-stem-
like characteristics can remain inactive in circulation for a long time (Rambow, Marine and
Goding, 2019). Some of these cells seem to be able to transdifferentiate into a quiescent state
with fibroblastic or endothelial characteristics (as evidenced by the expression of CD31 or VE-
Cadherin), which can remain dormant in the intravascular niche of the pre-metastatic organs
for years and may explain delayed metastatic disease or melanoma relapse (Li et al., 2020).
Melanoma cells seem to enter this state in different ways, such as by the targeted expression of
tumor suppressor genes, leading to cellular dormancy (Horak et al., 2008; Sosa, Bragado and
Aguirre-Ghiso, 2014; Triana-Martinez, Loza and Dominguez, 2020), by induction of cytostasis
by the immune system, leading to immunogenic dormancy (Eyles et al., 2010; Senft and Ronai,
2016), or by insufficient nutrient access, leading to angiogenic dormancy (Naumov et al., 2006)
(Figure 35). Once these dormant mesenchymal-like or endothelial cells become re-awakened

by external stimuli, they can extravasate into the metastatic niches. To do this, endothelial-like
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cells need to undergo an endothelial-to-mesenchymal-like transition first (Giancotti, 2013)
(Figure 33). While these activating signals are relatively unexplored, recent work in mice seems
to show that age-induced changes in the microenvironment of key niches, such as the lung,
have an essential role in re-awakening dormant cells (Fane et al., 2022). It has also been shown
that the endothelial-like melanoma cells, by a phenomenon known as vasculogenic mimicry,
can form their own pseudo-vascular networks which allow for improved blood circulation to
the tumors, the promotion of cancer cell dissemination and the auto-establishment of a dormant
vascular niche (Fernandez-Cortés, Delgado-Bellido and Oliver, 2019; Zhang et al., 2019).

4.3. The metastatic niches in melanoma and their establishment

Melanoma displays a strong proneness for specific distant metastasis to the liver, lungs, and
brain (Damsky, Rosenbaum and Bosenberg, 2010). Pulmonary metastasis causing respiratory
failure and intracranial hemorrhages resulting from brain metastases are the two most common
causes of death in melanoma (Sundararajan et al., 2022). Organ specificity, or organ tropism,
is a phenomenon that has been known for a long time, with the historical “seed-and-soil” theory
positing that cancer cells (the seeds) display inherent characteristics allowing them to
specifically grow in organs fulfilling certain micro-environmental conditions (the soil).
Whereas some mechanisms behind this process remain mysterious to this date (Peinado et al.,
2017), integrins and chemokines have been shown as major players responsible for these seed-
and-soil interactions (Dittmar et al., 2008; Huang and Rofstad, 2018; Jacquelot et al., 2018).
For example, among many others, some melanoma cells express the chemokine receptor
CXCR4, which enables chemotaxis towards niches with high expression of its CXCL12 ligand,
such as in the liver or lungs (O’Boyle et al., 2013; McConnell et al., 2016). It has also been
shown that melanoma cells specifically expressing the ITGAV integrin adhere strongly to the
brain vasculature and penetrate the blood-brain barrier easily, allowing for brain metastasis
(Berghoff et al., 2013). It is important to note that microenvironmental niches are not static and
can change over time. As such, the effects of for example surgery, infection, chronic
inflammation, stress, and aging can all alter the local milieu so that it becomes sufficiently
receptive to colonization by circulating, potentially dormant, tumor cells (Sleeman, 2012).
Recently, this model has gained another layer of complexity, as it becomes increasingly
clear that tumor cells, before metastasis even occurs, actively send out signals to prepare the
pre-metastatic niches (PMNSs) for future colonization. This is often mediated by tumor-secreted

soluble pro-angiogenic or inflammatory factors, such as VEGFA or TGF, or extracellular
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survival, and proliferation (C). From Peinado et al., 2017.
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vesicles such as exosomes (Kaplan et al., 2005; Psaila and Lyden, 2009; Chin and Wang, 2016;
Peinado et al., 2017). These niche inductions tend to happen in a progressive manner, involving
many different molecular pathways (Peinado et al., 2012; Hoshino et al., 2015) (Figure 36). To
prepare the lungs for subsequent invasion, melanoma tumors secrete factors such as MMPs,
VEGFA, or ANGPT2 to induce vascular disruptions and leakiness, increasing accessibility to
the niche for circulating cells (Huang et al., 2009). This is further facilitated by tumor-
dependent platelet reprogramming and blood clot formation, which can act as docking sites for
metastatic cells, and a source of inflammatory signals (Gay and Felding-Habermann, 2011;
Gil-Bernabé et al., 2012; Labelle, Begum and Hynes, 2014). Melanoma-derived exosomes
contain various bioactive molecules from cytokines to miRNAs (Walbrecq et al., 2020), which
can specifically be released in target tissues due to integrin-dependent homing and docking
(Hoshino et al., 2015). These exosomes can for example recruit bone marrow-derived cells
(BMDCs) to premetastatic niches at distant organs, which then help to shape the
microenvironment in favor of melanoma cell colonization (Peinado et al., 2012). Melanoma-
derived exosomes can transfer receptor tyrosine kinases (RTKs) such as ALK and MET to
target cells such as BMDCs, to give them increased survivability (Cesi et al., 2018). Stromal
cells such as fibroblasts, immune and endothelial cells at these sites have been shown to take
up exosomes, thereby being reprogrammed to function as cancer-associated cells by degrading
or remodeling the surrounding ECM, increasing local inflammation, and secreting pro-tumoral
factors such as chemokines or signaling molecules (Shu et al., 2018). Finally, during later
phases of metastasis, these exosomes also affect tumor heterogeneity, as they are involved in
melanoma phenotype switching (Xiao et al., 2016). In conclusion, melanoma tumors can affect
different PMNs through various mechanisms, often by reprogramming stromal cells to begin
malignant signaling. These PMN formations frequently lead to tissue micro-damages such as
thromboses and hemorrhages as well as increased inflammation. Importantly, this results in a
devious cycle of metastasis formation and signaling, as additional secondary tumors emerge
and themselves start secreting pro-metastatic factors, facilitating additional PMN formation

and cancer cell seedings (Peinado et al., 2017).

To sum up, melanoma progression from melanocytic precursor lesions to large-scale metastasis
recapitulates many malignant features of other types of cancers as well, and is therefore often
used as a prime model to study the so-called ‘hallmarks of cancer’, biological capabilities
gained during tumor progression, which were defined by Hanahan and Weinberg in three

consecutive landmark papers in 2000, 2011 and 2022.
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C. Aspects of melanoma biology through the lens of
Hanahan and Weinberg’s hallmarks of cancer

The hallmarks of cancer are defined as fourteen distinct capabilities and characteristics which
are commonly acquired in a progressive way in virtually all types of neoplastic diseases. They
serve as an organizing framework for the underlying molecular and cellular principles
governing tumor progression and have been updated roughly every decade to include the
newest emerging concepts in cancer research (Hanahan and Weinberg, 2000, 2011; Hanahan,
2022). These hallmarks can be divided into two distinct categories. On the one hand, the
functional hallmarks define distinct but complementary capabilities causing the malignant
phenotypes of survival, proliferation, and dissemination, observed during tumor progression
(Figure 37). On the other hand, the enabling hallmarks drive the acquisition of these functional
traits. The following pages will address the different hallmarks while showcasing their
respective roles in melanoma biology. Given that the most critical aspects of melanoma
invasion and metastasis have already been elucidated, these will be skipped, and the more novel
and underlying enabling hallmarks will be more thoroughly explored, especially the aspects of

melanoma phenotype plasticity.

1. Functional hallmarks — Core attributes

1.1. Sustained proliferative signaling, immortalization, and evading growth suppressors

Perhaps the most well-defined feature of cancer cells lies in their capacity of unlimited
proliferation and growth. In contrast to normal tissues, cell cycle control has become uncoupled
from the mitogenic signals usually emanating in a controlled manner from outside the cells.
This autonomously sustained and chronic cell division can be enabled through various
mechanisms. Autocrine signaling, by which melanoma cells produce themselves the ligands
activating RTKs such as EGFR, VEGFR, FGFR, HGFR, IGF1R, GHR, c-MET, ERBB3/4,
AXL or MSPR, has been frequently observed throughout various phases of melanoma
progression (Molhoek et al., 2011; Sensi et al., 2011; Zhang et al., 2012; Czyz, 2018; Buckels
et al., 2019). Signaling can also be increased through receptor overexpression, rendering the
cells hyperresponsive to even small amounts of ligands, as evidenced by AXL and EGFR

amplification, especially in dedifferentiated invasive melanoma cells (Revach et al., 2019;
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Pastwinska et al., 2022). Alternatively, melanoma cells can send signals to neighboring stroma
cells such as fibroblasts, stimulating them to become tumor-associated cells that release growth
factors, benefiting tumor growth through paracrine signaling (Papaccio et al., 2021,
Mazurkiewicz et al., 2022). Through ECM remodeling, cell-matrix communications are
altered, and growth factors sequestered in the ECM can be released (Winkler et al., 2020;
Popovic and Tartare-Deckert, 2022). Constitutive, ligand-independent activation of key
signaling pathways can result from structural alterations of receptors and downstream effectors,
such as in the case of KIT or BRAF mutations, respectively (Pham, Guhan and Tsao, 2020).
The BRAFV600E mutation, as mentioned before, affects roughly half of all melanomas, and
permanently exposes the catalytic site of this kinase, thereby constitutively activating MAPK
signaling and cell proliferation (Kiel et al., 2016; Smiech et al., 2020) (Figure 38). Finally,
overexpression by various mechanisms such as gene amplification and promoter
hypomethylation, can lead to the overexpression of oncogenic transcription factors such as
MYC, driving melanoma growth (Zhuang et al., 2008; Kfoury et al., 2018).

To sustain proliferation, melanoma cells must become immortalized, which mostly happens
through TERT overexpression, counteracting telomere shortening and chromosomal end-to-
end fusions. Interestingly, telomerase seems to display various non-canonical, extratelomeric
roles including implications in NF-kB and WNT/B-Catenin signaling, DNA damage response,
ROS protection and regulation of MYC and VEGF expression (Ségal-Bendirdjian and Geli,
2019; Dratwa et al., 2020; Guo et al., 2022). Tumor progression also depends on the capacity
to evade growth-inhibitory mechanisms mediated by tumor suppressor genes. Inactivating
alterations of negative regulators of diverse pathways are often observed, such as loss of PTEN
activity by mutations or promoter methylation, leading to increased PI3K/AKT/mTOR
signaling (Shull et al., 2012; Roh et al., 2016). MAPK pathway overactivation can be caused
by RASA2 or NF1 alterations (Arafeh et al., 2015; Cirenajwis et al., 2017). Other often found
tumor suppressors inactivated in melanoma are TP53, CDKN2A, or RB, governing important
DNA damage and cell cycle checkpoints. Additionally, many other essential genes and
pathways have been found to be inhibited during tumor progression in recent years (Ha et al.,
2007; Gobeil et al., 2008; Fung et al., 2009; Fang et al., 2013; Olvedy et al., 2017; Gliveng et
al., 2021). For example, Hippo pathway repression, through YAP/TAZ and TEAD
overexpression, enables escape from contact inhibition (Zanconato, Cordenonsi and Piccolo,
2016; Vittoria et al.,, 2022). Remarkably, melanoma cells can in some cases repurpose

canonical tumor suppressor pathways so that they turn into positive enablers of various cancer
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hallmarks. For example, the TGFP pathway seems to exert cytostatic effects during early
melanoma stages, whereas during later progression, TGF becomes a driver of invasion and

phenotype switching (Busse and Keilholz, 2011; Lebrun, 2012; Golan et al., 2019).

1.2. Deregulating cellular metabolism

In normal physiological conditions, most cellular energy is provided by mitochondrial
oxidative phosphorylation (OXPHOS), generating 36 mol of ATP for 1 mol of glucose (Nath
and Villadsen, 2015). Alternatively, a lower yield of ATP (2 mol ATP per mol glucose) can be
achieved by anaerobic glycolysis, which produces lactate under hypoxic conditions (Figure
39). Somewhat counterintuitively, actively proliferating melanoma cells, even in the presence
of oxygen, tend to display high glucose uptake, glycolysis, and lactate secretion rates, which
Otto Warburg a century ago defined as aerobic glycolysis (Warburg, 1924). This paradoxical
appearing propensity of various types of cancer cells for utilizing glycolysis even in normoxic
conditions, a less energy-effective metabolic pathway than OXPHOS, is called the Warburg
effect (DeBerardinis and Chandel, 2020; Faubert, Solmonson and DeBerardinis, 2020). Several
different reasons why cancer cells would prefer aerobic glycolysis have been proposed (Liberti
and Locasale, 2016). High mitotic rates correlate with increased nutrient and biosynthesis
demands, and the Warburg effect provides more recyclable intermediate metabolites for
macromolecule biosynthesis than other anabolic pathways (Ratnikov et al.,, 2017).
Additionally, aerobic glycolysis produces less ROS than OXPHOS, which benefits high
proliferation activity (Kluza et al., 2012). The lower ATP vyield is also countered by faster
production rates enabled through mechanisms such as overexpression of glycolysis enzymes
and glucose transporters such as GLUT1, by the action of various miRNAs and TFs, including
TP53, MYC, and especially HIF1a. This factor is usually expressed in hypoxic conditions but
can be stabilized by increased MAPK signaling even in normoxia (Kietzmann, Mennerich and
Dimova, 2016). As such, hypoxia can further amplify the Warburg effect by upregulating
hypoxia-inducible factors (HIFs), with significant effects on cell plasticity (Yang et al., 2008;
Widmer et al., 2013). Furthermore, aerobic glycolysis allows for the generation of significant
amounts of lactate which can be secreted, profoundly affecting the TME through acidification
(Rolver and Pedersen, 2021). For example, extracellular lactate impairs tumor-infiltrating
immune cell function, contributing to melanoma immune escape (Feichtinger and Lang, 2019;
Wang et al., 2021; Xie et al., 2022). Circulating lactate can be taken up via MCT transporters

and used by neighboring cancer or stromal cells as energetic fuel that is converted into pyruvate
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used in the mitochondrial TCA/OXPHOS cycle (Avagliano et al., 2020). This underlines the
fact that within a tumor, a high degree of metabolic heterogeneity can be observed, as distinct
subpopulations of cancer cells depend on different forms of energy production, with important
phenotypical consequences (Tasdogan et al., 2020). Similar to melanoma phenotype switching,
cells have the capacity for metabolic plasticity and adaptability by dynamically switching their
oxygen use, energy sources, and metabolic states depending on the TME (Fischer et al., 2018;
Ruocco et al., 2019). Whereas the primary energy source for more differentiated, proliferative
melanoma cells seems to be aerobic glycolysis by the Warburg effect, more slow cycling,
dedifferentiated cells display a hybrid metabolic state with increased OXPHOS and exogenous
fatty acid metabolism, while maintaining intermediate levels of glycolysis (Roesch et al., 2013;
Feichtinger et al., 2018). However, the interconnection and regulation between metabolic and
differentiation states is not clear-cut and requires further investigation (Falletta, Goding and
Vivas-Garcia, 2022).

Regarding melanoma progression, these complex metabolic reprogramming processes
can be boiled down to the following schematic oversimplification (Figure 40). During tumor
progression, when nutrients are abundant, cells gain biosynthetic advantages through the
Warburg effect and reach maximal proliferative capacities. Through exosomes and other
signaling molecules, stomal cells such as fibroblasts are reprogrammed towards aerobic
glycolysis and secrete lactate as well, thereby contributing to the acidifying of the TME
(Ruocco et al., 2019; Faubert, Solmonson and DeBerardinis, 2020). As the cancerous mass
grows, oxygen and nutrient supplies vary between the outskirts and centers of the tumors. Cells
in the tumor periphery are closer to the vasculature and are therefore exposed to a more aerobic
TME, whereas in other locations, oxygen and nutrients become scarce. Hypoxia through HIFs
stimulates aerobic glycolysis but can also contribute, in interaction with many other factors, to
phenotype switching towards the more migration-prone dedifferentiated phenotype in a subset
of cells (Ratnikov et al., 2017; Malekan, Ebrahimzadeh and Sheida, 2021). At this point, a
metabolic symbiosis arises, in which it becomes advantageous for some cells to be able to take
up and metabolize the abundance of extracellular lactate. In this context, some cells undergo a
reverse Warburg effect by elevating OXPHQOS, decreasing glycolysis, and gaining increased
migratory capacities and thus access to more aerobic, but less nutrient-rich TMESs such as the
lymphatic or blood circulation (Feichtinger and Lang, 2019; Kumar et al., 2021). It has been
shown that melanoma cells overexpressing the MCT1 transporter, allowing for increased
lactate uptake, had higher metastatic and ROS-resistance capacities (Tasdogan et al., 2020).

Switching to lactate-dependent OXPHOS allows for more efficient ATP production
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even under challenging conditions, such as during metastasis, improving survival rates at the
cost of diminished proliferation (Elia, Doglioni and Fendt, 2018). Circulating cells acquire
increased oxidative stress resistance through increases in factors such as GSH, to counter the
oxidizing TME of the bloodstream (Le Gal et al., 2015; Piskounova et al., 2015). Once they
arrive in the metastatic niches, cells are confronted once again with different metabolic needs,
dependent on the permissive nutrient milieu. For example, melanoma brain micro-metastases
display high levels of OXPHOS, but lung metastases less so (Fischer et al., 2019). To establish
macroscopic secondary tumors however, the need for proliferation and increased
macromolecule synthesis re-emerges, made possible by a metabolic shift back towards the
Warburg effect and aerobic glycolysis (Faubert, Solmonson and DeBerardinis, 2020).

1.3. Resisting cell death and avoiding immune destruction

For melanoma progression to be successful, tumor cells must overcome and resist various
intrinsic or extrinsic mechanisms which are supposed to defend the organism from neoplastic
growths. Cell-cycle and DNA damage checkpoints can induce growth arrest through
senescence or programmed cell death such as apoptosis (Figure 41A). The immune system is
constantly surveilling cells for tumor antigens and destroys transformed cells in the majority
of cases (Soengas and Lowe, 2003; Chen and Mellman, 2013). Multiple different escape
mechanisms have been described in the last decades, many of which are implicated in
melanoma therapy resistance, and which will be further elucidated later on. A short overview
of the deregulations leading to host defense evasion is given here. Concerning escape from
apoptosis, melanoma cells often deregulate the intricate balance between pro- and antiapoptotic
effectors (Broussard et al., 2018) (Figure 41B). For example, the expression of cell-death
effectors, such as APAF-1, is often lost (Soengas et al., 2001). On the other hand, the
overexpression of apoptosis-inhibiting BCL2 family proteins leads to increased survival and
significant cell signaling changes, such as more elevated NF-xB, IL-8 and AKT activity
(Mohammad et al., 2015). Increased AKT signaling in turn activates other anti-apoptotic
proteins such as BCL2 family members through phosphorylation, creating a PI3K/AKT-BCL2
survival signaling loop. Therefore, alterations in upstream regulators of AKT, such as PTEN
or EGFR, can activate this survival circuit (Neophytou et al., 2021). Although inactivating
mutations in the critical checkpoint gene TP53 tend to appear more rarely in melanomas
compared to other cancers, its regulators such as ARF or MDMZ2 are often found altered (Ha

et al., 2007; Rajabi, Karimian and Heidarpour, 2012). So-called Inhibitors of Apoptosis
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Proteins (IAPs) including ML-IAP, XIAP and Survivin are often deregulated in melanoma
(Abd-Elrahman et al., 2009; Mckenzie and Grossman, 2012; Daoud et al., 2022). As in virtually
all other aspects of melanoma development, the TME and cellular stroma also play essential
roles in modulating apoptotic escape. Cancer-associated fibroblasts (CAF)-derived
extracellular vesicles containing miRNAs, IncRNAs, interleukins, growth factors and other
signaling molecules inhibiting various effectors of apoptotic signaling have been observed in
multiple cancers including melanoma (Neophytou et al., 2021). Remarkably, starting the
apoptotic cascade without successfully completing it might benefit melanoma progression.
Melanoma cells undergoing failed apoptosis become more invasive because of a INK/AP-1
mediated phenotype switch (Berthenet et al., 2020). Of note, apoptosis is not the only type of
programmed cell death with implications in melanoma (Figure 41A). Necroptosis, pyroptosis,
ferroptosis, parthanatos, and autophagy all represent barriers that melanoma cells need to
circumvent (Hartman, 2020).

Melanoma tumors are infiltrated by immune cells of both the adaptive and innate response,
constituting the tumor immune microenvironment (TIME) (Binnewies et al., 2018; Wang et
al., 2022). The TIME is very dynamic and variable, as highly infiltrated tumors are defined as
‘hot’, whereas poorly infiltrated tumors are termed ‘cold’ (Duan et al., 2020; Noman et al.,
2020). Melanoma cells utilize multiple strategies of immune evasion (Figure 42), such as taking
profit from immune checkpoints. Various immune cells such as T-lymphocytes, macrophages,
dendritic cells, or NK cells express the PD-1 receptor, which inhibits their tumor-detecting and
eliminating functions when activated by its PD-L1 or PD-L2 ligands. These can be expressed
by melanoma cells themselves or be carried by tumor-released vesicles. (Baumeister et al.,
2016; Ghoneim et al., 2017; Chen et al., 2018; Hartley et al., 2018). PD-L1 and PD-L2
expression in melanoma cells has been linked to IFN-y exposure and subsequent
JAK/STAT/IRF1 signaling. TFs such as MYC, AP-1, HIF-1, and NF-kf are also involved,
depending on melanoma cell phenotype (Casey et al., 2016; Garcia-Diaz et al., 2017; Eddy and
Chen, 2020; Tsai et al., 2023). In addition to PD-1, multiple other immune checkpoint
molecules dampening cytotoxic activity against tumor cells exist, such as CTLA-4, LAG-3,
TIM-3, or VISTA (Lines et al., 2014; Rotte, 2019; Chocarro et al., 2022). Remarkably, PD-1
and CTLA-4 can also be expressed by melanoma cells themselves, with implications for
increased immune evasion and tumor progression and pathogenesis through mTOR regulation
(Kleffel et al., 2015; Clark et al., 2016; Mo et al., 2018; Pistillo et al., 2020). Another

mechanism used by melanoma cells is to recruit or induce immune suppressive immune cells.
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For example, regulatory T-cells inhibit the activity of other T-cells in the TIME, after being
recruited and activated by melanoma-secreted chemokines and cytokines (Huang et al., 2021).
Melanoma cells can also recruit bone marrow-derived myeloid-derived suppressor cells to the
TIME or pre-metastatic niches (Veglia, Sanseviero and Gabrilovich, 2021; Tomela et al., 2023)
and convert them into tumor-associated macrophages, beneficial for tumor progression (Zhou
et al.,, 2020; Mantovani et al., 2022). Additional immune suppressive mechanisms include
reduced immunogenicity by decreasing presentation of melanoma-specific antigens, such as
MLANA, gpl100, or TYR (del Campo et al., 2014; Escors, 2014), and secretion of various
locally or systemically acting suppressive signals. Most significantly, melanoma-derived
exosomes can effectively induce immune dysregulation by several different ways, such as by
containing immunosuppressive cytokines or inducing tumor-supporting immune cell
populations (Isola, Eddy and Chen, 2016; Sharma et al., 2020).

1.4. Angiogenesis and senescence

Accessing or inducing vasculature is crucial for tumor progression because of the increasing
needs for oxygen, nutrients, and waste evacuation. Once the growing tumor mass reaches a
threshold of nutrient availability and hypoxia, a so-called ‘angiogenic switch’ is turned on and
remains constitutively activated (Weis and Cheresh, 2011). Similar to most types of cancer,
melanoma cells and their TME begin secreting angiogenic growth factors such as VEGF or
FGF which sustain the formation of a neoplastic vasculature through gene expression changes
in endothelial cells (Shibuya, 2011; Simons, Gordon and Claesson-Welsh, 2016; Eddy, Shah
and Chen, 2021). Mechanistically, loss of p53 and increased RAS and HIF-1 signaling can
induce the production of VEGF (Rak et al., 1995; Ravi et al., 2000; Oladipupo et al., 2011).
Whereas in normal tissues, a well-regulated equilibrium of angiostatic and angiogenic
signaling is maintained (Figure 43A), the angiogenic switch in tumors maintains the production
of an aberrant, leaky vasculature contributing to many malignant hallmarks of melanoma such
as increased metastasis and intratumoral heterogeneity (Nagy et al., 2010; Cooke et al., 2012;
Cho, Jour and Aung, 2019; Quaresmini and Guida, 2020). Different forms of tumor
neovascularization can occur (Figure 43B). The most well-known form is sprouting
angiogenesis, whereas endothelial cells from mature, normal blood vessels are activated and
form new aberrant tubes which begin sprouting toward tumor cells. However, de novo tumor-
associated blood vessels, which eventually connect to a pre-existing network, can be formed

by the recruitment of bone marrow—derived endothelial precursor cells (EPCs) (Lyden et al.,
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2001; Butler, Kobayashi and Rafii, 2010). Additionally, melanoma cells have the capacity to
differentiate into endothelial-like cells and participate in the formation of new vessels through
vasculogenic mimicry (Hendrix et al., 2003; Vartanian et al., 2011). Recently, the description
of non-angiogenic mechanisms such as vessel co-option have also been described to favor the
neo-vascularization of tumors (Kuczynski et al., 2019).

Cellular senescence is defined in normal conditions as a programmed, irreversible, and stable
cell cycle arrest due to various internal or external stresses such as telomere shortening, non-
repaired DNA damage, or oncogene activation, to stop the growth of abnormally behaving cells
(Di Micco et al., 2021). Importantly, in addition to many other morphological and behavioral
changes, affected cells activate a senescent-associated secretory phenotype (SASP) whereby
many different signaling molecules, such as cytokines and chemokines, are released to create
a pro-inflammatory microenvironment (Coppé et al., 2010). Whereas senescence was long
regarded as a tumor-suppressive mechanism, nowadays it becomes clear that cancers like
melanoma can take profit of certain aspects of senescence. As stated before, oncogene-induced
senescence plays a major role in inhibiting the progression of melanocytic precursor lesions
such as naevi into malignant melanoma. Important molecular players involve p53, p21WAFL/CIPL
p27KiP p16'NK4A p15NK4B and RB, whose mutations allow for senescence bypass (Leclerc,
Ballotti and Bertolotto, 2017) (Figure 44). However, during cancer progression, and especially
the later stages of development, melanoma cells can actively benefit from the SASP of tumor
and TME cells (Faget, Ren and Stewart, 2019; Yang et al., 2021). Through multiple
mechanisms, the secreted factors can stimulate virtually all malignant aspects of melanoma
cells such as increases in proliferation, stemness, angiogenesis, invasion or migration, in
primary tumors or metastatic sites (Ghosh and Capell, 2016; Sun et al., 2018; Kyjacova et al.,
2021; Hu et al., 2022; Homann et al., 2022) (Figure 45). Importantly, melanoma cells can enter
a transitory and reversible slow-cycling senescent-like phenotype, by which they are of benefit
to surrounding proliferating malignant cells with their SASP (Yang et al., 2021). The induction
of this more dormant and resistant phenotype can result from increased DNA damage signaling,
or from extrinsic factors such as hypoxia, starvation, or anti-cancer therapies (Faget, Ren and
Stewart, 2019). It has been shown that cancer cells, upon their escape from this senescent-like
state, become much more invasive and retain an increased stem-like dedifferentiated phenotype
(Medema, 2018; Milanovic et al., 2018). As the senescence signaling programs significantly
overlap with those responsible for dedifferentiation and stem-cell phenotypes, senescence is a

potent driver of melanoma phenotype switching (De Blander et al., 2021).
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2. Enabling hallmarks — Driving forces

2.1. Tumor-promoting inflammation

Inflammation during melanoma progression is a double-edged sword. On the one hand, anti-
tumoral immune surveillance usually efficiently detects and removes malignant cells, but
various escape and immunomodulating mechanisms can lead to cancer cells becoming resistant
and even being aided by chronic inflammation (Dunn, Old and Schreiber, 2004; Zitvogel,
Tesniere and Kroemer, 2006). The term of ‘cancer immunoediting” was coined to describe this
duality of action of the immune system by which it can both inhibit and stimulate tumor
development. This incremental process passes through three phases: elimination, equilibrium,
and escape. Notably, these steps can also be recapitulated in patients developing treatment
resistance after receiving immunotherapies (Vesely and Schreiber, 2013; O’Donnell, Teng and
Smyth, 2019; Gubin and Vesely, 2022). The mechanisms by which cancer cells avoid immune
destruction and reach an equilibrium state, in which tumor-suppressive mechanisms are
inhibited, have been touched upon previously. Several different studies have shown that in later
phases of progression, melanoma cells actively modulate the composition and activity of the
TIME, especially by recruiting and inducing tumor-associated myeloid (including
macrophages, neutrophils, and dendritic cells) and lymphoid cells (including T-cells and B-
cells) (Arango Duque and Descoteaux, 2014; Jiang et al., 2015; Greten and Grivennikov, 2019;
Griss et al., 2019; Hibino et al., 2021) (Figure 46A). For example, melanoma cells can express
the inflammasome component NLRP3 which contributes to the production and release of IL-
1B. This proinflammatory cytokine stimulates the expansion of myeloid-derived suppressor
cells (MDSC) which inhibit NK- and T-cell activity, while recruiting immune suppressive
regulatory T-cells (Tengesdal et al., 2021). These tumor-associated immune cells can in turn
secrete a host of tumor-promoting inflammatory cytokines affecting for example STAT3, HIF-
1, or NF-kB signaling, enhancing melanoma survival, proliferation, or phenotypic plasticity
(Melnikova and Bar-Eli, 2009; Elinav et al., 2013; Hélzel and Tting, 2016; Landsberg et al.,
2016) (Figure 46B). Several studies also link inflammation and pre-metastatic niche formation.
Endothelial cells in the lung express the anti-inflammatory factor DEL-1, which is
downregulated upon inflammatory stress, causing neutrophil recruitment and reduced NK-cell
numbers, constituting a more permissive metastatic melanoma environment (Hyun et al.,
2020). As stated before, melanoma cells can actively send out inflammatory cytokines and

chemokines such as TGFf or TNF to pre-metastatic niches (Figure 36). These factors can for
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example induce the expression of S100 proteins by local stroma cells, which recruits pro-
inflammatory myeloid immune cells and bone marrow progenitors (Peinado et al., 2012, 2017).
Increased lung neutrophile counts result in the degradation of the anti-metastasis and anti-
inflammatory factor TSP-1, further enabling a hospitable metastatic niche (El Rayes et al.,
2015). Of note, tumor-promoting inflammation does not necessarily need to be induced by the
cancer cells themselves, as many external factors such as UV-radiation (Bald et al., 2014;
Ansary et al., 2021), aging (Franceschi et al., 2018) and obesity (Quail and Dannenberg, 2019;

Smith et al., 2020) have been shown to be involved as well.

2.2. Polymorphic microbiomes

One of the perhaps most novel observations in melanoma biology and cancer research in
general is the profound impact of tumor-intrinsic or -extrinsic microbiota on disease
progression, associated inflammation, and therapy resistance (Elinav et al., 2019). Multiple
hallmarks of cancer, such as proliferative signaling or genomic instability, have been observed
to be modulated by bacteria-secreted factors in multiple types of neoplasms, with both
oncogenic and tumor-suppressive properties (Fulbright, Ellermann and Arthur, 2017) (Figure
47). In melanoma cases, it has been shown that the skin and gut microbiomes are significantly
changed compared to controls, and that these dynamically evolve during tumor progression to
reach a state of microbial ecosystem disturbance, referred to as “dysbiosis” (Vitali et al., 2022;
Makaranka et al., 2022; Mekadim et al., 2022). Different mechanisms by which
microorganisms affect melanoma progression have been proposed. Disruption of the skin
barrier, paracrine signaling, DNA damage mediated by microbial toxins, or increased
inflammation due to damage-associated molecular patterns (DAMPSs) or pathogen-associated
molecular patterns (PAMPs), are among the most studied ones (Li et al., 2019; Knippel,
Drewes and Sears, 2021; Woo et al., 2022). In melanoma especially, this last point of
immunomodulation, either through direct interactions or by indirect signaling induction
through metabolites or cytokines, has important effects on immune cells and immunotherapy
(Jain et al., 2021; Villemin et al., 2023) (Figure 48). In the last five years, several important
publications have established a strong link between the composition of the gut/skin
microbiomes and anti-melanoma immunity or clinical responses to immunotherapy treatments
(Gopalakrishnan et al., 2018; Matson et al., 2018; Routy et al., 2018; Spencer et al., 2021; Lee
et al., 2022). The exact reasons why this is the case seem complex and no scientific consensus

has yet been reached. In another study, it was observed that microbiome depletion in a
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melanoma mouse model led to increased bone metastasis, as more tumor-promoting immune
cells were recruited from the gut to the bone marrow, showing a potential risk of excessive
antibiotics treatment in melanoma patients (Pal et al., 2022). Of note, microorganisms are also
a part of the immediate TME, as intra-tumor bacteria are often present inside both cancer and
immune cells, where they can exert metabolic and detoxifying functions (Nejman et al., 2020).

3. Genetic and epigenetic hallmarks — Phenotypic plasticity

3.1. Genetic melanoma heterogeneity

As stated before, melanoma is characterized by both genetic and epigenetic inter- and intra-
tumoral heterogeneity (Figure 19). However, significant differences exist between these modes
of melanoma diversity. Genetic heterogeneity mainly describes differences in driver mutations
whose dynamic progressive acquisition is mediated by the core hallmark of genomic instability,
which is mainly driven by UV-exposure in melanoma. Other players include defective DNA
damage repair, telomere alterations, and defects in chromosome segregation (Jeggo, Pearl and
Carr, 2016). Importantly, genetic changes are irreversible, and their effects and outcomes are
highly context dependent. Hence, the same genetic variant might confer advantages or
disadvantages depending on the specific cell environment, and complex natural selection
dynamics are in play (Turajlic et al., 2019). High genetic heterogeneity is linked to poor
prognosis because Darwinian selection during tumor progression favors highly proliferative,
resistant, or dissemination-prone subclones to emerge. As such, differences in the genotypes
and driver mutations can manifest themselves in distinct degrees of malignant potential and
various branched evolutionary disease progression pathways (Kwong et al., 2017; Osrodek and
Wozniak, 2021; Dharanipragada et al., 2023) (Figures 25 and 26). Remarkably, in some
tumors, specific subclones can acquire mutations that endow such a strong survival or growth
advantage that they can ‘sweep’ through a tumor and outcompete all other genetic
subpopulations, even to the point of extinction. Thus, high initial intra-tumoral genetic diversity
seems to favor the emergence of clonal sweeps, leading in turn to subsequent reduced genetic
heterogeneity with specific selection of the context-dependent most advantageous driver-
mutations in a specific tumor (Reiter et al., 2019) (Figure 49A). However, matters are more
complicated when considering secondary tumor emergence, where several modes of genetic
heterogeneity have been observed, leading to intra- and inter-metastatic genetic heterogeneity

(Figure 49B). This complexity arises because of different seeding mechanisms, including
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polyclonal seeding and metastasis-to-metastasis reseeding, somatic mutation dynamics, and
metastatic niche-dependent clonal selections (Hunter et al., 2018; Reiter et al., 2018).
Importantly however, de novo mutations conferring selective advantages are stochastic events
that usually take a long time to appear and are not sufficient to explain the high degree of
melanoma adaptability and phenomena such as the rapid appearance of therapy resistance
(Marusyk, Janiszewska and Polyak, 2020; Feinberg and Levchenko, 2023). As such, the other
main source of melanoma heterogeneity is phenotypic plasticity, mediated by non-mutational

transcriptional and epigenetic reprogramming, representing the final two hallmarks of cancer.

3.2. Melanoma plasticity, phenotype switching, and cell states

To adjust to surrounding microenvironmental challenges, melanoma cells can dynamically set
up adaptive phenotypical responses by shifting between different transcriptional and epigenetic
programs, leading to fundamental changes in cell behaviors and biological capacities
(Flavahan, Gaskell and Bernstein, 2017). As such, high degrees of intra-tumoral cell-state
heterogeneity are prevalent in melanoma, with distinct temporally shifting and spatially
localized cell subpopulations displaying different malignant capacities, depending on specific
niche cues (Karras et al., 2022). These dedifferentiation/differentiation processes are made
possible by the intrinsic plasticity of melanoma cells due to their neural crest ontogeny and are
regulated by the expression and activity of different master regulators (Imodoye et al., 2021;
Najem et al., 2022). In contrast to time-consuming, irreversible genetic variation and
adaptation, phenotypic plasticity is a relatively quick, reversible, and graded phenomenon,
meaning that cells can dynamically switch between different phenotypes by activating distinct
transcriptional signatures (Rambow, Marine and Goding, 2019). Importantly, in melanoma,
well-defined markers of the different phenotypic cell states have been identified and have given
key insights into the molecular mechanisms driving phenotype switching and its profound role
in metastasis and therapy resistance (Arozarena and Wellbrock, 2019; Tang et al., 2020; Pedri
et al., 2022).

Although phenotypic cell diversity was already observed in the 1980s (Fidler et al.,
1981; Bennett, 1983), a molecular and transcriptional characterization of the different
melanoma cell states only became possible with the advent of high-throughput sequencing
(Fattore et al., 2019) and the characterization of MITF, the master regulator of phenotype
plasticity in melanoma (Hodgkinson et al., 1993; Hughes et al., 1994). As stated before, MITF

plays a key role in melanocyte differentiation and virtually every other physiological function
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of melanocytes and melanoma cells, by promoting survival, proliferation and the suppression
of senescence and invasive capacities (Goding and Arnheiter, 2019; Chauhan et al., 2022).
Thus, its loss of expression or activity leads to profound epigenetic changes and
dedifferentiation (Riesenberg et al., 2015; Tsoi et al., 2018). Initial studies on the functions of
MITF appeared contradictory as its perceived role in stimulating cell proliferation was at odds
with its contribution to a differentiation-mediated cell cycle arrest (Garraway et al., 2005;
Loercher et al., 2005). However, this paradox was resolved by the “rheostat model hypothesis”
that stipulates that high levels of MITF activity promote differentiation and reduced
proliferation, intermediary levels promote intense proliferation accompanied by the Warburg
effect, and low-level activity induces a slow-cycling, dedifferentiated state characterized by
invasive behavior and senescence (Carreira et al., 2006; Seberg, Van Otterloo and Cornell,
2017) (Figure 50).

Around the same time of the rheostat model description, key studies from Hoek et al.
in 2006 and 2008 confirmed this theory by broadly identifying two main in vivo cell states
based on differential gene signature expression profiles, corresponding to the proliferative and
invasive phenotypes. The transcriptomes of these cell states were thoroughly analyzed in
various subsequent studies, with significant contributions from the Jean-Christophe Marine and
Stein Aerts research groups, and with different nomenclatures emerging and evolving over time
(Widmer et al., 2012; Verfaillie et al., 2015; Tirosh et al., 2016; Pastushenko et al., 2018;
Rambow et al., 2018; Tsoi et al., 2018; Wouters et al., 2020; Marin-Bejar et al., 2021; Karras
et al., 2022) (Figure 51). The initially identified proliferative/differentiated melanoma cells
display high proliferation rates but poor migratory and invasive properties and express
intermediary to high expression and activity levels of MITF and its regulator TFs SOX10 and
PAX3. On the other hand, the invasive/un- or dedifferentiated/mesenchymal-like melanoma
cells display a more stem-like state characterized by the loss of melanocytic markers while
overexpressing RTKs such as AXL and EGFR and being dominated by BRN2 and AP-1/TEAD
TF activity. Additionally, they express EMT-like genes, including SNAIL, ZEB-1, SERPINE1,
CDH2, or SOX9, and display heightened TGF-B, TNF-a, Hippo, WNT, HIF-1, and NF-xB
signaling, related to high invasiveness, ECM modulation, and drug tolerance (Caramel et al.,
2013; Richard et al., 2016; Luond et al., 2022). Importantly, these studies also demonstrated
that melanoma cells can move back and forth among these phenotypes, with profound
consequences for tumor progression (Figure 52). While the distinct gene expression signatures
and cell-state markers were reminiscent of the EMT encountered in epithelial cancers (Figure

53), this phenomenon was named phenotype switching in melanoma, since melanoma cells
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are not truly epithelial or mesenchymal cells (Hoek & Goding, 2010). As such, this term does
not refer to a switch between two pre-defined states but rather indicates a general transition
between different melanoma cell states.

Indeed, more recent studies utilizing single-cell RNA-sequencing on melanoma tumors
detected cells with intermediary or transitory phenotypes, expressing genes of both the
previously identified proliferative and invasive signatures, as well as other outlier cell states.
This proved the existence of additional cell phenotypes and a greater complexity beyond the
simple black-and-white proliferative/invasive switch in melanoma (Tirosh et al., 2016; Ennen
et al., 2017; Rambow et al., 2018; Tsoi et al., 2018; Wouters et al., 2020; Karras et al., 2022).
In 2019, Rambow, Marine and Goding proposed the following human melanoma cell state
classification into six phenotypes, based on increasing MITF and SOX10 activity levels:
Mesenchymal-like or dedifferentiated (or undifferentiated), Neural Crest Stem Cell (NCSC)-
like, Starved melanoma cell (SMC), Intermediate, Melanocytic or differentiated, and Hyper-
differentiated or pigmented (Figure 54). In this new nomenclature, the dedifferentiated and
NCSC-like cells correspond to the broader invasive phenotype discovered a decade earlier by
Hoek et al., whereas the SMC and intermediary cells describe a transitory state between the
invasive and the differentiated/melanocytic (previously called proliferative) phenotypes
(Verfaillie et al., 2015). While melanocytic, intermediate, and dedifferentiated cells are
detectable in drug-naive tumors (Ennen et al., 2017), NCSC-like, SMC and pigmented cells
are rarer subpopulations that more likely arise with drug treatments (Rambow et al., 2018).

For example, MAPK inhibitor treatments have been shown to promote an important
PAX3-dependent upregulation of MITF activity (Smith et al., 2016), leading to the emergence
of melanin-producing hyper-differentiated melanoma cells, characterized by a slow-cycling
and therapy-resistant terminal differentiation state. As high MITF activity upregulates
mitochondrial-biogenesis genes such as PGCla, these cells become highly dependent on
OXPHOS (Hagq et al., 2013). This fundamentally differentiates these hyper-differentiated cells
from the fast-cycling, Warburg-effect-dependent melanocytic population, which constitutes the
majority of cells encountered in treatment-naive tumors (Rambow et al., 2018). Intermediate
melanoma cells with moderate migratory capacities were initially only defined as a mixed
transition state between the proliferative and invasive phenotypes, expressing genes of both.
However, it has since become clear that it is rather its own discrete and stable cell state,
regulated by a distinct open chromatin landscape and a specific and unique set of transcription
factors, including SOX6, EGR3, NFATC2, and RXRG, whose loss leads these cells towards a

more dedifferentiated fate (Wouters et al., 2020). As stated before, stress factors such as
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hypoxia, drug treatment or nutrient limitation often give rise to slower cycling and more
resistant states through epigenetic and metabolic reprogramming, which often passes through
a transitory starved melanoma state (Rambow et al., 2018). As such, SMCs display a PAX3-
dependent mixed expression of proliferative, invasive and NC marker genes while reducing
their cancer cell metabolism signature (Kim et al., 2016). Instead, they increase the expression
of angiogenesis and fatty acid catabolism genes such as the fatty acid translocase CD36,
rendering them highly metabolically adaptive. As such, they are uniquely poised to act as a
founder or waypoint state toward more stress- or treatment-resistant phenotypes, including the
hyper-differentiated, dedifferentiated, or NCSC-like cell states (Aloia et al., 2019; Huang et
al., 2021). Consistent with this, in patient-derived xenograft (PDX) models, drug treatments
induced the initial apparition of SMCs which disappeared concomitantly to the appearance of
these more resistant phenotypes, predominantly NCSC-like melanoma cells (Rambow et al.,
2018). Together with the dedifferentiated cells, NCSC-like cells also lack MITF activity and
display a mesenchymal/invasive signature with the expression of AXL. However, they also
express an NC-like gene signature that includes SOX10, NGFR, GFRA1, SOX2, RXRG, and
AQP1 (Fallahi-Sichani et al., 2017; Restivo et al., 2017; Larribere and Utikal, 2019; Wessely
et al., 2021). Both the dedifferentiated and NCSC-like states have been shown to be slow-
cycling, intrinsically drug-resistant, and, as mentioned before, they are able to transdifferentiate
into dormant CAF- or endothelial-like cells, the latter being able to perform vasculogenic
mimicry (Rambow, Marine and Goding, 2019). It is however the NCSC-like subpopulation
that is mainly found enriched upon therapy and is thought to be the main culprit of melanoma
resistance and relapse (Rambow et al., 2018; Tsoi et al., 2018; Boshuizen et al., 2020; Liu et
al., 2021). Importantly, NCSC-like cells have been strongly associated with stem-cell-like
dormancy and quiescence (Diener and Sommer, 2020; Liu et al., 2021; Marin-Bejar et al.,
2021). Additionally, a landmark study from Karras et al. in 2022 demonstrated different
functions of dedifferentiated and NCSC-like cells in a melanoma mouse model. In this study,
NC-like cells were preferentially found in proximity of perivascular endothelial cells, where
Notch-dependent intercellular signaling maintained their stemness. These NC-like cells
displayed important tumorigenic and self-renewal capacities, and they could also give rise to
more proliferative cells to fuel tumor growth, in a function reminiscent of cancer stem cells
(Batlle and Clevers, 2017). On the other hand, the dedifferentiated/mesenchymal-like cells did
not contribute to primary tumor growth but, instead, displayed important migratory and
dissemination capacities. This phenotype was however incapable of giving rise to secondary

tumors, as these mesenchymal-like cells had to switch back to a more tumorigenic and
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proliferative state in a MET-like manner to successfully seed to metastatic niches. Of note, this
study also identified additional phenotypic subpopulations, indicating the progressively
evolving nature of this field. Additionally, the authors emphasized the non-random geographic
distribution of cell states within melanoma tumors, hinting at the profound implications of
TME niche cues on phenotype switching (Figure 55).

3.2. Multi-layered reprogramming in phenotype switching

As the connections between extrinsic factors and the large-scale reprogramming necessary to
induce melanoma cell state transitions have become increasingly more apparent in recent years,
the molecular mechanisms behind phenotype switching are an active area of investigation.
During tumor progression, melanoma cells are exposed to dynamically changing dialogs with
stromal cells and the TME. Once the basement membrane is breached, invading cells can for
example establish novel integrin and laminin interactions with cell populations not usually
encountered, such as other melanoma cells, fibroblasts, and immune or endothelial cells (Golan
et al., 2015; Attieh et al., 2017; Vannini et al., 2019) (Figure 56). While normal adhesion to
keratinocytes through E-cadherin is lost (Haass et al., 2005), N-cadherin interactions get the
upper hand, along with the activation of various other adhesion and signaling pathways through
changes in the TME. Many of these novel interactions and exposures have been shown to
downregulate MITF activity and promote dedifferentiation, such as increased TGF-p (Javelaud
et al., 2011), inflammation (Landsberg et al., 2012; Riesenberg et al., 2015), hypoxia (Feige et
al., 2011; Cheli et al., 2012; O’Connell et al., 2013; Louphrasitthiphol et al., 2019), altered
ECM stiffness (Kaur et al., 2019; Diazzi, Tartare-Deckert and Deckert, 2023), or nutrient
availability (Falletta et al., 2017; Ferguson et al., 2017). This happens through a complex
network of multiple molecular mechanisms, including changes in membrane receptors or
intracellular signaling (Najem et al., 2022; Pagliuca, Di Leo and De Zio, 2022; Hossain and
Eccles, 2023). Many of these stimuli, including glucose, amino acid, and oxygen deprivation,
seem to converge through oxidative stress on elF2a, a translation initiation factor that, when
phosphorylated, leads to global protein translation inhibition (Falletta et al., 2017) (Figure 57).
As translation is a high-energy process, this stress and starvation response aims to minimize
the energy consumption of cells by reprogramming translation toward selective transcripts
needed for adaptation and survival (Pathria et al., 2019). This leads to the inhibition of elF2B
and the activation of the AP-1 factor ATF4, both of which suppress MITF activity, while

stimulating the expression of invasive signature genes such as AXL (Ferguson et al., 2017;

99



Actin remodeling

|

Invasion, dedifferentiation, inflammation, MAPKi-resistance, immunotherapy-resistance

Conditions Factors Master regulators Signaling pathways/mechanisms

Metabolic stress Hypoxia HIF1o HIF1o. — BHLHE40/BHLHB2 (HMITF) — dedifferentiation
HIF1o. — WNT5A-ROR2 — invasion
Akt — NF-xB (+HIF1a) — Notch1 — phenotype switching

Nutrient starvation p-elF2a p-elF20. (HelF2B) — ATF4 — AXL — invasion
) ATF4 p-elF20. (HelF2B) — ATF4 (HMITF) — dedifferentiation
Oxidative stress NRF2 NRF2 — ATF4 (HMITF) — dedifferentiation, inflammation
Inflammation & cytokines TNFo. BRN2 TNFo. — BRN2 — phenotype switching
AP-1 (c-Jun) TNFo. — ¢-Jun — phenotype switching
TGFB ATF4 TGFp — ATF4 (HMITF)-proliferation, differentiation
AP-1 (c-Jun) TGFB — c-Jun (or JunB) — phenotype switching
HIF1o TGFB (HPHD2) — HIF1o. — phenotype switching
IL-1 NF-xB IL-1 — phospho-IkB — NF-xB — phenotype switching
AP-1 IL-1 — JNK — AP-1 (c-Jun) — phenotype switching

IL-1 — MMP-9 — invasion
IL-1 (HMITF) — dedifferentiatior

IL-6 WNT5A IL-6 — MAPK — WNT5A — phenotype switching
CA-IX IL-6 — CA-IX — phenotype switching

Extracellular Ligands.

Receptors
Transcription factors.
Transcriptional repressors.

Translational factors.
Others.

Figure 59. Stress-specific pathways and transcriptional networks driving melanoma
phenotype switching.
Adapted from Huang et al., 2021.

100



Garcia-Jiménez and Goding, 2019; Phung et al., 2019). Concurrently with the translational
reprogramming, a crucial metabolic rewiring regarding fatty acid usage helps the emergence
of the above-mentioned highly adaptive SMC state, poised to switch to other phenotypes
(Vivas-Garcia et al., 2020; Oren et al., 2021; Falletta, Goding and Vivas-Garcia, 2022). MITF
activity can be regulated through several other mechanisms, such as through nuclear export
(Ngeow et al., 2018), miRNAs (Arts et al., 2015; Qian, Yang and Yang, 2017), or differential
DNA binding affinity (Louphrasitthiphol et al., 2020).

Multiple epigenetic mechanisms contribute to phenotype switching, leading to
profound chromatin and transcriptional remodeling (Strub, Ballotti and Bertolotto, 2020)
(Figure 58). Whereas in proliferative cells, the enhancer landscape resembles that of
melanocytes, invasive cells acquire a mesenchymal-like chromatin landscape reminiscent of
fibroblasts, in which the SOX10 promoter for example acquires the repressive H3K27me3
mark, whereas the invasive marker TF SOX9 is expressed through the loss of promoter
hypermethylation and novel long-range enhancer interactions (Cheng et al., 2015; Verfaillie et
al., 2015). Various histone modifiers and chromatin remodelers, including KDM1B, KDM5A,
KDMBG5B or BRG1 are altered during phenotype switching (Sharma et al., 2010; Roesch et al.,
2013; Laurette et al., 2015; Emmons et al., 2019). Additionally, a great number of miRNAs
and IncRNAs have been shown to either up- or downregulate proliferative or invasive signature
genes (Segura et al., 2009; Li et al., 2018; Coe et al., 2019; Siena et al., 2019; Varrone and
Caputo, 2020). Remarkably, on the single-cell level, not all melanoma cells seem to display
the same levels of transcriptional adaptability, which would explain why oftentimes just a
subset of cells in a tumor manages to survive certain stresses such as exposure to melanoma
treatments. In important studies by Shaffer et al. in 2017 and Torre et al. in 2021, it was shown
that the cells which were pre-destined to adapt and become drug-resistant were the ones already
displaying increased transcriptional variations and fluctuations in MITF and SOX10 levels,
and which sporadically and stochastically expressed invasive and resistance markers such as
AXL, EGFR, NGFR, JUN, LATS2, or RUNX3. These studies further consolidated the notion
of transition states and postulated that phenotype switching operated through an initial rare cell
subpopulation primed for cell fate transition, which displays increased transcriptional
flexibility. In these cells, stress exposure would lead to cellular reprogramming, giving rise to
stable new phenotypes. This epigenetic remodeling is due primarily to the incremental loss of
the MITF/SOX10 regulon, which lifts the inhibition of crucial dedifferentiation TFs such as
JUN (Riesenberg et al., 2015) (Figure 59). This is followed by the activation of new signaling
pathways, mediated by the activity of TEAD and AP-1 factors (Verfaillie et al., 2015).
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From Curti and Faries, 2021.
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D. The clinical management of cutaneous melanoma and
therapy resistance mechanisms

1. Melanoma treatment in 2023

1.1. Surgical treatment and a historical perspective for metastatic disease

More than 90 % of melanoma patients are diagnosed with localized or regional disease, for
which the standard care is surgery. Tumor resection usually leads to complete remission and
an excellent 5-year survival rate of over 95 % (Joyce, 2017). The resection margin required for
local excision is determined by Breslow depth, as wider and deeper surrounding tissue sections
are removed depending on how far the tumor has progressed (Gillgren et al., 2011). Currently,
patients with risk of lymphatic nodal metastases undergo wide excisions with 1- or 2-cm
margins depending on tumor thickness, accompanied with sentinel-node biopsy, meaning that
lymph nodes receiving direct drainage from the tumor site are removed and examined for
metastatic presence (Faries et al., 2017). In some cases of higher-risk melanoma, IFN-a
adjuvant therapy can be of benefit (Ives et al., 2017). Unfortunately, tumor resections become
impossible with widespread metastatic melanoma, and survival chances look bleaker.

Nevertheless, melanoma has been pointed to as a prime example of how the
understanding of underlying biological mechanisms, such as how cancer cells evade the
immune system or which driver genes are responsible for tumor growth, gives rise to the
development of novel therapeutics (Luke et al., 2017; Leonardi et al., 2018). Until roughly a
decade ago, metastatic melanoma presented an overall survival of less than 10 % (Dickson and
Gershenwald, 2011), with only two FDA-approved treatments available until 2011: the
chemotherapeutic drug dacarbazine and high-dose IL-2 immunotherapy. Unfortunately, these
did not significantly improve overall survival and were limited by meager response rates and
severe toxicity (Benjamin, 1979; Finn, Markovic and Joseph, 2012). However, with the
revolutionary introduction of MAPK pathway and immune checkpoint inhibitors as the new
standard of care for metastatic melanoma since 2011, patient survival has dramatically
increased, as today over half of patients experience significant clinical benefits (Curti and
Faries, 2021; Jenkins and Fisher, 2021) (Figure 60). In some distinct cases, oncolytic viruses

or radiotherapy are also used (Ernst and Giubellino, 2022), but these will not be discussed here.
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1.2. Targeted therapy through small-molecule MAPK inhibitors

The discovery in the early 2000s that the MAPK pathway is hyper-activated in 90 % of
melanoma cases (Davies et al., 2002), ultimately led to the development of Vemurafenib, a
first-in-class orally available and selective inhibitor of V600E-mutated BRAF, displaying high-
affinity binding to its ATP-binding pocket (Figures 61 and 62) (Bollag et al., 2010; Chapman
et al., 2011). This leads to strong cytostatic and cytotoxic effects through abrogation of the
MAPK pathway in BRAF-mutated cells (Yang et al., 2010; Marchetti et al., 2018). This agent
provided a clinical benefit previously unheard of in metastatic melanoma, by efficiently
abrogating MAPK signaling. Compared to dacarbazine chemotherapy, the response rate was
48 % versus 5 %, the median progression-free survival was 5.3 months versus 1.6 months; and
the median overall survival was of 13.3 months versus 10.0 months (McArthur et al., 2014). A
second BRAFV600 inhibitor, Dabrafenib, was approved in 2013 and showed very similar
clinical benefits, albeit having a slightly broader inhibition spectrum, as rarer BRAF mutations
such as V600K were shown to be efficiently targeted (Hauschild et al., 2012; Long et al., 2012).
In 2018, a second-generation BRAFV600 inhibitor named Encorafenib was approved, which
displays distinct pharmacological properties and a higher efficacy through prolonged target
suppression (Koelblinger, Thuerigen and Dummer, 2018). Besides BRAF inhibitors, small
molecules targeting the downstream MEK1/2 kinase have also been approved, in the hopes of
blocking a wider array of upstream oncogenic mutations. Trametinib was the first MEK
inhibitor to be approved in 2013, resulting in progression-free survival of 4.8 months vs. 1.5
months compared to dacarbazine (Flaherty et al., 2012). This was then followed by the
development of Cobimetinib and Binimetinib (Garnock-Jones, 2015; Tran and Cohen, 2020).
Today, combination treatment between BRAF and MEK inhibitors constitute the standard of
care for targeted therapy in BRAF-mutated melanoma patients (Figure 61), as response rates
exceeding 60 % and a complete response rate of up to 18 % can be achieved (Curti and Faries,
2021). Despite these modestly promising results, survival gains are still mainly counted in
months, and major drawbacks limit the clinical efficacy of MAPK inhibitors (MAPKi). First,
there is a severe lack of efficient targeted therapies for BRAF wild-type melanoma cases, such
as for the 25 % of patients carrying NRAS mutations (Randic et al., 2021). For these patients,
BRAFV600 inhibitors cannot be used, and MEK inhibitors display significantly reduced
potency (Solit et al., 2006; Dummer et al., 2017), so that targeted therapy is not used as a first-
line treatment for non-BRAFV600 melanomas (Kozar et al., 2019) (Figure 61). Many adverse

effects have been documented over the years, including rashes, photosensitivity, arthralgia,
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fatigue, fever, as well as hepatic, ocular, cardiovascular, and immune-related toxicities (Luke
et al,, 2017; Boutros et al., 2020; Subbiah, Baik and Kirkwood, 2020). Worryingly, a
paradoxical hyper-activation of MAPK signaling in BRAF wild-type cells through RAF
dimerization (CRAF homodimers or CRAF-BRAF heterodimers) and auto-activation, was
shown to be induced in patients receiving BRAF inhibitor treatments such as Vemurafenib
(Hatzivassiliou et al., 2010; Poulikakos et al., 2010). In some cases, this led to the emergence
of cancers, such as squamous cell carcinomas, keratoacanthomas, new primary melanomas,
leukemias, and colon carcinomas (Callahan et al., 2012; Holderfield, Nagel and Stuart, 2014;
Zhang et al., 2015). Fortunately, these developments could be mitigated by BRAF/MEK
inhibitor combinations, which increase the progression-free survival by approximately three
months when compared to BRAF inhibitor monotherapy and delay the onset of drug resistance
(Subbiah, Baik and Kirkwood, 2020; Tanda et al., 2020). However, while these combination
treatments seem to slow down the onset of treatment insensitivity (Griffin et al., 2017), this
fate seems in most cases still inevitable, as most patients develop resistance to MAPKi
treatments within a year (Villanueva, Vultur and Herlyn, 2011; Rebecca and Herlyn, 2020).

1.3. Immune checkpoint inhibitors

Multiple biological insights have propelled immunotherapies, in addition to MAPK inhibitors,
to become one of the two cornerstones of modern melanoma clinical management (Domingues
et al., 2018). Melanoma is recognized as having one of the highest mutational burdens of any
cancer and is therefore thought to be highly immunogenic, as higher mutation rates result in
more neo-antigens, increasing T-cell recognition (Jardim et al., 2021). As such, melanomas,
compared to other neoplasms, tend to be ‘hot tumors’ displaying high levels of immune
infiltrates and a more inflamed tumor microenvironment (Vareki, 2018; Kang et al., 2020;
Niknafs et al., 2023). However, as stated before, melanoma cells utilize multiple mechanisms
to evade immune destruction, including the subversion of the immune-regulatory PD-1 and
CTLA-4 receptors. As such, monoclonal antibodies that function as immune checkpoint
inhibitors (ICIs) have been developed to increase the natural cytotoxic response against cancer
cells, especially for melanoma non-BRAF patients (Pardoll, 2012; Carlino, Larkin and Long,
2021; Huang and Zappasodi, 2022) (Figures 61 and 63). The first ICI to receive FDA approval
was the CTLA-4 inhibitor Ipilimumab in 2011. CTLA-4 is an immune-inhibitory receptor
expressed on the surface of activated T cells through chronic tumor antigen presentation,

mainly by dendritic cells, which inhibits the mounting of an anti-cancer response (Snyder et
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al., 2014). CTLA-4 blockade by Ipilimumab showed an increase in the 3-year overall survival
rate to 22 %, compared to 5 % with chemotherapy (Hodi et al., 2010; Schadendorf et al., 2015).
Importantly, survival rates seemed to plateau after three years, demonstrating for the first time
that long-term disease management is possible for a subset of melanoma patients through ICIs
(Eggermont et al., 2019). Unfortunately however, response rates for monotherapy are only
about 10 %, and autoimmune-related side effects are observed in up to 80% of patients, of
which over one-third experience severe-grade toxicities such as dermatitis, encephalitis, or
hepatitis (Ernst and Giubellino, 2022) (Figure 64). In 2014, two anti-PD-1 monoclonal
antibodies, Pembrolizumab and Nivolumab were approved. Importantly, they displayed
increased efficacy compared to Ipilimumab, with superior response rates (20-40 %), better
overall survival (up to 44 %) and more durable antitumor immune activities, even in BRAF-
WT tumors, while displaying reduced toxicities (Ribas et al., 2015; Robert et al., 2015, 2019;
Weber et al., 2017; Hodi et al., 2018). More recently, the PD-L1 inhibitor Atezolizumab and
the LAG-3 inhibitor Relatlimab were also approved (de Azevedo et al., 2021; Paik, 2022). Due
to the ineffectiveness of MAPKi in BRAF-WT melanomas, these patients only receive
immunotherapies, whereas ICIs followed by MAPKIi constitute the preferred treatment
sequence for most BRAF-mutated patients today (Atkins et al., 2023). However, in very rapidly
advancing cases, MAPKIi seems to be the more optimal first-line option, as clinical responses
to ICIls may take longer to manifest (Kozar et al., 2019). Combining CTLA-4 and PD-1
inhibitors was shown to be effective, with less non-responders and 5-year survival rates of
roughly 50 % compared to 25 % for monotherapies (Larkin et al., 2019). However, these
combinations are also associated with significantly higher risks of severe toxicity, for up to 70
% of patients (Zimmer et al., 2020). This can be attenuated using drug treatment delays,
glucocorticoids, and anti-TNF antibodies (Brahmer et al., 2018). The most recent clinical trials
are looking at the possibility of combining MAPKi with IClIs, based on data that these might
display synergistic effects, but initial results have been somewhat disappointing (Griffin et al.,
2017; Yu et al., 2019; Ribas et al., 2020; Welti et al., 2022). In conclusion, although IClIs
improve survival in many patients, severe toxicities limit their clinical use in a significant
subset of patients (Carlino, Larkin and Long, 2021; Curti and Faries, 2021). Additionally, still
less than half of patients experience complete remissions, due to intrinsic or acquired treatment
insensitivities, and maximal response rates only being at roughly 50 % (Moreira et al., 2021).
As such, the onset of resistances constitutes the biggest hurdle that needs to be overcome to
improve clinical benefits of both targeted and immunotherapies against melanoma (Ernst and
Giubellino, 2022; Knight, Karapetyan and Kirkwood, 2023).
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2. Mechanisms behind treatment resistance in melanoma

2.1. Different types of resistances

Therapy escape mechanisms can be broadly sub-categorized into either intrinsic or acquired
and genetic or epigenetic resistances (Sharma et al., 2017; Marin-Bejar et al., 2021; Emran et
al., 2022). Intrinsic resistance indicates a pre-existing drug-insensitive state, caused by either
genetic or epigenetic mechanisms, that concerns the entire cancer cell population or only a
subset thereof, which then becomes enriched due to Darwinian selection through drug exposure
(Figure 65A). In most cases, this happens because of the absence of the targeted mutation or
the independence regarding the inhibited pathway (Bagrodia, Smeal and Abraham, 2012;
Kalbasi and Ribas, 2020). On the contrary, acquired resistance refers to cancer cells that
initially respond to the drug, but which can over time adapt to become insensitive. This can
happen through a stepwise selection for gradually more resistant cells that have an increasingly
stable genetically or epigenetically mediated resistance profile, from a starting pool in which
some rare cells are more drug-refractory in a stochastic and dynamically fluctuating manner
(Kelderman, Schumacher and Haanen, 2014; Bell and Gilan, 2020). On the other hand, in
highly plastic cancers such as in melanoma, an initially sensitive subpopulation can adapt, in a
Lamarckian fashion, via epigenetic changes in response to drug treatments, which result in the
cells acquiring a new cell state through phenotype switching (Rebecca and Herlyn, 2020;
Rubanov, Berico and Hernando, 2022). As such, genetic resistance mainly relies on mutations
that either pre-exist the drug treatment or are acquired during it (Van Allen et al., 2014) (Figure
65B). Non-mutational/epigenetic mechanisms allow for phenotypic heterogeneity, with certain
cells expressing specific transcriptional programs providing increased resistance. These cell
states can either be already present before the therapy or be induced by drug exposure (Marine,
Dawson and Dawson, 2020; Boumahdi and de Sauvage, 2020; Shi et al., 2023). Over the last
decades, many different either intrinsic, acquired, genetic, or epigenetic resistance mechanisms
have been identified (Shen, Vagner and Robert, 2020), which are utilized by melanoma cells
to evade therapies. Hereinafter, a concise overview of the well-characterized escape
mechanisms is given. However, it is essential to keep in mind their varied nature, as phenomena
such as drug efflux pumps (Chen et al., 2009), autophagy (Mgrditchian et al., 2017),
antioxidant or detoxification enzymes (Pizzimenti et al.,, 2021), cell-death signaling
deregulations (Hartman, 2020) cell-environment remodeling (Brighton et al., 2018), or

cytoskeleton changes (Orgaz and Sanz-Moreno, 2020) can also be implicated.
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2.2. Resistance to targeted therapy

Intrinsic resistance to BRAF inhibition is observed in 50 % of patients with BRAF-mutant
melanoma, mainly because of the pre-existence of additional alterations in genes such as
GNAQ, PTEN, NF1, RAC, AKT, or RB (Gibney and Smalley, 2013; Turajlic et al., 2014;
Watson et al., 2014; Roesch, 2015). These hyper-activate the MAPK and/or the PI3K pathways
independently of the BRAFV600E mutation, which is also possible by action of the TME.
CAFs were shown to heavily secrete HGF, which stimulates these two pathways as well
(Straussman et al., 2012). Regarding acquired resistance towards MAPKIi, analyses of tumors
from relapsed patients revealed that in 80 % of cases, resistance was due to reactivation of the
MAPK pathway through several mechanisms (Moriceau et al., 2015; Lim, Menzies and Rizos,
2017; Kozar et al., 2019) (Figure 66). Additional mutations in MAPK effectors such as BRAF,
NRAS, MEK and NF1 (Dietrich et al., 2018), BRAF splice variants (Vido et al., 2018),
overexpression of RAF isoforms (Doudican and Orlow, 2017) or of other activators of MAPK
signaling such as COT (Gruosso et al., 2015), can all lead to sustained ERK signaling.
Additionally, melanoma cells can activate alternative signaling pathways to bypass the MAPK
pathway and promote survival and growth, with the PI3K/AKT/mTOR pathway being usually
found activated in drug-resistant melanomas (Shi et al., 2014). This happens through the loss-
of-function of tumor suppressors such as PTEN, or by the activation of RTKs such as EGFR
or AXL (Sun et al., 2014; Cesi et al., 2018; Irvine et al., 2018; Zuo et al., 2018).

Although MAPK:I leads in many cases to significant initial melanoma tumor shrinking,
a small residual subpopulation of resistant cells, which are referred to as “minimal residual
disease” (MRD), remain viable upon drug exposure, and cause subsequent relapse (Marin-
Bejar et al., 2021; Smith, Sheppard and McArthur, 2021) (Figure 67). Whereas this MRD can
be due to mutational mechanisms outlined above, various studies have shown that relapse can
happen without genetic alterations, and rather depend on non-mutational cell state
heterogeneity (Shaffer et al., 2017). Single-cell analyses of melanoma MRD performed by
Rambow et al. in 2018 have shown that phenotypic heterogeneity already present in therapy-
naive tumors is exacerbated upon the treatment with MAPKI, as pre-existing resistant cell
states are selectively enriched, or new cell states emerge by phenotype switching. While the
melanocytic cells, constituting the bulk of the tumor mass, are susceptible to MAPK:i effects,
a subset of these cells initially switch to the starved melanoma (SMC) state through drug-
induced metabolic, translational, and transcriptional reprogramming, driven by ATF4-

dependent stress signaling (Roesch et al., 2013; Liguoro et al., 2020; Oren et al., 2021; Yang
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et al.,2021; Hossain and Eccles, 2023). This is mediated among other mechanisms by increased
ROS presence (Cesi et al., 2017), fatty acid oxidation and CD36 expression (Aloia et al., 2019),
and MITF modulation through abrogated ERK signaling (Haq et al., 2013; Smith et al., 2019).
Starting from the highly adaptable SMC state, cells can either differentiate into pigmented cells
or dedifferentiate into undifferentiated or NCSC-like cells (Pillai et al., 2022). During early
drug tolerance, the switch to the pigmented state seems more favorable, as a PAX3-MITF-
PGCla axis allows for hyperactivated MITF and reduced apoptotic signaling, thus representing
an immediate survival advantage in these cells (Rose et al., 2016; Smith et al., 2016).
Additionally, heightened melanosome production might allow for the sequestration of drugs
(Chen et al., 2006). Longer-term drug resistance was however shown to be rather mediated by
cell dedifferentiation into particularly the NCSC-like state during prolonged MAPKi treatment,
through mechanisms including oxidative stress and FAK signaling (Hugo et al., 2015; Su et
al., 2017; Tsoi et al., 2018; Marin-Bejar et al., 2021). These cells express increased levels of
RTKSs such as AXL, EGFR, or NGFR, allowing them to bypass MAPK signaling, as well as
displaying other stem-like features permitting MAPK:i resistance (Konieczkowski et al., 2014;
Miller et al., 2014; Dugo et al., 2015; Fallahi-Sichani et al., 2017). Collectively, the
intrinsically resistant cell states can emerge concomitantly during tumor adaptation and display
far lower proliferation rates than sensitive melanocytic cells and are thereby less affected by
the cytostatic effects of MAPKi (Ahn, Chatterjee and Eccles, 2017; Perego et al., 2018).
Additionally, they seem to rely on multiple survival pathways rather than depending mostly on
MAPK signaling (Arozarena and Wellbrock, 2017; Guo, Wang, and Li, 2021). Consequently,
resistant cell states become gradually enriched and thus, at the relapse stage, melanomas tend
to display decreased MITF/SOX10/PAX3 expression while increasing AP-1/TEAD-driven
gene signatures, including a predominant expression of AXL and NGFR (Shaffer et al., 2017,
Boshuizen et al., 2018). Importantly, drug-induced phenotype switching can happen in parallel
with mutational resistance mechanisms (Marin-Bejar et al., 2021). Furthermore, recent data
indicates that acquired MAPK:I resistance can cause an immune-evasive TME and cross-

resistance to immunotherapies (Haas et al., 2021).

2.3. Resistance to immunotherapies

Compared to MAPK:I, the mechanistic underpinnings of ICI resistance remain less well
understood, but so-called ‘cold’, less-inflamed, and immune cell-desert tumors show weaker

responses to immunotherapies (Sharma et al., 2017; Bonaventura et al., 2019). In recent years,
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several characteristics of these cold tumors have been elucidated (Huang et al., 2020;
Benboubker et al., 2022; Thornton et al., 2022; Lim et al., 2023) (Figure 68A). They tend to
display lower mutational burdens and thus reduced tumor antigen presentation (Ning et al.,
2022), which can also be due to MHC polymorphisms and mutations, or because of alterations
in JAK/STAT signaling effectors (Zaretsky et al., 2016; Shin et al., 2017; Chowell et al., 2018).
Other pathways can be found to be abnormally activated and hindering the anti-tumor immune
response. Wnt/B-Catenin signaling was shown to favor T-cell exclusion (Spranger, Bao and
Gajewski, 2015; Spranger et al., 2017), and loss of PTEN and subsequently elevated PI3K
signaling results in increased immunosuppressive cytokine release (Trujillo et al., 2019). While
initially favoring anti-tumor immunity, chronic IFNy exposure leads to T-cell depletion and
immunosuppression while transcriptomically reprogramming cancer cells toward ICI
resistance (Benci et al., 2016, 2019; Grasso et al., 2020). Constitutive overexpression of PD-
1/PD-L1 and CTLA-4 (Kataoka et al., 2016; Xie et al., 2019) or expression of new immune
checkpoints such as LAG-3 or TIGIT, either by melanoma cells, their released vesicles, or
other immune cells, have also been implicated in treatment insensitivity (Lui and Davis, 2018;
Zhang et al., 2018; Andrews, Yano and Vignali, 2019). Finally, melanoma cells can evade
immune destruction by recruiting immunosuppressive cells such as regulatory T-cells (Huang
et al., 2021), or by the release of immunosuppressive cytokines, including TGF-f3 (Mariathasan
et al., 2018; Batlle and Massagué, 2019) and IL-6 (Tsukamoto et al., 2018; Chan et al., 2019).

Of note, these cytokines and associated chronic inflammation have been implicated in
inflammation-induced phenotype switching of melanoma cells into dedifferentiated or NCSC-
like states (Landsberg et al., 2012; Arozarena and Wellbrock, 2019; Huang et al., 2021),
through down-regulation of MITF and activation of AP-1/BRN2 signaling (Pierrat et al., 2012;
Riesenberg et al., 2015; Qiao et al., 2016; Hamm et al., 2021). As such, initially hot melanoma
tumors, mainly consisting of melanocytic cells displaying the melanoma-specific MLANA and
gpl100 antigens, are efficiently eliminated by immunotherapy and associated elevated T-cell
function and inflammation. However, such as in MAPKIi resistance, an MRD enriched in
invasive cell types through chronic inflammation can persist and eventually expand, leading to
the emergence of a cold tumor and eventual relapse (Mehta et al., 2018; Tsoi et al., 2018;
Boshuizen et al., 2020; Liu et al., 2021; Patel et al., 2023) (Figure 67). Notably, the invasive
melanoma gene signature (Verfaillie et al., 2015) displays important overlaps with the innate
anti-PD-1 resistance signature (IPRES) described by Hugo et al. in 2016. Several mechanisms
allow for more dedifferentiated melanoma cells to be less sensitive toward ICIs (Huang et al.,

2021; Benboubker et al., 2022) (Figure 68B), including loss of melanoma antigen presentation

117



Genetic Dysregulated b < Y Vulnerabilities
" chando=tm ¢ expression — ¢ —> not predicted by
° program ) " 4 genetic changes

Normal cell state Cancer cell state

Sustaining Evading
proliferative signaling growth suppressors

Nonmutational
epigenetic reprogramming

Unlocking
phenotypic plasticity

Deregulating
cellular
metabolism

Avoiding immune
destruction

Resisting cell Enabling
death replicative
Gene expression immortality
dysregulation and
transcriptional
insgiri]li(:;n 2 addiction Tumor-promoting
mutation ¢ inflammation
Polymorphic
Senescent cells e el

Inducing or accessing Activating invasion &
vasculature metastasis

Figure 69. Transcriptional dysregulation in melanoma cells and their addiction to it as
fundamental drivers of the malignant hallmarks of cancer.
Adapted from Bradner, Hnisz and Young, 2017; and Hanahan, 2022.

118



(Mehta et al., 2018; Lee et al., 2020), upregulated immune checkpoint expression (Cerezo et
al., 2018; Lequeux et al., 2019), increased cytotoxicity resistance (Huergo-Zapico et al., 2018;
Wu et al., 2020; Cheli et al., 2021), the establishment of an immunosuppressive cellular and
cytokine environment (Ouzounova et al., 2017; Douglass et al., 2021; Huang et al., 2021), and
associated T-cell dysfunction (Boshuizen et al., 2020; Plaschka et al., 2022). Importantly, one
of the major research areas in recent years has been to elucidate how to reprogram the TIME
to transform cold tumors back into hot ones, thus rendering them more sensitive to ICIs
(Noman et al., 2020, 2022; Lequeux et al., 2021).

3. Potential prospects and future treatments

Although revolutionary advances have been made in recent years to improve the management
of metastatic melanoma, clinical benefits are still only measured in months rather than in years
for over half of patients (Knight, Karapetyan and Kirkwood, 2023; Pawlik, Morgenroth and
Dummer, 2023). The major problem of treatment resistances underlines the urgent need for
novel therapeutics which could ideally target different driver mutations as well as different
melanoma cell states. Substantial progress is being made to improve targeted and
immunotherapies (Xiao et al., 2018; Margue et al., 2019; Janji and Chouaib, 2021; Randic et
al., 2021), and the inhibition of specific therapeutic vulnerabilities of the different melanoma
cell states could wield potential clinical benefit, such as using RXR antagonists against NCSC-
like melanoma cells (Rambow, Marine and Goding, 2019). Of note, interest and expertise
concerning mMRNA vaccines have been greatly accelerated by the recent COVID-19 pandemic,
with far-reaching implications for immunogenic cancers like melanoma. Vaccines encoding
various melanoma-specific antigens such as gp100 or TYR, to prime and induce host immune
responses, are currently being assessed in clinical trials (Lorentzen et al., 2022; Bafaloukos et
al., 2023). Additionally, another paradigm shift has emerged in cancer research in recent years.
Novel insights into the pervasive role of gene expression dysregulation in virtually every aspect
of cancer pathogenesis have led to the emerging concept of ‘transcriptional addiction’, which
posits that the acquired dependencies on these dysregulations might be leveraged as cancer cell
liabilities (Bradner, Hnisz and Young, 2017) (Figure 69). In neoplasms of a highly plastic
nature such as melanoma, where every cell state seems to be highly dependent on specific gene
expression programs, the inhibition of the transcriptional machinery and its associated

regulators is coming into view as an attractive target of a potential new generation of drugs.
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A. Transcription and its reqgulation

1) Genome architecture and requlatory elements of transcription

1.1. The importance of gene expression regulation and chromatin condensation

One of the most perplexing features of higher multicellular organisms, oftentimes composed
of hundreds of functionally and morphologically different cell types, is the fact that this
complexity can be linearly traced back to a single cell, the fertilized egg. The genetic
information required for the development and maintenance of the human organism resides
within genomic DNA, in the approximately 20,000 genes of the genome. As all cells in an
organism contain mostly accurate copies of the genome of the initially fertilized egg, the
question of how such complex cellular diversity can arise from the same genetic template has
puzzled biologists for the largest part of the 20™" century (Roeder, 2019). The answer that has
emerged over the last 50 years lies in the fact that while different cell types, such as
melanocytes or neurons, are for the most part genetically identical (in terms of DNA
sequences), there is a finely regulated selective reading of the genome, as not all genes are used
by a cell all of the time (Levine and Tjian, 2003; Haberle and Stark, 2018). This is made
possible by the fact that the genetic information includes both protein-coding sequences of
genes and as well as non-coding regulatory elements that govern when, where and to what level
a given gene is expressed. As such, well-regulated gene expression is essential in cell
differentiation, identity and function, and its disruption leads to diseases such as cancers
(Bradner, Hnisz and Young, 2017).

Transcription is executed by RNA polymerase enzymes, which must gain access to so-
called promoter regions located at the beginning of genes in order to synthesize RNA from the
DNA template, acting as a blueprint to build functional proteins (Fuda, Ardehali and Lis, 2009).
In basal conditions however, DNA access is often sterically limited by the condensation of
chromatin (Cramer, 2019). Indeed, for the genome to fit into the limiting space of a human cell
nucleus, with a diameter of 5 to 20 um (Lammerding, 2011), the genetic material, consisting
of around 2 m of DNA, needs to be compacted. Nevertheless, this nuclear condensation of
DNA and associated proteins, the so-called chromatin, must be dynamically flexible enough
for the correct genes to be accessible to the transcription machinery at the appropriate moments

and in the proper tissues and cell types (Kim and Shendure, 2019). In 1884, the negatively
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charged DNA was found to be associated with small, positively charged nuclear proteins
named histones (Dhall and Chatterjee, 2011), which together form the primary and repeating
unit of chromatin: the nucleosome (Kornberg and Thomas, 1974). The nucleosome consists of
147 DNA base pairs (bp) wrapped around an octamer containing two copies of each of the four
core histones: H2A, H2B, H3, and H4 (Felsenfeld and Groudine, 2003; McGinty and Tan,
2015) (Figure 70). Small sections of nucleosome-free DNA of 20-90 bp join the nucleosomes
together, leading to the ‘beads-on-a-string’ structure of the chromatin fiber, with the linker
histone H1 sealing and stabilizing DNA at the nucleosome entry and exit sites (Kim and
Shendure, 2019; Maeshima, Ide and Babokhov, 2019). From this basic conformation,
chromatin is organized into higher-order structures such as loops, domains, and compartments
(Misteli, 2020) (Figure 71).

The chromatin fiber can auto-interact to form loops of various sizes, spanning from Kbs
to Mbs, with fundamental importance for gene transcription and chromatin compaction
(Dekker and Misteli, 2015; Vermunt, Zhang and Blobel, 2019). Smaller loops (10 to several
hundred kb) usually mediate the proximity and interactions of regulatory transcription
elements, called enhancers or silencers, with gene promoters (Figure 71), thus allowing for
gene expression activation or repression, as will be discussed later. Bigger loops of up to Mbs
in length contribute to the formation of chromatin domains, also called topologically
associating domains (TADs), which are defined as genome regions that interact preferentially
with each other rather than with their surrounding sequences (Dixon et al., 2012; Dekker and
Mirny, 2016; Rowley and Corces, 2018; Misteli, 2020). Inside these TADs, internal loops
occur, supporting the notion of local co-regulation: genes found inside TADs are preferentially
regulated by elements also inside these TADs. These are formed by loop-extrusion
mechanisms, in which the cohesin protein allows for the formation of chromatin loops via its
motor activity (Fudenberg et al., 2016). As such, cohesion generates chromatin contacts and
allows for intermingling within TADs. The outer extremities of the TADs are defined by the
presence of the architectural chromatin protein CTCF, which prevents inter-TAD contacts by
setting strict boundaries (also known as TAD insulation), thus restricting the influence of
outside regulatory elements on genes within the domain (Hsieh et al., 2020; Krietenstein et al.,
2020).

Together, multiple chromatin domains/TADSs coalesce into one of two distinct spatially
segregated chromatin compartments (Dekker and Mirny, 2016; Rowley and Corces, 2018)
(Figure 71). These two distinct compartments represent on one side the transcriptionally active,

less condensed, and therefore RNA polymerase-accessible euchromatin, and on the other hand,
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heterochromatin with silenced gene expression due to a more condensed state (Lieberman-
Aiden et al., 2009; Fraser et al., 2015; Wang et al., 2016). During interphase, chromatin fibers
from a given chromosome are not dispersed throughout the whole volume of the nucleus, but
are restricted to a compact, spatially restricted area, called the chromosome territory (Cremer
and Cremer, 2010). Importantly, the 3D organization of chromatin and the positioning of a
specific TAD or gene locus within a nucleus is highly coordinated and non-random. As such,
inactive genes and heterochromatin tend to be peripherally located near the nuclear envelope,
whereas active genes and euchromatin are more frequently located toward the nuclear interior
(Takizawa, Meaburn and Misteli, 2008; Crosetto and Bienko, 2020). Recent high-resolution
microscopy and chromosomal conformation capture techniques have shown the existence of
so-called transcription factories/hubs/condensates, which are formed by the coalescent
clustering of genome regions with actively transcribing RNA polymerases, representing
specific foci where intense transcriptional activity is concentrated (Hnisz et al., 2017; Chen et
al., 2018; Shaban and Seeber, 2020) (Figure 72). As such, genes tend to be transcribed in
clusters and not individually in a diffused manner throughout the nucleus. This allows for
sharing of transcriptional machinery between multiple genes and improved gene expression
efficiency (Sexton et al., 2007; Cho et al., 2016; Wei et al., 2020; Palacio and Taatjes, 2022).
Additionally, proteins are also non-randomly concentrated in the nucleus into structures called
nuclear bodies such as for example the nucleolus or nuclear speckles (Stan¢k and Fox, 2017)
(Figure 71). Notably, these higher-order chromatin structures, such as transcription factories or
nuclear bodies, are characterized by distinct biophysical characteristics whose importance
emerged in recent years (Hnisz et al., 2017; Boija et al., 2018; Sabari et al., 2018; Lafontaine
et al., 2021). Indeed, structures such as transcription factories behave like membrane-less
organelles, formed through liquid-liquid phase separation by the high concentration of
transcription machinery proteins such as TFs and their intrinsically disordered regions (Dignon,
Best and Mittal, 2020). These protein-rich aggregated condensates, reminiscent of oil droplets
in water, allow for a wide range of functions, including the enhancement of biochemical
reactions (Lyon, Peeples and Rosen, 2021). As such, phase separation and condensation
underlie the formation of transcription factories/hubs, which are nowadays rather called
transcription condensates (Figure 72), allowing for amplified gene expression (Wei et al., 2020;
Bhat, Honson and Guttman, 2021). Finally, although it is well established that chromatin
organization tends to be cell type-specific, the precise molecular mechanisms behind the 3D-
positioning of genes remain largely unknown and are an important topic of current research
(Crosetto and Bienko, 2020; Shachar and Misteli, 2017).
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1.2. Chromatin accessibility and remodeling

Within a nucleus, chromatin compaction states can range from open and hyper-accessible for
the transcription machinery, through more moderate states of accessibility known as permissive
chromatin, to inaccessible, very compacted and closed chromatin (Mansisidor and Risca, 2022)
(Figure 73A). Open and permissive chromatin is found to be transcriptionally active and
collectively represent euchromatin, whereas genes in the condensed heterochromatin are not
expressed. Heterochromatin can be further subdivided into constitutive heterochromatin, which
permanently silences repetitive regions in all mature cells (Lomberk, Wallrath and Urrutia,
2006; Janssen, Colmenares and Karpen, 2018), and facultative heterochromatin, representing
cell-type-specific compacted regions that retain their potential to switch into euchromatin under
certain cues (Trojer and Reinberg, 2007; Zylicz and Heard, 2020). Of note, euchromatin
includes both actively transcribed genes as well as those not being immediately expressed, but
that are in a permissive state poised for transcription (Bulut-Karslioglu et al., 2018).
Importantly, the physical access to DNA is a highly dynamic process, with specific facultative
heterochromatin sections, harboring genes needed by the cell in a given context, becoming less
compacted and thus accessible (Allshire and Madhani, 2018; Klemm, Shipony and Greenleaf,
2019). The open, accessible genome makes up for roughly 3% of the entire chromatin of a cell,
however more than 90% of total bound transcription factors (TFs), proteins binding to specific
regulatory DNA regions in association with cofactors, thereby activating or repressing
transcription, are found in these regions (Thurman et al., 2012).

Several mechanisms allow condensed heterochromatin, displaying regularly
interspaced nucleosomes, to become open euchromatin (Penagos-Puig and Furlan-Magaril,
2020; Mansisidor and Risca, 2022) (Figure 73B). Chromatin remodeling complexes such as
SWI/SNF allow dynamic nucleosome shifting or eviction (Centore et al., 2020; Laurette et al.,
2020). The N-terminal protruding histone tails rich in arginines and lysines can be subjected to
various post-translational modifications (PTMs) by histone-modifying enzymes, forming the
complex histone code (Figure 73C), which influences gene expression through two main
mechanisms (Jenuwein and Allis, 2001; Fillingham and Greenblatt, 2008; Bannister and
Kouzarides, 2011; Morgan and Shilatifard, 2020). First, PTMs such as acetylation modify the
nucleosome's net electric charge, which alters chromatin conformation by loosening DNA-
histone and histone-histone interactions. Second, specific histone readers can recognize PTMs,
such as methylations, which can have repressive or activating functions. Specific chromatin

states are associated with distinct histone modifications: for example, the acetylation of
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lysine 27 of histone H3 (H3K27ac) is a mark of open chromatin and often associated with
active gene expression, whereas constitutive heterochromatin presents high H3K9me3
deposition, and facultative heterochromatin displays high levels of H3K27me3 (Creyghton et
al., 2010; Igolkina et al., 2019; Cai et al., 2021). Other mechanisms allowing for modulating
chromatin compaction levels include DNA methylation (Buitrago et al., 2021), the action of
non-coding RNAs (Cernilogar et al., 2011; Dueva et al., 2019), or the incorporation of histone

variants (Martire and Banaszynski, 2020).

1.3. Regulatory elements of transcription

The transcription of a gene starts at a more or less well-defined DNA position named the
transcription start site (TSS), representing the location where the first DNA nucleotide is
transcribed into RNA (Core et al., 2014; Kugel and Goodrich, 2017; Vo Ngoc et al., 2017). In
higher organisms such as humans, different types of RNA polymerases synthesize different
types of RNA, as RNA polymerase | synthesizes ribosomal RNA and RNA polymerase Il
synthesizes transfer and other small RNAs (Girbig, Misiaszek and Muller, 2022). However, for
the sake of simplification, hereinafter only RNA polymerase 11 (RNAPII)-mediated gene
expression is elucidated. RNAPII transcribes the totality of protein-coding genes, as well as
many non-coding genes (Compe and Egly, 2021; Girbig, Misiaszek and Miller, 2022). The
TSS is usually located within the core promoter of a gene, a roughly 100 bp spanning region
where the transcription initiation machinery, also called the preinitiation complex (PIC),
assembles (Haberle and Stark, 2018). Core promoters vary greatly in terms of DNA motif
composition, functionality, and activity. For highly regulated cell-type-specific genes, a single
defined and focused TSS is often observed, as well as the TATA-box motif (consensus
sequence: T-A-T-A-AITA-A/T-A/G), present in 10-15 % of core promoters, which serves as a
recognition and anchor point for the PIC (Cavallini et al., 1988; Carninci et al., 2006; Muller
and Tora, 2014). However, more constitutively expressed genes, such as housekeeping genes,
often present core promoters with multiple dispersed TSSs and no TATA boxes. This type of
core promoter is often positioned inside regions with high frequencies of CpG dinucleotide
sequences, so-called ‘CpG islands’, spanning up to 1000 bp and associated with a more
accessible chromatin conformation (Fenouil et al., 2012; Compe and Egly, 2021). Within these
CpG-island promoters, certain types of motives such as initiator (Inr) or downstream promoter
element (DPE) can be recognized by the transcription machinery (Smale and Baltimore, 1989;
Landolin et al., 2010).
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The PIC is a large structure, which includes RNAPII, the general transcription factors
(GTFs: TFHA, TFIB, TFIID, TFIE, TFIF, and TFIIH), which are indispensable for proper
gene expression, as well as coregulatory complexes such as the Mediator complex (Murakami
et al., 2015; Chen et al., 2021). Although the core promoter can allow for PIC assembly and
transcription initiation on its own, its basal activity is weak, also because of previously
mentioned steric inaccessibility (Kadonaga, 2012). Increased rates of transcription require that
core promoters find themselves in nucleosome-depleted regions, or regions with specific
histone variants such as H3.3 or H2A.Z, and therefore rely on chromatin remodeling to remove
the topological barriers hindering PIC assembly (Jin et al., 2009; Lorch and Kornberg, 2017;
Mueller et al., 2017; Semer et al., 2019) (Figure 73). As such, gene expression rates can be
increased or decreased by different regulatory elements of transcription, consisting of both cis-
regulatory DNA elements such as enhancers, and trans-acting elements such as transcription
factors (TFs). These are proteins that can recognize and bind specific cis-regulatory DNA
regions, thus modulating transcription in association with cofactors (Spitz and Furlong, 2012;
Shlyueva, Stampfel and Stark, 2014; Zabidi and Stark, 2016) (Figure 74).

An enhancer is defined as a DNA element spanning 50-1000 bp that strengthens the
transcription of a gene, independently of its relative distance and orientation, by being bound
in a sequence-specific manner by TFs (Claringbould and Zaugg, 2021). Different models of
enhancer-promoter interplays have emerged over the years (Haberle and Stark, 2018; Compe
and Egly, 2021). However, many studies suggest that in a first step, specific TFs called pioneer
factors, such as PAX3 or SOX2, recognize their distinct binding sequences through a low-
affinity scanning mechanism, even in the presence of heterochromatin (Michael and Thoma,
2021; Sunkel et al., 2021; Balsalobre and Drouin, 2022). This initiates the opening of closed
chromatin in the enhancer region through the recruitment of chromatin remodelers and histone
modifiers, allowing for other TFs to bind in a more high-affinity manner (Suter, 2020; Jonge
et al., 2022). As multiple TFs can bind an enhancer, their combinatorial occupancy determines
the specific regulation of a target core promoter (Ong and Corces, 2011; Reiter, Wienerroither
and Stark, 2017). The predominant model to explain the influence of enhancers on gene
expression involves cohesin/CTCF-mediated DNA loop formations, which bring enhancers
physically close to core promoters (Rowley and Corces, 2018; Kim and Shendure, 2019; van
Steensel and Furlong, 2019). In this proximity, the bound TFs serve as platforms to recruit
additional cofactors and chromatin remodelers, such as the SWI/SNF or SAGA complexes,
leading to a less compacted promoter landscape (Alver et al., 2017; Baptista et al., 2017)

(Figure 74 and 75A). Additional noteworthy, recruited coactivators are for example the
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acetyltransferase p300, acetylating specific lysine residues on histones but also on TFs and
RNAPII, thereby activating them (Visel et al., 2009; Schrdder et al., 2013). Bromodomain and
Extraterminal (BET) proteins, such as BRD4, constitute a class of coactivators interacting with
acetylated histones, which in tandem with DNA-bound TFs help to recruit larger complexes
that promote transcription initiation, such as the Mediator (Shi and Vakoc, 2014; Donati,
Lorenzini and Ciarrocchi, 2018). This 26-subunit complex directly bridges enhancers to core
promoters and improves the recruitment, positioning, and stability of different PIC components
(Abdella et al., 2021; Chen et al., 2021; Nguyen et al., 2021; Rengachari et al., 2021) (Figure
75B). The Mediator also serves to transduce signals from enhancer-bound TFs towards the
transcription machinery, and is indispensable for the activity of RNAPII, regulating its function
at various steps (Soutourina, 2018; Cramer, 2019; Richter et al., 2022).

Whereas most enhancers span a few hundred bp, two landmark studies from Richard
A. Young’s lab in 2013 characterized for the first time regulatory regions with extreme
enrichment of active chromatin marks such as H3K27ac and transcriptional coactivators
including the Mediator, CDK7 and BRD4, thus resembling large clusters of enhancers
spanning over 12 kb in size (Hnisz et al., 2013; Whyte et al., 2013) (Figure 76). They named
these elements super-enhancers (SEs) and reported them to be predominantly found near key
cell identity genes, while being heavily occupied by cell-type specific master TFs, representing
important lineage regulators (Pott and Lieb, 2015). These studies showed that distinct SEs
could be found in different cell types, and that a small number of these SEs determined cell
fate by activating lineage-specifier expression patterns, such as in the case of the SE-dependent
MITF or SOX10 genes in melanocytes (Eliades et al., 2018; Fufa et al., 2019). More recent
characterizations of SEs confirmed their distinct nature as massive networks of cooperative
interactions between transcriptional co-activators (Cho et al., 2018; Chong et al., 2018), which
phase-condensate to compartmentalize and concentrate the transcriptional machinery to
maintain the constant expression of essential cell-identity genes, as evidenced by the massive
recruitment of RNAPII (Boehning et al., 2018; Sabari et al., 2018) (Figure 76). Through their
cooperative nature, SEs display emergent properties that seem distinct from the sum of their
individual enhancer parts (Hay et al., 2016; Shin et al., 2016; Boija et al., 2018). SEs can thus
drive much higher transcriptional activities and establish more physical contacts with core
promoters than regular enhancers, and they are a critical component of the before-mentioned
transcriptional condensates (Hnisz et al., 2017; Grosveld, van Staalduinen and Stadhouders,
2021; Lyons et al., 2023). Significantly, the discovery of SEs marked a conceptual shift in the

field of gene expression, as this phase condensation model of transcription helped elucidate
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some phenomena such as the temporal dynamics of transcription machinery formation, how a
single enhancer might control multiple genes, and how gene expression might be dysregulated
in cancers (Shrinivas et al., 2019; Blobel et al., 2021; Boija, Klein and Young, 2021).

2. The transcription cycle and the role of TFIIH

2.1. Pre-initiation complex formation

Once the chromatin context favors transcription initiation, RNAPII is guided toward gene
promoters. However, as RNAPII can neither recognize specific promoter elements on its own
nor accurately position itself at the TSS of a given gene, the presence of the GTFs, serving as
a bridge between RNAPII and promoters, is indispensable for accurate gene expression
(Orphanides, Lagrange and Reinberg, 1996). This inability of RNAPII for sequence-specific
binding is exemplified by the fact that most of the genome is transcribed, leading for example
to pervasive bi-directional transcription of enhancer or promoter regions into non-coding RNA
(Kapranov et al., 2007; Andersson et al., 2014, 2015; Core et al., 2014). To guide and improve
the specificity of gene transcription, the function of core promoters and their DNA motifs is to
recruit the GTFs, mediating the assembly of a PIC primed to start RNA synthesis (Kadonaga,
2012; Schor et al., 2017). During the last decade, astonishing advances have been made to
elucidate the structural basis of the intricacies of PIC formation, many of them coming from
Patrick Cramer’s lab (Abdella et al., 2021; Chen et al., 2021; Rengachari et al., 2021; Schilbach
et al., 2021; Wang et al., 2023). Hereinafter, a simplified version of the canonical model of the
sequential PIC assembly on core promoters is presented (Figures 75 and 77).

In a first step, the GTF TFIID recognizes and binds a core promoter DNA motif, thereby
taking on a saddle-like form that covers and bends DNA, constituting a platform for the
recruitment of subsequent GTFs (Davison et al., 1983; Patel et al., 2018). For example, TATA-
boxes are recognized by the TATA-box-binding protein (TBP) subunit of TFIID, whereas other
sequences, such as the before-mentioned Inr and DPE motifs, are recognized by other TFIID
components, namely TBP-associated factors (TAFs) (Pugh and Tjian, 1991; Chalkley and
Verrijzer, 1999; Louder et al., 2016). Importantly, TFIID recruitment and activity are regulated
by many factors, such as the Mediator and SAGA complexes (Johnson et al., 2002; Allen and
Taatjes, 2015; Papai et al., 2020), and its DNA binding stability is increased by the recruitment
of TFIIA and TFIIB (Ozer et al., 1998; Kostrewa et al., 2009). TFIIB then binds RNAPII,

which is anchored to the preformed complex by its association with TFIIF and by the action of
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the Mediator, ensuring the proper orientation of RNAPII recruitment to the PIC (Robert et al.,
1998; Bushnell et al., 2004; Kostrewa et al., 2009; Sainsbury, Niesser and Cramer, 2013).
TFIIE then binds to RNAPII and TFIIF, which allows for proper TFIIH recruitment, finally
completing the PIC (Maxon, Goodrich and Tjian, 1994; Compe et al., 2019).

2.2. The multiple functions of TFIIH and its role in transcription initiation

First purified in 1989, the various roles and dynamic subunit composition of the multi-
functional TFIIH complex have been intensely studied for over three decades, with important
contributions from the Jean-Marc Egly/Frédéric Coin team (Gerard et al., 1991; Egly and Coin,
2011). TFIIH is composed of 10 subunits which are resolved into two sub-complexes: the core
TFIIH (containing six subunits, namely XPB, p62, p52, p44, p34, and p8), linked by XPD to
the cyclin-dependent kinase (CDK)-activating kinase module (CAK, containing CDK7, Cyclin
H, and MAT1) (Schultz et al., 2000; Nogales and Greber, 2019) (Figure 78). The three main
enzymatic subunits of TFIIH, namely the kinase CDK?7, the translocase XPB and the helicase
XPD, play essential roles in various cellular processes (Compe and Egly, 2016). During NER,
TFIIH is recruited to DNA damage sites, where it ejects its CAK sub-complex to be able to
open the DNA double strand around the lesion (Coin et al., 2008; Oksenych et al., 2009; Kokic
et al., 2019). During this process, XPB serves an ATP-dependent DNA-anchoring function
while the helicase activity of XPD unwinds the damaged DNA site, allowing for subsequent
repair by the NER machinery (Coin et al., 2004; Coin, Oksenych and Egly, 2007; Oksenych
and Coin, 2010). The TFIIH CAK subcomplex is fundamentally important in cell cycle
progression control, as the CDK7 subunit phosphorylates the T-loops of CDK1, CDK2, CDKA4,
and CDK®, thereby activating them (Russo, Jeffrey and Pavletich, 1996; Fisher, 2005;
Schachter et al., 2013). More recent studies have also shown the involvement of TFIIH subunits
in processes such as mitotic regulation and chromosome segregation (lIto et al., 2010; Compe
et al., 2022), chromatin condensation (Sandoz et al., 2019), or telomere replication (Yang,
Sharma and de Lange, 2022).

TFIH was first identified as an RNAPII GTF indispensable for transcription, in which
its translocase and kinase activities play preponderant roles (Schaeffer et al., 1993; Coin et al.,
1999; Zhovmer, Oksenych and Coin, 2010; Rimel and Taatjes, 2018) (Figure 78). Although
XPB was initially recognized as a helicase involved in promoter DNA unwinding (Guzder et
al., 1994), emerging models suggest that helicase-independent mechanisms are at play
(Grinberg, Warfield and Hahn, 2012; Fishburn et al., 2015; He et al., 2016; Dienemann et al.,
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2019). These models were supported by a 2017 finding by Alekseev et al. that showed that
depletion of XPB had minimal effects on transcription, whereas pharmacological inhibition of
its ATPase activity significantly impacted RNA synthesis. This apparently paradoxical
situation seemed to fit the integrated XPB blocking model first proposed by J. Gralla, in which
the presence of XPB in the PIC initially blocks promoter unwinding (Lin, Choi and Gralla,
2005). This XPB-dependent inhibition of DNA opening is overcome by its own ATP-
dependent translocation along a short stretch of DNA, which then allows the released binding
energy, inherent in the creation of complex condensates such as the PIC, to break the hydrogen
bonds that hold the DNA strands attached (Figure 79). The opening of the DNA region converts
the closed promoter complex into an open one, harboring the transcription bubble, in which the
single-stranded template DNA is positioned into the RNAPII active site, allowing RNA
synthesis to begin (Plaschka et al., 2016; Alekseev et al., 2017; Glyde et al., 2017; Sandoz and
Coin, 2017; Dienemann et al., 2019). Recently, it has been observed that TFIIH interacts with
the first nucleosome located downstream of the TSS, the co-called +1 nucleosome, whose
rotation is driven by XPB to facilitate nucleosomal DNA detachment (Wang et al., 2023).
Additionally, the relative position of the +1 nucleosome is an important regulator of
transcription initiation, as close proximity to the TSS, a state encountered in heterochromatin,
reduces transcription by affecting the assembly of the PIC and by inducing a closed TFIIH
conformation, by which XPB cannot stimulate DNA unwinding and nucleosome rotation, and
in which the CDKY kinase is distanced from its targets (Abril-Garrido et al., 2023).

The CDKZ7 subunit of TFIIH, while being regulated among others by MAT1, Cyclin H,
TFIIE, and the CDK8 Mediator subunit, can phosphorylate multiple substrates involved in
transcription initiation and elongation (Fisher, 2018). For example, CDK7 participates in the
activation of p53 and many nuclear receptors such as RAR-o and PPARs (Lu et al., 1997;
Rochette-Egly et al., 1997; Compe et al., 2005). Importantly, CDK7 also phosphorylates the
carboxy-terminal domain (CTD) of the largest subunit of RNAPII, RPB1, which contains 52
heptad repeats (Y1S2P3T4SsPeS7) in human cells (Lu et al., 1992; Glover-Cutter et al., 2009;
Harlen and Churchman, 2017) (Figure 80). More specifically, during transcription initiation,
the Mediator positions the TFIIH CAK submodule into a position that permits CDK?7 to directly
phosphorylate serines 5 and 7 (Ser5 and Ser7) of the RNAPII-CTD (Abdella et al., 2021; Chen
et al., 2021; Richter et al., 2022). The phosphorylated CTD can then serve as a recruitment
platform for factors involved in subsequent co-transcriptional events such as RNA capping,
splicing, and polyadenylation (Cho et al., 1997; Phatnani and Greenleaf, 2006; Hsin and
Manley, 2012; Guo et al., 2019). Additionally, as the Mediator cannot bind the phosphorylated
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CTD, CDK?7 also plays an essential role in Mediator-RNAPII dissociation, which allows the
release from the P1C and the promoter escape of RNAPII, paving the way for subsequent phases
of the transcription process (Max, Sggaard and Svejstrup, 2007; Eick and Geyer, 2013; Wong,
Jin and Struhl, 2014).

2.2. Promoter proximal pausing and release into productive elongation

After promoter escape, RNAPII synthesizes a short initial RNA segment which is capped at
the 5° end to protect it against degradation (Fabrega et al., 2003). The nascent RNA remains
hybridized with its complementary DNA to form an RNA-DNA hybrid, still attached to
RNAPII (Luse, 2013; Fazal et al., 2015; Core and Adelman, 2019). This hybrid represents a
steric obstacle that impairs further nucleotide insertions, which can result in RNAPII promoter-
proximal pausing at 20 to 60 nucleotides downstream of the TSS (Saba et al., 2019) (Figure
81). RNAPII pausing is further reinforced by the recruitment of the negative elongation factor
(NELF) and its partner, the DRB sensitivity-inducing factor (DSIF), which recognize the
phosphorylated RNAPII-CTD (Jonkers and Lis, 2015; Bernecky, Plitzko and Cramer, 2017,
Vos, Farnung, Boehning, et al., 2018; Vos, Farnung, Urlaub, et al., 2018). RNAPII pausing
constitutes a significant regulatory step of transcription, as it is a mechanism to both limit and
induce gene expression (Levine, 2011; Li and Gilmour, 2011; Muniz, Nicolas and Trouche,
2021; Abuhashem, Garg and Hadjantonakis, 2022). Indeed, promoter-proximal pausing was
first discovered in Drosophila, in which RNAPII was found enriched in a halted state near
promoters of heat-shock protein (HSP) encoding genes, where it could be rapidly released into
productive RNA synthesis in order to protect the organism if exposed to heat stress (Gilmour
and Lis, 1986; Rougvie and Lis, 1988; Vihervaara, Duarte and Lis, 2018). Whereas the rapid
expression of many stress-response genes is induced by RNAPII pause release, the same
external stimuli, such as heat shocks, cause a global transcriptional downregulation of
metabolic, cell-cycle or housekeeping genes to improve cell survival (Aprile-Garcia et al.,
2019; Gressel, Schwalb and Cramer, 2019). Recent studies have shown that this transcriptional
halting is also mediated by RNAPII pausing, resulting from stress-induced NELF phase-
condensation at many gene promoters (Aoi et al., 2020; Rawat et al., 2021). As such, promoter-
proximal pausing serves to position RNAPII in a poised state for rapid induction of stress
response factors such as HSPs, MYC or FOS (Krumm et al., 1992; Plet, Eick and Blanchard,
1995; Mayer, Landry and Churchman, 2017), but also constitutes a checkpoint and rate-

limiting step of transcription, as RNAPII can be removed from the gene by promoter-proximal
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premature termination (Core and Adelman, 2019; Wagner, Tong and Adelman, 2023).

The release of paused RNAPII into productive RNA synthesis is mediated by the
positive transcription elongation factor b (P-TEFb), found within the larger super elongation
complex (SEC), which is recruited by the Mediator and several co-activators (Takahashi et al.,
2011; Adelman and Lis, 2012; Luo et al., 2012; Dollinger and Gilmour, 2021) (Figure 81). P-
TEFb is itself a complex that includes cyclin T1 or T2 and the CDK9 kinase (Anshabo et al.,
2021). The activity of P-TEFb is tightly regulated by various factors, including MYC, BRD4
and TFIIH, whose CDK?7 subunit phosphorylates CDK9, thereby activating it (Kim et al., 2002;
Larochelle et al., 2012; Itzen et al., 2014). P-TEFb then phosphorylates many proteins,
including NELF and DSIF, triggering NELF dissociation and turning DSIF from a negative
elongation factor into a positive one, serving as a recruitment platform for elongation factors,
thereby initiating RNAPII pause release (Sansé et al., 2016; Fujinaga, Huang and Peterlin,
2023). Additionally, P-TEFb participates in the phosphorylation of Ser2 of the RNAPII-CTD,
but only if it has been primed before by Ser7 phosphorylation through CDK7, to ensure that
only RNAPII at the appropriate transcription stage is targeted (Czudnochowski, Bosken and
Geyer, 2012). As such, P-TEFb and other kinases, such as CDK12 and CDK13, which are also
recruited to the elongation complex, contribute to the phase-separation-dependent
hyperphosphorylation of the CTD, necessary for elongation factor recruitment and, thus, the
switch into effective transcription elongation (Lu et al., 2018; Fan et al., 2020). During the
elongation phase, the CTD loses Ser5 and Ser7 phosphorylation levels while accumulating
higher levels of Ser2P, increasing the recruitment of further elongation, chromatin-modifying
and RNA-processing factors that regulate co-transcriptional processes such as RNA splicing
(Eick and Geyer, 2013; Jeronimo, Bataille and Robert, 2013; Harlen and Churchman, 2017)
(Figure 82). Elongation factors, such as PAF1 or the FACT complex, are recruited after
promoter-proximal pause release, mainly to help with the problem of nucleosomes, which
represent inherent barriers to the elongating RNAPII (Teves, Weber and Henikoff, 2014;
Weber, Ramachandran and Henikoff, 2014). For example, PAF1 is a histone modifying
complex with ubiquitylation and methylation activities, recruited to RNAPII only after NELF
release, whereas the FACT complex displays histone chaperone activity through disassembly
and reassembly of nucleosomes as RNAPII passes through the gene body (Van Oss et al., 2016;
Chen, Smith and Shilatifard, 2018; Couvillion et al., 2022). The rate of transcription elongation
by RNAPII (also called ‘processivity’) has been estimated at an average speed of 2 kb per
minute, ensuring a rapid and efficient synthesis of the RNA molecule (Singh and Padgett, 2009;
Steurer et al., 2018).
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2.3. Transcription termination

RNAPII transcribes the remainder of the transcript throughout the elongation phase until it
passes through a consensus sequence known as the polyadenylation signal (PAS) (Eaton and
West, 2020). At the 3’ ends of genes, pre-mRNAs are polyadenylated and cleaved to generate
mature transcripts (Figures 82 and 83), and these processes are tightly coupled to transcription
termination (Rodriguez-Molina, West and Passmore, 2023). After the PAS is transcribed into
RNA, this sequence, as well as other factors such as phosphorylated Ser2 on the RNAPII-CTD,
are recognized by the large multi-protein complex named cleavage and polyadenylation
specificity factor (CPSF) (Mandel et al., 2006; Kumar et al., 2019; Sun, Hamilton and Tong,
2020). This complex, which harbors endonuclease and polyadenylation polymerase activities,
binds to the AAUAAA sequence and induces RNAPII slowing and RNA 3’ end processing
(Shi et al., 2009). CPSF, in association with other termination factors, then cleaves the pre-
mRNA, thereby releasing it from RNAPII, while an RNA segment with an open 5’ phosphate
remains attached to the latter (Hill et al., 2019; Schmidt et al., 2022). After this point, the exact
mechanisms governing transcription termination remain unclear, however, two models have
been historically outlined: the allosteric and the torpedo model (Eaton et al., 2020). Current
insights propose that these two models might be unified, as they are compatible with each other
(Rodriguez-Molina, West and Passmore, 2023) (Figure 83). Briefly, transcription of the PAS
seems to provoke a conformational change of RNAPII, further slowing it down, which is aided
by other mechanisms. For example, during this termination phase, multiple phosphatases are
implicated in dephosphorylating SPT5, a subunit of DSIF, as well as the RNAPII-CTD,
allowing for the recruitment of termination factors helping to dissociate elongation factors
(Davidson, Muniz and West, 2014; Schreieck et al., 2014; Parua et al., 2018; Cortazar et al.,
2019; Cossa et al., 2021). The slowing down of RNAPII seems to help the so-called torpedo
5°-3” exonuclease XRN2 to recognize the RNA fragment still attached to RNAPII after
cleavage (West, Gromak and Proudfoot, 2004; Eaton et al., 2018, 2020). XRN2 degrades this
fragment until it reaches RNAPII, forcing its release from the DNA template by unknown
mechanisms, thus finishing the transcription cycle and liberating RNAPII for subsequent

rounds of transcription (Eaton and West, 2020; Rodriguez-Molina, West and Passmore, 2023).

3. Diseases associated with transcriptional dysreqgulations

Since their initial characterization in the 1960s, our understanding of the intricate mechanisms

and processes underlying gene expression control have increased dramatically (Jacob and
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Monod, 1961; Roeder and Rutter, 1969; Lis, 2019; Roeder, 2019). In parallel to elucidating
how transcription operates in normal conditions, these insights also helped to understand the
preponderant role of gene expression dysregulation in the etiology of many diseases, including
neurological, cardiovascular, autoimmune, infectious or metabolic disorders, and, of course, in
virtually all types of cancer. As such, many mutations in diverse cis-regulatory DNA elements
or trans-regulatory factors have been identified as direct causes of various pathologies (Lee and
Young, 2013; Bradner, Hnisz and Young, 2017). While it was long thought to be unlikely to
be possible, due to incompatibility with cell viability in most cases, specific mutations in genes
encoding components of the basal transcription machinery have been found to be associated
with various syndromes in recent decades, such as in the cases of TFIID, TFIIH, TFIIE,
Mediator subunits, and in the POLR2A gene encoding RPB1 (Compe and Egly, 2021) (Figure
84). Several specific mutations in the XPB, XPD and p8 subunits of TFIIH have for example
been shown to be causative of the autosomal recessive disorders trichothiodystrophy (TTD)
and xeroderma pigmentosum (XP), which is sometimes associated with Cockayne syndrome
(XP/CS) (Coinetal., 1998; Compe et al., 2007; Vessoni et al., 2020). The symptoms associated
with these pathologies can vary substantially, from brittle hair and nails, ichthyosis, and
neurological abnormalities for TTD, to heightened photo- and UV-sensitivity in patients
afflicted with XP, who display greatly elevated incidence of skin cancers such as melanoma
(Cleaver, 2008; Lehmann, McGibbon and Stefanini, 2011). XP/CS patients also suffer from
dwarfism, skeletal abnormalities, and premature aging (Faghri et al., 2008; Schérer, 2008).
Although these syndromes were initially only ascribed to DNA repair defects, various lines of
evidence suggest that the observed phenotypes are also due to transcriptional anomalies (Coin
et al., 1999; Dubaele et al., 2003; Singh et al., 2015). As such, a more integrated view of the
role of gene expression within the larger network of cellular functions and their link with
genetic diseases is becoming more and more apparent (Matharu and Ahituv, 2020).

A number of similar conceptual framework shifts have been seen in recent decades in
the field of cancer research. Initially characterized on a purely cellular level, scientists soon
became interested in the molecular and genetic causes behind the development of cancers
(Vogelstein and Kinzler, 1993). This led to the discovery of oncogenes, and the introduction
of the idea of ‘oncogene addiction’, heralding the advent of targeted therapies (Weinstein and
Joe, 2006; Felsher, 2008). However, emerging data suggested that the multifaceted and
dynamic hallmarks of cancers cannot be simply reduced to specific mutations, as evidenced by
the temporally limited successes of most targeted therapies (Hartsough, Shao and Aplin, 2014;

Vander Velde et al., 2020). Instead, it has become clear that tumor-growth-mediating
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oncogenes operate within the larger context of epigenetic and transcriptional dysregulation,
manifested through cancer-cell-specific gene expression programs (Sager, 1997; Lee and
Young, 2013; Gonda and Ramsay, 2015; Okabe and Kaneda, 2021). As such, the term
‘transcriptional addiction’ was coined in 2017 by Richard A. Young, describing the increased
dependencies of cancer cells towards certain regulators of gene expression in order to maintain
their aberrant transcriptional programs. In the following pages, the mechanisms leading to
dysregulated gene expression in cancer cells and their effects will be outlined, and how this

transcriptional addiction might be leveraged for novel therapeutic interventions in cancers.

B. Transcriptional addiction in cancer and its targeting

1. Gene expression dysrequlation in cancer cells

1.1. Deregulation of trans-acting factors

Cancer-associated deregulations can affect every level of transcriptional control, including
trans-acting proteins implicated in gene expression regulation (Lee and Young, 2013).
Signaling proteins, TFs, co-activators, chromatin regulators, or chromosome structuring
proteins are recurrently found mutated in cancers, altering their activities, functions, half-lives,
or relative amounts (Weinhold et al., 2014; Calabrese et al., 2020) (Figure 85). Concerning
TFs, the perhaps most well-characterized type of oncogenically deregulated TFs concerns those
involved in signaling control (Sever and Brugge, 2015; Sanchez-Vega et al., 2018). Their role
is to bridge extra- or intracellular inputs, transmitted through a vast network of different
signaling pathways, with appropriate and specific gene expression responses through enhancer
binding (Trompouki et al., 2011; Huilgol et al., 2019; Weidemdller et al., 2021) (Figure 86).
Countless studies have shown that dysregulation of signaling TFs can cause the hyperactivation
or inactivation of specific pathways by various mechanisms, fueling tumor progression (Chen
and Koehler, 2020; Islam et al., 2021). Besides signaling TFs, two other TF types are frequently
deregulated in cancers, whose roles have been elucidated in more recent times: master TFs and
transcriptional amplifier TFs such as MYC (Bradner, Hnisz and Young, 2017) (Figure 87A).

In normal cells, a specific few highly expressed master TFs control the gene expression
programs underlying cell identity and physiological functions by cooperatively binding most

active enhancers, including their own, to form auto-regulatory loops, also named core
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regulatory circuitries (Lee and Young, 2013; Whyte et al., 2013; D’Alessio et al., 2015). In
cancer cells however, master TFs are often either overexpressed or abnormally repressed. In
the case of melanoma for example, proliferative cells overexpress the melanocytic master TFs
MITF and SOX10 involved in tumor survival and differentiation through gene amplification
or acquisition of SEs (Eliades et al., 2018; Rosenbaum et al., 2021; Yokoyama et al., 2021).
On the other hand, dedifferentiated melanoma cells lose MITF and SOX10 expression through
various epigenetic mechanisms to gain invasion and resistance capacities (Rambow, Marine
and Goding, 2019). The deletion of Ikaros, a key player in hematopoietic cell differentiation
and function, constitutes another instance where the loss of a master TF furthers tumor
progression (Kastner and Chan, 2011; Heizmann, Kastner and Chan, 2018). In T-cell acute
lymphoblastic leukemia, Ikaros acts by repressing the transcription of Notch target genes, and
thus, the loss of Ikaros drives Notch-signaling-dependent tumor progression (Jeannet et al.,
2010; Geimer Le Lay et al.,, 2014). Many master TFs have roles in early embryonic
development and are linked to pluripotency, but become repressed in mature cells (Marshall et
al., 2014; Reddy et al., 2021). However, these developmental master TFs can be aberrantly re-
expressed in cancer cells, thereby gaining access to more embryonic and stem-like expression
programs (Monk and Holding, 2001; Yu and Xu, 2020; Islam et al., 2021). For example, T-cell
development master TFs such as TAL1, GATA3, RUNX1, and MYB are highly re-expressed
in T-cell acute lymphoblastic leukemias, mainly through chromosomal translocations or
deletions of inhibitory sequences (Sanda et al., 2012; Mansour et al., 2014). High MYCN
expression, restricted to embryogenesis in normal circumstances, is a recurrent early
phenomenon in childhood neuroblastoma which leads to novel dedifferentiation-stimulating
gene expression patterns (Durbin et al., 2018; Dzieran et al., 2018). MYCN overexpression is
driven by many different mechanisms, including SE acquisition, gene amplification, and
increased mMRNA or protein stabilization through somatic mutations (Rickman, Schulte and
Eilers, 2018; Liu et al., 2021; Otte et al., 2021).

MYC is one of the most frequently mutated genes in cancer (Gabay, Li and Felsher,
2014), with two landmark studies in 2012 by Lin et al. and Nie et al. shedding light on why
over half of human cancers might display predilections for MYC alterations. The authors
proposed a model in which at high, oncogenic levels of MYC, this TF, instead of only binding
to a specific set of target genes harboring the canonically recognized E-box motif, rather
accumulates in the promoter regions of virtually all actively transcribed genes, increasing
global gene expression by a phenomenon named ‘MYC invasion’ or 'transcriptional

amplification' (Littlewood, Kreuzaler and Evan, 2012; Lewis et al., 2018) (Figure 88).
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Mechanistically, oncogenic MYC family proteins can act as universal transcription amplifiers
through alteration of gene expression at nearly all levels, including TF binding dynamics,
RNAPII pause release and mRNA translation, thus providing the heightened transcriptional
output needed by cancer cells to sustain their aberrant phenotypes (Eick, 2018; Zeid et al.,
2018; Singh et al., 2019; Lourenco et al., 2021; Patange et al., 2022; Das, Lewis and Levens,
2023). MYC overexpression can be due to a wide array of reasons, including chromosomal
translocations (Boxer and Dang, 2001), gene amplifications (Dang, 2012), single point
mutations leading to increased stability (Thomas and Tansey, 2011), the loss of upstream
inhibitors such as TGFp (Wanzel et al., 2008) and perhaps most importantly, the establishment
of novel long-range transcriptional regulation of MYC through SEs (Saint- André et al., 2016;
Lancho and Herranz, 2018; Schuijers et al., 2018). It is however important to note that this
‘global amplification’ model is not uniformly accepted in the field, as some researchers propose
a more gene-specific view of MYC activity (Kress, Sabo and Amati, 2015; Baluapuri, Wolf
and Eilers, 2020).

Master TF overexpression is not the only way that it can exert increased or altered
activity, as mutations can change their DNA binding specificities or affinities for example
(Deplancke, Alpern and Gardeux, 2016; lisley et al., 2019). In 2020, Louphrasitthiphol et al.
elucidated a mechanism that illustrates how altered cellular signaling can lead to TF activity
changes. They showed that in melanocytes, MITF widely binds large portions of the genome
through low-affinity binding sites, which act as a TF reservoir. Through MAPK signaling,
oftentimes exacerbated in melanoma through the BRAFV600E mutation, p300-mediated
acetylation of MITF stimulates its more specific recruitment to its high-affinity DNA binding
sites to drive higher target gene expression and melanoma progression. Additionally, specific
transcriptional dependencies can also be mediated by the fusion of oncogenes through
chromosomal translocations or rearrangements (Tuna, Amos and Mills, 2019). For example,
the main driver of Ewing sarcoma is the EWS/FLI fusion protein acting as an aberrant TF,
which causes far-reaching transcriptional rewiring on which the cancer cells become highly
dependent (May et al., 1993; Cidre-Aranaz and Alonso, 2015; Flores and Grohar, 2021).

Besides TFs, transcriptional cofactors such as chromatin remodelers are also frequently
mutated in cancers (Figure 87B). For example, alterations in one of the SWI/SNF subunits are
encountered in roughly 25 % of human cancers, the majority of which are loss-of-function
mutations, suggesting a tumor-suppressive action of SWI/SNF (Centore et al., 2020; Mittal and
Roberts, 2020; Andrades et al., 2023). These tumor-promoting SWI/SNF mutations are most
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likely explained by the aberrant activity of the residual complex in the absence of the mutated
subunit, leading to transcriptional dysregulation and genomic instability (Kadoch and Crabtree,
2015). Of note, the biallelic inactivation of the SWI/SNF BAFA47 subunit is found in nearly all
cases of malignant rhabdoid tumors, in which the mutated BAF47 is unable to remove the
repressive Polycomb complexes from the tumor suppressor CDKN2A locus, leading to
increased cell proliferation (Wilson et al., 2010). However, other SWI/SNF subunits tend to
have more oncogenic roles, such as the BRG1 factor in melanoma cells, in which the master
TF MITF actively interacts and recruits this chromatin remodeler to a large portion of actively
transcribed genes, such as those encoding important melanoma identity factors. As such, the
loss of BRG1 leads to major downregulation of melanoma gene expression programs, strongly
inhibiting tumor growth by inducing senescence (Laurette et al., 2015, 2020). Another
mechanism by which cancer cells can develop profitable transcriptional dysregulations
includes aberrant histone variants (Ghiraldini, Filipescu and Bernstein, 2021). In melanocytes,
the histone variant macroH2A is found to have a repressive role at the CDK8 locus as well as
at specific stem-like-associated enhancers, by blocking BRD4 access (Kapoor et al., 2010;
Mohammed Ismail et al., 2023). During tumorigenesis however, macroH2A is lost at the
expense of H2A.Z.2 which strongly interacts with BRD2, leading to increased CDK8 activity
and cancer cell stemness and proliferation through transcriptional and epigenetic
reprogramming (Vardabasso et al., 2015). Novel transcriptional dependencies can also arise
through Mediator subunit mutations (Méakinen et al., 2011), or alterations in CTCF or cohesion
coding sequences, which change TAD and insulated neighborhood structure and can thus result
in abnormal DNA looping and enhancer/promoter interactions (Guo et al., 2018; Fang et al.,
2020; Di Nardo, Pallotta and Musio, 2022) (Figure 87C).

Finally, one of the most important shifts in the field of molecular biology in the last two
decades was the recognition that non-coding RNAs (ncRNAS), representing about 90 % of total
produced RNAs but initially labeled as ‘junk’, play in fact major roles in gene expression
regulation and cancer progression (Anastasiadou, Jacob and Slack, 2018; Slack and
Chinnaiyan, 2019). Most of the thousands of identified ncRNAs have not been functionally
annotated, but they can be divided into different classes according to their size: small ncRNAs
as for example microRNAs (miRNAs) have an average length of 22 bp, whereas long ncRNAs
(IncRNAs) span over 200 bp (Lorenzi et al., 2021). Functionally, IncRNA are classified into
four types: signaling INcRNAs which can act in many cellular processes as signaling effectors,
decoy IncRNAs storing away TFs, guide IncRNA escorting TFs to their targets, and scaffold
IncRNAs facilitating ribonucleoprotein complex assembly (Wang and Chang, 2011; Bhan,
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Soleimani and Mandal, 2017) (Figure 88A). miRNAs usually downregulate the expression of
specific gene targets, mainly through mRNA degradation induction or translational inhibition,
although they can also function as ligands for specific signaling receptors (Peng and Croce,
2016) (Figure 88B). Importantly, the RNAPII-dependent expression patterns of both INCRNAs
and miRNAs are highly regulated and tissue- or disease-specific, making them potentially
interesting biomarkers or therapeutic targets in cancers such as melanoma (Philippidou et al.,
2010; Nazarov et al.,, 2013; Varrone and Caputo, 2020; Wozniak and Czyz, 2021). For
example, in most melanoma cases, several mechanisms including focal chromosome
amplifications lead to the overexpression of the INcRNAs SAMMSON and LENOX, both
involved in cell metabolism and survival, specifically rendering melanoma cells ‘addicted’ to
their expression (Leucci et al., 2016; Gambi et al., 2022). In parallel, the loss of for example
miRNA-205 has been shown to cause E2F1 overexpression and melanoma progression (Dar et
al., 2011).

1.2. Deregulation of cis-regulatory elements

In the last few decades, the search for the causative mechanisms underlying cancer progression
has led to the discovery of many somatic mutations lying within coding regions, which account
for roughly 2% of the human genome (Pleasance et al., 2010; Poulos et al., 2015). More recent
insights have however shown that most cancer-associated alterations are found in non-coding
cis-regulatory regions, affecting transcriptional and post-transcriptional regulation of gene
expression (Cheng et al., 2021; Castro-Mondragon et al., 2022). The latest version of the
ENCODE project has registered 926,535 human candidate cis-regulatory elements, classified
into promoter-like (H3K27ac and H3K4me3 positive), insulator-element-like (CTCF positive,
DNAsel accessible), and active or poised enhancer-like elements (H3K27ac positive, DNAsel
accessible), collectively constituting 7,9 % of the human genome (Moore et al., 2020).
Recurrent core promoter mutations are somewhat poorly studied, with the exception of TERT
promoter mutations, found in over 50 different types of cancers, such as glioblastoma, bladder
cancer, and melanoma (Killela et al., 2013; Kinde et al., 2013; Bell et al., 2016; Fredriksson et
al., 2014, 2017). In 2013, two landmark studies described for the first time somatic cis-
regulatory mutations in cancer by identifying highly recurrent TERT core promoter mutations,
which in melanoma cells created de novo binding motifs for ETS TFs, thus upregulating TERT
expression (Horn et al., 2013; Huang et al., 2013) (Figure 90A). Another promoter mutation

affects for example the FOXA1 gene in breast cancers, by generating an E2F binding motif
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and driving the strong overexpression of this pioneer factor (Rheinbay et al., 2017).

Insulator sequences, recognized by CTCF and cohesin in order to define the boundaries
of a TAD, are recurrently observed to be altered in different cancers, which leads to abnormal
interactions between enhancers and promoters within a specific genomic region (Katainen et
al., 2015) (Figure 90B). Insulator mutations allow aberrant DNA looping and chromatin 3D
conformation, leading either to transcriptional activation of proto-oncogenes, or the
downregulation of tumor-suppressors through loss of enhancer action (Hnisz et al., 2016). In
many gliomas for example, IDH overexpression leads to the inhibition of histone demethylases,
causing the hypermethylation of insulator sites and reduced CTCF binding, ultimately leading
to oncogenic overexpression of the PDGFRA RTK through aberrant enhancer interactions
(Flavahan et al., 2016). In leukemias, chromosomal rearrangements that disrupt TAD
conformations can cause enhancer delocalization, allowing for the simultaneous loss of
expression of the tumor suppressor GATA2 and the overexpression of oncogenic EVI1
(Groschel et al., 2014) (Figure 91). EVI1 overexpression in leukemias has also been linked to
the hijacking of MY C SEs, which is facilitated by abnormal CTCF-dependent looping (Ottema
et al., 2021).

Soon after the first description of enhancer sequences and functions, it became apparent that
their dysregulation has important roles to play in various diseases, collectively named
enhanceropathies, which encompass all types of cancers (Banerji, Rusconi and Schaffner,
1981; Taub et al., 1982; Smith and Shilatifard, 2014; Chatterjee and Ahituv, 2017). Although
recent high-throughput analyses have helped tremendously in that regard, it is still challenging
to infer the causative links between disease phenotypes and small somatic mutations in
enhancers, including single base alterations, insertions, or deletions (Claringbould and Zaugg,
2021; Okabe and Kaneda, 2021). In some instances, however, single mutations in enhancers
have been linked with altered gene expression, such as in the case of an PAX5-associated
enhancer in chronic lymphocytic leukemia (Puente et al., 2015). In another example, a
polymorphism in a LMO1-associated enhancer causes gene expression modulation through
reduced GATA3 TF binding, leading to neuroblastoma progression (Oldridge et al., 2015).
However, larger genomic rearrangements such as translocations, inversions or focal
amplifications have unequivocally been linked to so-called ‘enhancer hijacking or
mistargeting’, in which genes are unintentionally activated by enhancer delocalization or TAD
disruption (Northcott et al., 2014; Ryan et al., 2015; Drier et al., 2016) (Figure 92).
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These genetic mechanisms affecting enhancer function and activity have also been shown to
cause the acquisition of SEs that activate oncogene expression in cancer cells (Figure 90C) (Jia
et al., 2020; Bacabac and Xu, 2023). In normal cells, SEs act as the main drivers of core
regulatory circuitries governing cell identity, as genes encoding lineage-determining master
TFs are dependent on SEs, while the produced master TFs themselves bind and activate their
SEs, producing cooperative feedforward loops (Adam et al., 2015; Zhang et al., 2020; Wang
et al., 2022; Feng et al., 2023). However, cancer cells hijack SE-function to promote oncogenic
transcription through the acquisition of aberrant, cancer-specific regulatory circuitries and
feedback loops, to which they become highly addicted in order to maintain their cancer cell
states (Hnisz et al., 2013; Sengupta and George, 2017; Chen et al., 2020) (Figure 93).
Importantly, cancer-associated SEs differ from those encountered in normal cells at lineage
genes, by their size (up to 300 kb vs 10 — 20 kb in normal cells), by their extraordinary degree
of internal cooperativity but also by their less transient and more stable nature (Kwiatkowski
et al., 2014; Mansour et al., 2014; Shrinivas et al., 2019). Since their first identification in
myelomas as regions highly enriched in H3K27ac, BRD4, CDK7, P-TEFb, Mediator and TFs
(Lovén et al., 2013), many tumor-specific SEs have been characterized in various cancers,
where they were found to be driving the expression of core oncogenic drivers, such as MYC
and MYCN in neuroblastoma and small cell lung cancer (SCLC) (Christensen et al., 2014;
Durbin et al., 2018), RUNXL1 in esophageal cancer, PAX5 in leukemias (Ott et al., 2018), or
MITF, SOX10, AXL and PGCla in melanoma (Kaufman et al., 2016; Zhou et al., 2016;
Eliades et al., 2018; Gelato et al., 2018). Importantly, these oncogene-associated SEs are absent
in untransformed cells of identical lineage, suggesting that they are acquired de novo during
tumorigenesis and underlie the oncogenic state (Hnisz et al., 2013; Sengupta and George,
2017). Numerous different mechanisms by which SEs drive all hallmarks of cancer progression
have been uncovered, including implications in drug resistances, cellular plasticity, immune
escape or metastasis (Sengupta and George, 2017; Thandapani, 2019; Wu and Shen, 2019;
Tang et al., 2020; Wang et al., 2020; Li et al., 2021). As such, oncogenic SEs have been
proposed as the key mechanism by which cancer cells sustain their abnormal survival and
proliferative phenotypes which require increased ‘transcriptional fuel’ and gene expression
(Chipumuro et al.,, 2014; Kwiatkowski et al., 2014; Grosveld, van Staalduinen and
Stadhouders, 2021; Li et al., 2021) (Figure 94). Oncogenic SEs have been associated with the
induction of key signaling pathways, such as MAPK signaling (Nakamura et al., 2017), but
they also serve themselves as platforms on which oncogenic signaling converges to drive gene

expression, as they tend to be enriched in specific TF-binding sites according to the distinct
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pathways on which a given type of cancer depends (Zamudio et al., 2019). In WNT-driven
colorectal cancer cells for example, SEs are enriched in binding sites for TCF4, the WNT
pathway terminal TF, whereas in hormone receptor-positive breast cancer cells, SE-associated
genes are enriched for estrogen receptor binding sites, which is however not the case in triple-
WT breast cancer cells (Hnisz et al., 2013, 2015; Wang et al., 2015). On the other hand, SE
formation and function can itself be driven by deregulated signaling pathways, as aberrant
MAPK signaling for example has been linked with SE induction, and altered Hippo signaling
has been shown to facilitate global RNAPII pause release through SE activation (Galli et al.,
2015; Nabet et al., 2015; Bojcsuk, Nagy and Balint, 2017).

During tumorigenesis, cancer cells have been shown to acquire SE dependencies
through various mechanisms (Jia et al., 2020). Pre-existing enhancers can become SEs through
small-scale somatic mutations, as was first observed in T-cell acute lymphoblastic leukemia,
where small insertions upstream of the TAL1 oncogene introduced binding sites for the MYB
TF, which recruits p300 and the Mediator, thereby forming a SE (Mansour et al., 2014) (Figure
95A). In other cases however, the mutational inactivation of a tumor-suppressor-associated SE
leads to tumor progression, as is the case with a SNP within the intronic SE of the proapoptotic
BMF gene in chronic lymphocytic leukemia, disrupting RELA binding sites and thus resulting
in reduced enhancer activity and BMF expression, which leads to unrestrained antiapoptotic
BCL2 function (Kandaswamy et al.,, 2016) (Figure 95B). Before-mentioned larger
chromosomal rearrangements can lead to SE-hijacking, as in the case of adenoid cystic
carcinoma, where a translocation event can reposition a distant SE in proximity to the MYB
gene, which, in addition to activating its expression, also creates a positive feedback loop as
MYB itself binds to the newly acquired SE (Drier et al., 2016). Focal amplifications of
enhancer sequences can also lead to SE formation, causing for example MYC and MYCN
overexpression (Chipumuro et al., 2014; Zhang et al., 2016). Importantly, the acquisition of a
novel SE can result in the concomitant deregulation of multiple genes that may cooperatively
contribute to tumorigenesis (Sengupta and George, 2017). Furthermore, in some cases, more
‘exotic’ mechanisms have been implicated in SE formation, such as viral infections (Gunnell
et al., 2016), or increased inflammation (Brown et al., 2014; Zhou et al., 2022). Recent data
also indicates that pre-existing and active SEs can become oncogenic by being highly and
specifically hypermutated, as for example in diffuse large B cell lymphoma, where abnormal
activity of activation-induced cytidine deaminase (AID) leads to SE alterations which inhibits
the binding of transcriptional repressors and causes transcriptional dependencies via the
overexpression of BCL6, BCL2 and CXCR4 proto-oncogenes (Bal et al., 2022). Finally, as SE
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acquisition is in many cases a crucial event needed to sustain the transcriptional addiction of
cancer cells, profiling of SE landscapes has emerged in recent years as a powerful tool for
uncovering novel target genes, particularly in cancers with few recurrently mutated genes
(Mack et al., 2018; Fang et al., 2022).

2. Targeting transcriptional dependencies in cancer

2.1. Inhibiting transcription: From undruggable to reality

In recent decades, it has become more and more clear that rather than being a side-effect of
tumorigenesis and tumor-progression, many neoplastic lesions depend heavily on transcription
dysregulation and altered regulatory gene expression circuitries as the underlying driver of their
aberrant phenotypes (Lee and Young, 2013; Gonda and Ramsay, 2015). Even though every
type of cancer cell might display distinct abnormal gene regulatory networks, they potentially
all share a common transcriptional addiction to the dysregulation of both trans-acting and cis-
regulatory gene expression components, including altered chromatin states, the acquisition of
oncogenic SEs, and a deregulated basal transcription machinery (Bradner, Hnisz and Young,
2017). These dysregulated gene expression states must be constantly upheld by tumoral cells
to maintain their oncogenic hallmarks and to satisfy their high biological turnovers, making
them particularly vulnerable to transcriptional inhibition (Augert and MacPherson, 2014;
Franco and Kraus, 2015). As such, multiple studies in various models have demonstrated that
cancer cells require higher levels of transcription than normal cells, whose lower biological
activities make them less dependent on constant and high gene expression activity. Thus, the
inhibition of transcriptional activity has emerged as a therapeutic avenue with substantial anti-
neoplastic potential (Radhakrishnan and Gartel, 2006; Villicafia, Cruz and Zurita, 2014)
(Figure 96).

Although it has been known for a long time that TFs are often deregulated in cancers, they have
historically been viewed as ‘undruggable’, mainly because of challenges to develop small
molecule inhibitors targeting protein-DNA or protein—protein interactions, as TFs do not
possess more easily targetable enzymatic sites, and because of frequent off-targets effects
(Darnell, 2002; Arkin, Tang and Wells, 2014; Chen and Koehler, 2020; Pathmanathan et al.,

2022). However, recent structural insights have allowed for increased specificity through the
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identification of ‘hotspot residues’ and by using ‘allosteric modulation’, by which a small
molecule binds to a location distinct from the primary site of activity of a TF in order to inhibit
it (Bushweller, 2019). Besides the great successes of small molecules binding to specific
nuclear hormone receptors (Burris et al., 2013), numerous recent promising in vivo results have
allowed for next-generation TF inhibitors to enter clinical trials. For example, molecules
inhibiting MDM2—p53 binding were shown to lead to reduced degradation and thus enhanced
pro-apoptotic activity of p53 (Ding et al., 2013; Tovar et al., 2013), whereas targeting the fusion
oncoprotein CBF-SMMHC led to the reversal of cancer-associated transcription programs in
leukemia (Illendula et al., 2015; Pulikkan et al., 2018). Of note, another recently developed
strategy consists in using ‘proteolysis targeting chimaeras’ (PROTACsSs), which are bifunctional
molecules, binding both to E3 ubiquitin ligases as well as to specific target proteins, leading to
their proteasomal degradation (Bondeson et al., 2015; Lai and Crews, 2017). Proof-of-concept
experiments showing that these molecules could be used to target transcriptional components
such as BRD4 and EGFR were performed (Winter et al., 2015; Burslem et al., 2018; Shi et al.,
2023), and current investigations are looking into the possibility of targeting bona fide TFs
with PROTACSs (Liu et al., 2021).

Besides these technological breakthroughs, other, more mechanistic and conceptual
insights have emerged which allow for rationalizing the use of transcriptional inhibitors in
cancer treatment by establishing that their effects, which could be presumed to act on many
genes throughout the genome in a wide and indiscriminate manner, can nevertheless exert
highly selective and oncogene-specific effects (Shin, 2018; Laham-Karam et al., 2020;
Vervoort et al., 2022). The realization that liquid-liquid phase separation constitutes a crucial
mechanism underlying the spatiotemporal coordination of biological activities such as gene
expression control, but whose formation and function are heavily dysregulated in cancer cells,
make them potentially promising targets (Banani et al., 2017; Kilgore and Young, 2022; Mehta
and Zhang, 2022; Xie et al., 2023). Indeed, the inherent and specific properties of biomolecular
condensates, i.e., their ability to compartmentalize and concentrate large numbers of molecules
with related functions, thus accelerating biochemical reactions, can be leveraged for patient
advantage. As such, the high degree of proneness for disassembly when structural components
of condensate networks are inhibited, and distinct associated pharmacodynamics of cancer
therapeutics, present an opportunity to consider new clinical hypotheses (Boija, Klein and
Young, 2021; Suzuki and Onimaru, 2022; Mann and Notani, 2023).

Oncogenic SEs display exceptionally high densities of enhancer factors such as TFs,
Mediator subunits, RNAPII, BRD4 or CDK7, which assemble into vast networks of
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Figure 98. Partitioning of cancer therapeutics in nuclear condensates.

(A) Purified recombinant, fluorescently labeled MED1 or BRD4 formed condensation droplets
in an in vitro assay where fluorescently labeled cancer drugs were added and their diffusion
behavior was followed by confocal fluorescence microscopy. Results show that drugs partition
selectively into specific protein condensates in vitro through physicochemical properties
independent of the drug target. (B) Rationale for developing condensate-optimized drugs.
Adapted from Howard and Roberts, 2020; Klein et al., 2020; and Kilgore and Young, 2022.
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cooperative interactions. These aberrant networks have been shown to be remarkably
vulnerable to disruption and disassembly by the pharmacological inhibition of constituent
enhancer factors (Figure 97A) (Hnisz et al, 2017; Sengupta and George, 2017).
Experimentally, the wulnerability of SEs to perturbation by inhibitors of common
transcriptional co-factors has been demonstrated in different cancer models, in which
oncogenic SEs were disrupted at drug concentrations that did not affect typical enhancers
(Figure 97B). For example, while BRD4 is both encountered at typical enhancers and SEs, its
inhibition in several cancer models by the small molecule JQ1 potently abrogates SE-
associated gene expression at roughly 10-fold lower concentrations needed to impact non-SE-
associated genes, resulting in reduced tumor growth and improved survival (Filippakopoulos
et al., 2010; Chapuy et al., 2013; Loveén et al., 2013; Zanconato et al., 2018). In another very
recent example, KAT8-IRF1 condensate formation was shown to cause PD-L1 overexpression
and fueling tumor immune evasion, which was inhibited by condensate disruption (Wu et al.,
2023).

Other SE-associated features, such as the tendency of their regulated genes to encode
for TFs with short mMRNA and protein half-lives, and their auto-regulatory nature, additonally
explain the increased vulnerability of SEs to transcriptional inhibition (Bradner, Hnisz and
Young, 2017). Furthermore, the team around Klein et al. from Richard A. Young’s lab have
shown in a landmark paper in 2020 that certain small-molecule therapeutics preferentially
partition and concentrate into nuclear condensates, thereby enhancing drug-efficacy in these
regions (Figure 98). By ingeniously creating artificial phase condensates with transcriptional
regulator proteins such as the Mediator subunit MED1 or the coactivator BRD4, they observed
that the addition of antineoplastic drugs did not result in a free-diffusion behavior. Instead, the
drugs either concentrated or avoided different classes of condensates, based on the
physiochemical properties of the scaffold proteins constituting these phase separates. For
example, drugs with aromatic rings preferentially concentrated in MED1 condensates, because
they phase-condensated with MED1-associated aromatic rings. These results were confirmed
in cancer cells, where cisplatin, a widely used chemotherapeutic agent, was found to be
concentrated 600-fold in MED1-condensates such as SEs, showcasing how a drug, previously
considered an indiscriminate DNA-crosslinking agent, could in fact preferentially target these
key regions of cancer-cell control. In a similar fashion, tamoxifen was shown to be partitioned
into MED1-condensates, independently of the presence of its molecular target, estrogen
receptor, showing that the physiochemical properties of this partitioning do not depend on those

that underlie drug-protein target interactions. The authors show that this might impact drug
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resistances, as MED1 overexpression in breast cancer cells lead to enlarged SE condensates
and increased tamoxifen partitioning, impairing its overall efficacy. The inversed effect was
described for drugs which partitioned into phase condensates as well, but whose targets were
precisely the proteins enriched at SEs, such as BRD4 and CDK?7. As such, drugs such as JQ1
and THZ1, a potent CDK?7 inhibitor, partitioned selectively to SEs and preferentially disrupted
transcription at those loci, further explaining how the targeting of global gene regulators such
as BRD4 or CDKY7 can have selective effects on oncogenes. While the exact physiochemical
intricacies of condensate-mediated drug partitioning remain to be explored, these results
showcase the rationale for developing condensate-optimized drugs, presenting the ability to
concentrate preferentially in the same condensate as their targets (Howard and Roberts, 2020;
Kilgore and Young, 2022).

In conclusion, inhibiting oncogenic transcription is more and more coming into consideration
as an attractive therapeutic option, especially for cancers without clear driver mutations lacking
thus available targeted therapies. Furthermore, evidence is emerging which relativizes the
initial hypothesis that factors involved in gene expression are ‘undruggable’ because of their
role in fundamental and ubiquitous biological processes which implies associated potentially
toxic consequences on global gene expression. The discovery of oncogenic SEs and the
elucidation of drug partitioning mechanisms explaining the initially confusing extraordinary
vulnerability of SEs to transcriptional perturbation, opens the possibility of clinically useful
transcriptional inhibitors. These drugs should optimally selectively target oncogenic gene
expression and induce cancer cell death without causing excessive toxicity in normal cells. In
the next pages, the mechanisms of action of three relevant transcriptional inhibitors will be
further examined: THZ1 and Triptolide which selectively inhibit enzymatic subunits of the
TFIIH GTF, and Lurbinectedin, a novel, marine-derived DNA-binder.

2.2. Targeting transcription and SEs through TFIIH: THZ1 and Triptolide

Due to its central role in cellular processes such as transcription, cell cycle control and DNA
repair, TFIIH has become a privileged target to exploit in antineoplastic therapy (Zurita and
Cruz-Becerra, 2016). Being a key actor of the basal transcription machinery, significant effort
was put into finding molecules which could inhibit its activities, and to date, specific drugs
targeting two of its three enzymatic subunits - CDK7 and XPB - have been relatively well
characterized (Kuper and Kisker, 2021) (Figure 99A). Some of these TFIIH inhibitors have

entered clinical trials for various cancers (Noel et al., 2019; Sava et al., 2020), in the hopes of
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selectively targeting their transcriptional addictions (Berico and Coin, 2017) (Figure 99B).

Cyclin dependent kinases (CDKSs) have been proposed as attractive targets for cancer
therapy because of their deep involvement in either transcription or cell cycle control (Parua
and Fisher, 2020; Constantin et al., 2022). Uniquely amongst CDKSs, the TFIIH kinase subunit
CDKT has essential roles in both of these processes, as it activates cell cycle-associated CDKs
and regulates RNAPII activity by phosphorylating its CTD as well as other actors involved in
gene expression control such as transcription-associated kinases CDK9, CDK12, and CDK13
(Rimel et al., 2020). Although this invokes a ubiquitous "master regulator” role in transcription,
Kwiatkowski et al. in 2014 showed that multiple types of cancer cells display exceptional
sensitivity to THZ1, a small molecule able to irreversibly bind CDK?7 with high affinity and
specificity (Figure 100A). This specificity relies on the fact that THZ1 is a
phenylaminopyrimidine with a cysteine reactive acrylamide moiety that covalently binds to
cysteine 312 located just outside of the catalytic domain of CDK?7. This specificity was useful
to further elucidate the role of CDK7 in gene expression events such as co-transcriptional
capping and pausing, but it also showed that the inhibition of CDK7 at low nanomolar doses
of THZ1 leads to the specific disruption SE-mediated oncogene expression without major
effects on basal transcription, which requires higher doses and longer treatments (Chipumuro
et al., 2014; Christensen et al., 2014; Coin and Egly, 2015; Nilson et al., 2015; Wang et al.,
2015). Indeed, CDK7 was shown in various cancer cells to be heavily enriched at SEs, such as
near the RUNX1 gene in T-cell acute lymphoblastic leukemia, which was shown to be
exceptionally vulnerable to THZ1 and its disruption of the core oncogenic transcriptional
regulatory circuitry (Kwiatkowski et al., 2014) (Figure 100B). Another example of how CDK?7
inhibition selectively targets transcriptional addiction was shown in both SCLC and
neuroblastoma cells, where oncogenic SE-associated MYC or MYCN expression was potently
abrogated at low doses of THZ1, causing massive suppression of MYC- or MYCN-driven
global transcriptional amplification and tumor regression without the introduction of systemic
toxicity in mouse models (Chipumuro et al., 2014; Christensen et al., 2014) (Figure 100C).
These promising pre-clinical results led to the development of THZ1 analogues and other
CDKT7 inhibitors, four of which are currently undergoing clinical trials (Patel et al., 2018; Sava
et al., 2020; Sharma et al., 2022). Despite this, the exact molecular functions of CDK7 at SE
loci are not clear, and it is currently not settled whether CDK?7 is present as an independent
entity from the CAK or TFIIH in SEs or if other TFIIH subunits are recruited and have SE-

associated functions as well (Berico and Coin, 2017).

175



THZ1 Triptolide

Figure 101. The potential role of XPB in SE-associated oncogene expression.
Adapted from Noel et al., 2020.

Tumor immune evasion Fibrosis Apoptosis
inflammation ECM production Autophagy
D-11 Collagen )
- 70
GFjB Fibronectin Caspase-3
Hyaluronan ADAMI0

Immune cells CAFs Tumor cells

~

Triptolide .

Al
TWIST
N-cadherin EMT
Enhancer/ metastasis

super-enhancer TR XPB |_. tumor growth

7NONINNNVANINEINANY

MYC, EGFR, NOTCH1 etc.

Figure 102. Processes reported to be activated (green arrows) or inhibited (red arrows)
by Triptolide (TPL) and key genes belonging to pathways targeted by TPL.
Adapted from Noel et al., 20109.

176



Indeed, other enzymatic subunits of TFIIH such as the XPB translocase have been
hypothesized to be enriched at SEs as well, but no direct evidence of that, such as through
ChIP-Seq analysis, has been observed yet. The potential involvement of XPB in SE-associated
oncogene expression mainly stems from a single study demonstrating that treatment of
pancreatic cancer cells with Triptolide (TPL), elicited the downregulation of SE-associated
genes such as MYC (Noel et al., 2020) (Figure 101). TPL is a diterpenoid triepoxide extracted
from a vinelike Chinese medicinal herb called Tripterygium wilfordii or Thunder God vine,
which displays efficacy against multiple diseases, including inflammatory diseases and various
cancers (Kupchan et al., 1972; Noel et al., 2019; Yuan et al., 2019). Although other targets
have been proposed, such as interactions with protein regulators of autophagy, EMT, or
inflammation signaling (Figure 102), TPL was shown to display a very high specificity for
XPB, by covalently binding to cysteine 342 and thus effectively inhibiting its ATPase and
translocase activities (Titov et al., 2011). Strikingly, cells were observed to become largely
insensitive to the effects of TPL by mutating Cys342 of XPB, showing that the cellular effects
exerted by TPL seem to be mainly due to XPB inhibition and not the other identified proteins
for which interactions were shown (He et al., 2015; Kuper and Kisker, 2021). TPL induces
potent RNAPII-dependent transcription inhibition but also prevents NER, and has therefore
been studied as a chemosensitization agent for cancer cells (Chen, Gao and Shilatifard, 2015;
Wang, Wang and Xu, 2015; Fanelli et al., 2020). Nevertheless, the poor solubility and
bioavailability, coupled with reported hepatic toxicities limit the clinical use of TPL (Xi et al.,
2017). Instead, multiple water-soluble prodrugs of TPL were developed, such as Minnelide
which is currently in clinical trials as a ‘SE inhibitor’ for treatment of advanced pancreatic
cancers (Skorupan et al., 2022). However, the exact molecular roles of XPB in SE function

remain unclear.

2.3. Inhibiting oncogenic gene expression with DNA-binding molecules: Lurbinectedin

Besides the direct inhibition of proteins involved in the transcription process, another
therapeutic strategy to target gene expression consists in using DNA-binding molecules.
Perhaps the prime example of anticancer DNA binders are platinum drugs, including cisplatin,
carboplatin, and oxaliplatin, which elicit cytotoxic responses in multiple cancers, by forming
covalent adducts with purine DNA bases (Dasari and Tchounwou, 2014). This binding is
widely considered as non-specific and tends to affect the entire genome, eliciting multiple

effects such as generalized DNA damage, replication stress and transcriptional inhibition,

177



MeO

©

W

+
- Angiogenesis

L6

Matrix remodeling / TAM L6
;ﬁm% e 6\‘

) =
T/

Immune suppression

Ubiquitination and N o,
proteasome degradation _ :
l 3 (?“

Generation of DNA breaks

Figure 103. Structure of Lurbinectedin (A), its mechanism of action (B) and its effects on

immune cells of the TME (C).
Adapted from Farago et al., 2019.

SCLC cells

RNAPII degradation

enes inhibition

Figure 104. Selective targeting of transcriptional addiction of SCLC cells.

From Costanzo et al., 2022.

178



potentially explaining the severe associated toxicities, although recent condensate-based
evidence might suggest a previously unsuspected specific transcriptional effect (Todd and
Lippard, 2009; Klein et al., 2020; Forgie, Prakash and Telleria, 2022; Tang et al., 2023).
Among the newer generations of DNA binders, Lurbinectedin stands out because of its
unique mechanism of action (Gadducci and Cosio, 2022). Developed by PharmaMar SA,
Lurbinectedin is a synthetic ecteinascidin tetrahydroisoquinoline (Figure 103A) derived from
Trabectedin, a marine-sourced molecule clinically used in sarcomas and ovarian cancers and
extracted from the Caribbean tunicate Ecteinascidia turbinate, (Erba et al., 2001; Barone et al.,
2017; Pereira et al., 2019). Compared to its natural counterpart, Lurbinectedin displays
pharmacokinetic and pharmacodynamic advantages, and was shown to be a potent DNA minor
groove covalent binder with high specificity toward CGG triplets (Leal et al., 2010; Vidal et
al., 2012; Romano et al., 2013). Of note, Lurbinectedin predominantly binds to CG-rich
sequences within accessible chromatin regions, as it has been shown to particularly target the
vicinities of promoters of actively transcribed, protein-coding genes, enriched in CpG islands
and displaying an open chromatin conformation (Costanzo et al., 2022). Thus, Lurbinectedin
differs from many other alkylating DNA binders by exhibiting a clear specificity for transcribed
gene regions, potentially explaining its less toxic side effects. The binding of Lurbinectedin to
these regions leads to the irreversible stalling of elongating RNAPII in front of the adduct,
followed by its degradation by the ubiquitin/proteasome machinery and leading to the targeted
gene not being expressed (Santamaria Nufiez et al., 2016) (Figure 103B). The stalling of
RNAPII leads furthermore to the recruitment of the NER machinery, with the ERCC1 and XPF
endonucleases unsuccessfully trying to excise the lesion, thereby generating DNA breaks. As
such, the combined effect of the resulting DNA damages and transcriptional inhibition leads to
cancer cell apoptosis (Harlow et al., 2016; Lima et al., 2016; Tumini et al., 2019). This
mechanism was extensively studied in SCLC, a cancer displaying important transcriptional
addiction because of the dependence on the ASCL1 and NEUROD1 master TFs (Christensen
et al., 2014). Lurbinectedin was shown to potently abrogate the expression of SCLC-associated
oncogenes, including MYC, MYB and BCL2 (Costanzo et al., 2022) (Figure 104). Lurbinectedin
has also been observed to modulate the TIME, by depleting tumor-associated macrophages and
provoking immunogenic cancer cell death, thus potentially enhancing the anti-tumor response
to immunotherapies (Belgiovine et al., 2017; Xie et al., 2019; Allavena et al., 2022). Based on
promising results and safety profiles, the FDA granted accelerated approval to Lurbinectedin
for the second-line treatment of metastatic and relapsed SCLC in 2021, but its clinical effects

on other types of cancer remain relatively unexplored (Trigo et al., 2020; Singh et al., 2021).
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C. Targeting transcriptional addiction in melanoma:
Research context and objectives

While the targeting of transcriptional addiction is becoming increasingly viewed as an
attractive therapeutic option in multiple types of cancers, its effectiveness concerning
melanoma remained somewhat unexplored when my thesis project was first initiated.
Compared to other types of cancers, melanoma cells display very high degrees of mutational
burdens, and their gene expression patterns might therefore be proportionally strongly
dysregulated. Furthermore, the notorious cell-state plasticity of melanoma cells indicates a
strong dependency on tightly regulated oncogenic gene expression programs, which rely on
relatively well-studied, SE-dependent melanoma master TFs such as MITF or SOX10. Based
on these facts, we hypothesized that melanoma might be a cancer with a high degree of
transcriptional addiction, which could be potentially leveraged for patient benefit. The main
roadblock to effective melanoma treatment today consists in the fact that multiple different
resistant cell states emerge during drug treatments. However, while these different melanoma
cell states differ phenotypically, they might all be dependent on distinct transcriptional
expression patterns, whose inhibition could uniformly affect their survival. Furthermore, the
use of specific molecules targeting trans- or cis-acting regulators of the transcriptional process,
such as TFIIH or SEs, might elucidate novel associated roles and functions, as well as provide
important insights into melanoma cell core regulatory circuitries and TF dependencies. As
melanoma cells are infamously prone to developing therapeutic resistances, we also argued
that they might be a suitable model to study potential drug resistance mechanisms against
transcriptional inhibitors, representing a somewhat untapped research area.

My thesis work thus aims to elucidate the mechanistic underpinnings of the role of
transcriptional addiction in melanoma pathogenesis, by focusing especially on the function of
TFIIH on SE-mediated oncogene expression, and on the effects and efficacy of novel types of
marine-derived DNA binders (Figure 105). By using three different types of transcriptional
inhibitors (THZ1 targeting CDK?7, TPL targeting XPB, and Lurbinectedin targeting actively
transcribed genes), my research characterized the impacts of these drugs on melanoma cells.
Furthermore, | studied whether the clinical application of transcriptional therapeutics might be
a viable addition to the existing framework of treatments, and how melanoma cells might

develop insensitivities against these drugs.
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Section I: Targeting TFIIH in melanoma




Preface to Article 1: Context and contributions

When | started my PhD in late 2019, several studies had shown that the pharmacological
inhibition of CDK7 led to promising effects in various types of cancers. Eliades et al. had
reported in 2018 that by exposing several melanoma cell lines to THZ1, they potently abrogated
SE-dependent MITF and SOX10 expression, thereby severely affecting cell survival. Before
my arrival, our lab, in close collaboration with the team of Dr. Irwin Davidson (IGBMC),
recapitulated these promising results by observing that the treatment of BRAFV600E/PTEN"
melanoma mouse models with THZ1 effectively blocked tumor growth (Data not shown).
However, Eliades et al. exclusively studied differentiated melanoma cells and thus did not
address the role of CDK7 and the effects of its inhibition on melanoma cell plasticity.
Furthermore, the molecular and phenotypical consequences of prolonged CDK?7 inhibition on
melanoma cells remained a complete mystery.

During the first year of my PhD, | assisted Pietro Berico (at the time a doctoral
candidate whose main project was to better understand the role of SEs in melanoma biology)
in elucidating these outstanding questions. As such, we especially focused on investigating the
differential effects of CDK7 inhibition on the two main types of melanoma cells, the
differentiated/melanocytic and the undifferentiated/mesenchymal-like states, and tried to
dissect the molecular roles of CDK7 in melanoma cells. We observed that the inhibition of
CDK?7 by THZ1 induced the dedifferentiation of melanocytic melanoma cells and gave rise to
a GATAG6-dependent gene expression program promoting melanoma survival and drug
tolerance. We showed that CDK?7 drives the expression of MITF, which in melanocytic
melanoma cells binds to an intronic region of GATAG to repress its expression, leading to
GATAG targets, such as the ABCG2 efflux pump, to remain silenced. My concrete and main
contributions in this project, published in EMBO Reports, consisted in functionally
characterizing GATA6 and ABCG2 in melanoma cells (Figures 3, 4, 5, 7, EV2, and EV3),
helping to uncover this new transcriptional program and elucidating a role of CDK7 in
melanoma phenotype switching. Strikingly, these results also underscore that while short-term
in vivo treatments with transcriptional inhibitors such as THZ1 might provide initially
promising benefits, it is of primordial importance that the long-term consequences are
considered as well. Indeed, our results point to a potential danger of using CDK?7 inhibitors in
cancers prone to undergo EMT and dedifferentiation, and pushed us to investigate whether

other transcriptional inhibitors might elicit similar responses in melanoma cells.
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Abstract

Melanoma cell phenotype switching between differentiated mela-
nocytic and undifferentiated mesenchymal-like states drives
metastasis and drug resistance. CDK7 is the serine/threonine
kinase of the basal transcription factor TFIIH. We show that
dedifferentiation of melanocytic-type melanoma cells into
mesenchymal-like cells and acquisition of tolerance to targeted
therapies is achieved through chronic inhibition of CDK7. In addi-
tion to emergence of a mesenchymal-type signature, we identify a
GATA6-dependent gene expression program comprising genes such
as AMIGO2 or ABCG2 involved in melanoma survival or targeted
drug tolerance, respectively. Mechanistically, we show that CDK7
drives expression of the melanocyte lineage transcription factor
MITF that in turn binds to an intronic region of GATA6 to repress
its expression in melanocytic-type cells. We show that GATA6
expression is activated in MITF-low melanoma cells of patient-
derived xenografts. Taken together, our data show how the poorly
characterized repressive function of MITF in melanoma partici-
pates in a molecular cascade regulating activation of a transcrip-
tional program involved in survival and drug resistance in
melanoma.
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Introduction

Malignant melanoma is responsible for 70% of skin cancer deaths
in Western countries (Eggermont et al, 2014). Somatic gain-of-
function mutations in the proto-oncogene kinase BRAF are the
commonest mutations (60%) with the T — A transversion underly-
ing BRAFV?F comprising the majority of BRAF mutations (Brose
et al, 2002; Davies et al, 2002). As an alternative to BRAF mutations,
human melanomas frequently (35%) carry NRAS or NFI mutations,
while the remainder (5%) shows no mutations of these three genes
(Triple-Wt) (Hodis et al, 2012).

Melanoma is notorious for its heterogeneity based on co-existing
melanoma cell phenotypes. In vitro, transcriptomic analysis of mela-
noma cells has established two main and distinct signatures defined
as either melanocytic-type (proliferative) or mesenchymal-like (in-
vasive) melanoma cell states (Carreira et al, 2006; Widmer et al,
2012; Verfaillie et al, 2015). At the transcriptional level, the differen-
tiated melanocytic-type melanoma cells display high levels of
lineage-specific transcription factors, including the SRY-box 10
(SOX10) and the Mlicrophthalmia-associated Transcription Factor
(MITF) that drive expression of melanocyte lineage genes. Undif-
ferentiated mesenchymal-like melanoma cells express low levels of
MITF and SOX10, and their gene expression signature, including
markers like the AXL receptor tyrosine kinase (AXL) and SOX9, is
driven by AP1-TEAD factors (Verfaillie et al, 2015; Minnoye et al,
2020). The discovery of cells with intermediate signatures (Ennen
et al, 2017; Wouters et al, 2020) supports the initial concept of
phenotypic plasticity driving melanoma progression through conver-
sion from one phenotype into another in response to external cues
(Hoek et al, 2008; Ennen et al, 2017; Rambow et al, 2018).

Treatment options for patients with metastatic melanoma include
combination therapies with inhibitors targeting the BRAF (i.e.,
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vemurafenib and dabrafenib) and MEK (i.e., trametinib) kinases
(BRAFi and MEKI, respectively), whose efficiency is limited by
development of resistance and subsequent progression (Menzies &
Long, 2014). It is well established that tolerance to targeted thera-
pies can involve various phenotype changes, including epithelial—
mesenchymal transition(-like) (EMT) from a melanocytic to a
mesenchymal state (Kemper et al, 2014; Arozarena & Wellbrock,
2019; Rambow et al, 2019). Therefore, understanding the molecular
details of phenotypic plasticity and transcriptional reprograming of
melanoma cells is crucial for the development of future therapeutic
approaches.

Among the protein complexes essential for gene expression in
eukaryotes, the basal transcription factor TFIIH is unique due to its
various enzymatic activities, including helicase, translocase, and
kinase functions (Villicana et al, 2014; Berico & Coin, 2018). The
CDK? subunit of TFIIH is a kinase that phosphorylates transcription
factors, including the largest subunit of RNA polymerase II, to
promote gene expression (Eick & Geyer, 2013; Compe & Egly, 2016;
Fisher, 2019). Surprisingly, CDK7 kinase activity inhibition (CDK7i)
elicits dramatic responses in various cancers (Cao & Shilatifard,
2014; Christensen et al, 2014; Kwiatkowski et al, 2014) probably
due to the contribution of the TFIIH kinase in super-enhancer (SE)-
linked oncogene transcription (Chipumuro et al, 2014). SEs are
broad genomic regions that drive transcription of cell identity genes
in normal tissue or oncogenes in cancer (Hnisz et al, 2013). SEs are
enriched in specific transcription factors such as CDK7, Mediator,
the BET family of bromodomain protein 4 (BRD4), or chromatin
marks such as H3K27 acetylation (H3K27ac) (Whyte et al, 2013).
Besides CDK?7i, inhibition of BRD4 (BETi) with the small molecule
JQ1 causes loss of expression for many SE-associated genes in
cancer cells (Loven et al, 2013).

Here, we show that resistance to CDK7i correlated with mela-
noma cell dedifferentiation and acquisition of tolerance to BRAF
and MEK inhibitors. Besides the mesenchymal-like signature, we
observed the emergence of a transcription program comprising
genes involved in melanoma survival and drug tolerance under the
control of the GATA-binding factor 6 transcription factor (GATAG6).
CDK?7 prevents the emergence of the GATA6-dependent transcrip-
tion program in differentiated melanoma cells by promoting the SE-
dependent expression of MITF that binds to an intronic regulatory
sequence of the GATAG locus to silence its expression. In agreement
with findings in cell cultures, we observed that diminished MITF
expression during human melanoma progression and phenotype
switching promotes the progressive activation of GATAG6 in patient-
derived xenografts. We determined that GATA6 emerges in the
MITF-low cells of the PDX showing invasive or interferon y (IFNy)-
active phenotypes.

Results
Melanoma cultures exhibit distinct sensitivity to CDK7i

We explored the sensitivity of melanoma cells to CDK7i using cells
with the two main phenotypes and most common driver mutations.
The melanocytic-type patient-derived MM011 (NRAS®®'X), MM074
(BRAFV®0%E) " MM117 (Triple-wt) cell cultures and the melanoma
501mel cell line (BRAFY®°F) exhibited moderate to high expression
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of the lineage-specific transcription factors MITF and SOX10
together with low to undetectable levels of SOX9 and c-JUN (Wid-
mer et al, 2012; Verfaillie et al, 2015) (Fig 1A). In contrast, patient-
derived MM029 (BRAFY®’N), MMo047 (NRAS®'®), and MMO099
(BRAFV%%E) cel]l cultures showed a mesenchymal-like phenotype
characterized by low to undetectable levels of MITF and SOX10
coupled to high levels of SOX9 and c-JUN (Widmer et al, 2012;
Verfaillie et al, 2015; Wouters et al, 2020). We observed that all
melanocytic-type cells together with the MM047 mesenchymal-like
cells were sensitive to low concentrations of THZ1, the first-in-class
selective and covalent inhibitor of CDK7 (Kwiatkowski et al, 2014)

(Fig 1B). In marked contrast, the MM099 and MMO029
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Figure 1. Melanoma cells show differential sensitivity to CDK7i.

A Protein lysates from the melanocytic-like melanoma cells 501mel, MM011,
MMO074, and MM117 or the mesenchymal-like melanoma cells MM029,
MMO047, and MM099 were immuno-blotted for proteins as indicated.
Molecular mass of the proteins is indicated (kDa).

B Melanoma cells were treated with increasing concentrations of THZ1 as
indicated for 72 h. Mean growth is shown relative to vehicle (DMSO)-
treated cells. IC50 for each cell line is indicated. Melanocytic-type (MITF-
High, proliferative) melanoma cells are shown in red, while mesenchymal-
like (MITF-low, invasive) melanoma cells are shown in blue.

Data information: In (B), data are presented as mean values + standard
deviation (SD) for three replicates (n = 3).
Source data are available online for this figure.
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mesenchymal-like cells were tolerant to CDK7i, even at high concen-
trations of the drug. These observations demonstrated that
melanocytic-type melanoma cells were highly sensitive to CDK7i,
regardless of their driver mutation, while some mesenchymal-like
melanoma cells were tolerant to the drug.

CDK7i promotes dedifferentiation of melanoma cells

To investigate the role of CDK7 in melanoma cells, we generated
several THZI-resistant (CDK7i) or vemurafenib-resistant (BRAFi)
cell lines ex vivo (MMO074PX7 "R MMO0748RAT R and MM047CPX7R)
(Fig EV1A-C). Establishment of CDK?7i resistance decreased sensi-
tivity of the MMO74°PX7R +o BRAFi (vemurafenib) and MEKi (tram-
etinib) (Fig EV1B and D), while the BRAFi-resistant MMQ74RAFIR
remained sensitive to both CDK7i and MEKi (Fig EV1A and D). In
agreement with the involvement of CDK?7 in gene expression, global
transcription activity of MM047 and MM074 was strongly impacted
by CDK?7i treatment, in contrast to MM047°PX7R and MM74CPK7R
where global transcription was not inhibited (Fig EV1E).

RNA-seq revealed a pronounced modification of the transcrip-
tional programs of MM074PX""R and MM0745RF'R compared to
the parental MMO074, but a less pronounced modification of the
MMO047°PX7R compared to MMO047 (Fig 2A). More than 6,000 genes
were deregulated in MM074"*""® compared to MM074 and 1,000
genes in MM047°PX""R compared to MMO047 (Fig 2B). Despite the
fact that the parental cells were of different phenotypes, 261 genes
were commonly up-regulated in the two CDK7Zi-resistant cell
cultures (Fig 2B and Dataset EV1). We hereafter defined these genes
as the “CDK7i-resistant signature” (K7iRS). As shown by Gene
Ontology (GO) analysis, these genes were involved in epithelial cell
differentiation or in the transport of small molecules (Appendix Fig
S1).

We next clustered melanoma cells based on the expression of a
hundred genes corresponding to previously described signatures of
melanocytic vs mesenchymal transcriptional cell states (Widmer
et al, 2012). In agreement with the literature (Verfaillie et al, 2015;
Wouters et al, 2020), 501mel and MM074 showed a melanocytic-
type transcriptional signature (Fig 2C, lanes 1-2), while the MM047,
MMO099, and MMO029 cells showed a mesenchymal-like signature
(lanes 5-7). Surprisingly, chronic exposure of MM074 to CDK7i
induced the emergence of a stable mesenchymal-like signature
(compare lane 2 with 4) correlating with increased invasion capacity

Figure 2. Exposure to CDK7i induces melanoma dedifferentiation.

EMBO reports

In apparent contrast with MMO074°PX R the
4BRAFi-R

(Fig EV1F).
melanocytic-type signature of MMO074 persisted in MMO07
where we further observed a significant increase in the expression
of a set of bone fide pigmentation genes (Fig 2C, compare lane 2
with 3). RT-qPCR confirmed the increased expression of genes
involved in pigmentation such as MLANA in MMOQ74%RAFIR
(Fig EV1G), which correlated with higher cellular pigmentation
(Fig EV1H). In agreement with mRNA, we observed that the
MMO074BRATIR exhibited significantly higher amounts of the melano-
cyte lineage-specific proteins MITF and TFAP2A compared to
MMO074 (Fig 2D, compare lane 1 with 2). In contrast, MM074“PK7-R
showed a dramatic decrease of these proteins together with the
emergence of SOX9 (compare lane 1 with 3).

Altogether, these data showed that MMO074 melanocytic-type
cells chronically exposed to CDK7i dedifferentiated to adopt a
mesenchymal state, whereas those exposed to BRAFi acquired a
highly pigmented hyper-differentiated cell state. Furthermore, both
mesenchymal-like and melanocytic-type melanoma cells chronically
exposed to CDK7i displayed common altered expression of 261
genes corresponding to the K7iRS.

A GATAG6-dependent transcription program in CDK7i-resistant
melanoma cells

We compared the MM074PX7R and MM047P*'R gene expres-
sion programs to potentially identify a signature involved in drug
tolerance that emerges as melanocytic-type cells undergo a pheno-
type switch and that is shared with the drug-resistant mesenchy-
mal cells. This comparison focusing on genes commonly regulated
during drug tolerance bypassing the much larger number of genes
characterizing the phenotype switch per se identified the K7iRS
genes. Merging these genes with a list of annotated transcription
factors identified 16 common up-regulated transcription factors
(TFs) in MM074°PX"™R and MM047°PX¥"R (Fig EV2A). Analysis of
their expression in RNA-seq data from melanoma cells showed
that only 4 were significantly more expressed in the CDK?7i-
resistant MM029, MM099, MM074°PX7"R - and MM047PX" R cells,
compared to CDK7Zi-sensitive cells (Fig EV2B). Of these, only
GATAG6 was significantly overexpressed in primary melanoma vs
nevi (Fig EV2C). We confirmed by RT-qPCR and immuno-blot
higher levels of GATA6 mRNA and GATAG6 protein, respectively,
in the CDK7Zi-insensitive cells (Fig 3A and B). We also noted that

A Volcano plots were used to demonstrate differentially expressed genes as determined by RNA-seq in either MM047°% "R s MMO047 (top), MM074°¥ 1R ys MM074
(middle), or MM0745RAF™R s MMO74 (bottom). Red dots show significantly over-represented (top) or under-represented (bottom) RNAs in drug-resistant cells
compared to parental cells. All data were evaluated with the DESeq2 R package. The value for a given gene is the normalized gene expression value relative to the

mean of all samples belonging to the same condition.

B Proportional Venn diagrams indicating the number of up-regulated (top) and down-regulated (bottom) genes in MM047°</"® and MM074°¥" R compared to the
parental MM047 and MMO074, respectively. The number of genes overlapping between the datasets is indicated. 261 genes were found up-regulated and 241 down-

regulated in MM047°¥ "R and MM074°<"R Hypergeometric P-value is indicated.

C Genes characterizing the melanocytic-type and mesenchymal-like transcription signatures (Widmer et al, 2012) have been plotted on a heatmap and are shown in
relation to their expression in different melanoma cells. RPKM values are represented as z-score. The group of genes related to pigmentation has been highlighted in
red. The color key shows the log, expression values. Yellow color stands for high expression and dark violet for low expression.

D Protein lysates from MMO074, MM0745RA7R or MM074°°</R were immuno-blotted for indicated proteins. Molecular sizes of the proteins are indicated (kDa). The
numbers below the gel lanes represent relative protein level, which was determined from the band intensity using Image] software and normalized to each relative

vinculin control.

Source data are available online for this figure.
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Figure 2.
GATAG protein in MMO047-sensitive cells was much lower than in We then analyzed the transcriptomic profiles of the CDKZ7i-
the tolerant MM029 and MMO099 cells and was potently induced in insensitive mesenchymal-like MMO099 cells in which GATAG6 was
MMO047°PR7R (Fig 3B). depleted using siRNA and observed a significant down-regulation of
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Figure 3. GATA6 and its regulon are expressed in CDK7i-tolerant melanoma cells.

A gRT-PCR analysis showing average TBP-normalized expression of GATA6 in the indicated cells.
B Protein lysates from the indicated cells were immuno-blotted for the indicated proteins. Molecular sizes of the proteins are indicated in kDa. The numbers below
the gel lanes represent relative protein level, which was determined from the band intensity using Image] software and normalized relative to each relative actin

control.

C UMAP (Uniform Manifold Approximation and Projection) dimension reduction representative of GATA6 regulon expression in MM011, MM029, MM047, MM074,
and MMO099 from Wouters dataset (Wouters et al, 2020). UMAP is colored according to the continuous GATA6 AUCell values (from O to 0.2).
gRT-PCR analysis showing average TBP-normalized expression of AMIGO2, SERPINE1, and ABCG2 in the indicated cells.

E-H qgRT-PCR analysis showing average TBP-normalized expression of GATA6 (E), AMIGO2 (F), SERPINE1 (G), and ABCG2 (H) in the indicated cells treated with either siCTL

or SiGATA6 for 72 h.

| MMO011 and MMO029 were treated with either siCTL or siGATA6 for 72 h. Cell proliferation was analyzed using CellTrace staining and flow cytometry in the
indicated cell lines, and the % of slow proliferating cells is shown for each condition.
J MMO029 (left) and MMQ99 (right) were pre-treated with either siCTL or SiGATA6 for 48 h and treated with increasing concentrations of THZ1 for 72 h. Mean growth

is shown relative to vehicle (DMSO)-treated cells.

Data information: In (A, D-J), data are presented as mean values + SD for six replicates (n = 6). The P-value (Student’s t-test) is indicated, ** < 0.01, *** < 0.005, and ns,

non-significant.
Source data are available online for this figure.

86 genes following GATAG6 silencing (defined below as “GATAG
regulon”) (Dataset EV2). We next examined expression of the
GATAG regulon in single-cell transcriptomic data recently obtained
from MMO011, MM029, MM047, MMO074, and MM099 (Wouters
et al, 2020). The GATA6 regulon was more enriched in CDK7i-
insensitive MM099 and MMO029 cells compared to the others
(Fig 3C). Within the GATAG regulon, we identified genes whose
function was previously defined as important for melanoma such
as the Adhesion Molecule with Ig like dOmain 2 (AMIGO2)
(Fontanals-Cirera et al, 2017) and the SERPIN family E member 1
(SERPINE1) (Klein et al, 2012) together with genes contributing to
multidrug resistance in cancer cells such as the efflux pump ATP
Binding Cassette Subfamily G member 2 (ABCG2) (Robey et al,
2018). RT-qPCR showed that expression of these genes was signif-
icantly higher in the CDK7i-resistant MM099 and MMO029 cells
compared to MMO011, MMO047, and MMO074 (Fig 3D). As in
MMO099, GATAG6 depletion in MMO029 decreased expression of
AMIGO2, SERPINEI, and ABCG2 (Fig 3E-H). Furthermore, GATA6
depletion diminished MMO029 proliferation compared to MMO011
(Figs 31 and EV2D) and sensitized MM029 and MM099 to CDK7i
(Figs 3J and EV2D). We also tried to overexpress GATAG in
melanocytic-like cells; however, its expression was toxic in these
cells, leading to cell cycle arrest that compromised the isolation of
stably expressing clones. Therefore, we overexpressed GATAG in
the mesenchymal-like MMO047 cells and obtained stable expression
of GATAG6 (Fig EV2E). Ectopic expression of GATAG6 induced
expression of ABCG2, AMIGOZ2, and SERPINEI (Fig EV2E and F)
and increased resistance to CDK7i (Fig EV2G). These data
suggested that GATAG coordinated the expression of a set of genes
specifically expressed in drug-tolerant mesenchymal-like mela-
noma cells and required for proliferation/survival and drug resis-
tance.

ABCG2 is involved in tolerance to CDK7i and BRAFi in
melanoma cells

The above data suggest that up-regulation of ABCGZ2 expression
by GATAG6 in mesenchymal-like melanoma cells may promote
CDK7i resistance. RNA-seq data from melanoma tumors and
in situ mRNA hybridization of melanoma tumor sections

6 of 18  EMBO reports 22: €51683 | 2021

demonstrated higher expression of ABCGZ2 in cutaneous metastatic
melanoma compared to primary tumors (Fig EV3A and
Appendix Fig S2). Three ABC transporters (ABCG2, ABCBI, and
ABCC3) were up-regulated in MM047°P*""R and/or MM074°PX7R
(Fig EV3B and C), but only ABCG2 was overexpressed in the
CDK7i-insensitive MM099 and MMO029 (Fig 4A and B). Depletion
of ABCG2 using siRNA (Fig EV3D) significantly sensitized MM099
and MMO029 to CDK7i (Fig 4C and D). Interestingly, depletion of
ABCG2 also sensitized MM099 cells to BRAFi (Fig 4E), showing
the potential pleiotropic impact of this efflux pump on drug resis-
tance. Consistently, decrease of ABCG2 in MMO029 cells did not
impact their sensitivity to BRAFi since they harbored the
vemurafenib-resistant BRAF'°K  mutation (Fig 4F). Taken
together, these data suggested that the ABC transporter ABCG2
played a significant role in tolerance to CDK7i and BRAFi in
melanoma cells.

CDK?7 regulates expression of MITF and SOX10

We investigated the regulation of GATAG regulon that was repressed
in melanocytic melanoma cells and activated by chronic exposure to
CDK?7i. Previous work suggested that CDK7 occupied SEs regulating
MITF and SOX10 expression in melanoma cells (Eliades et al, 2018),
but the presence of CDK7 at MITF/SOX10-associated super-
enhancers was not observed so far. We performed ChIP-seq chro-
matin profiling of CDK7 using 501mel where the CDK7 locus was
tagged with a Biotin-3xFlag tag by CRISPR/Cas9 genome editing
(501melPIOFLAGEDRY) " (Appendix Fig $3). FLAG ChIP-seq identified
numerous CDK7-binding sites throughout the MITF locus and of its
transcriptional activator SOXI10 (Fig SA and B). CDK7 occupancy
co-localized with H3K27ac, binding of MITF and/or of SOX10,
BRG1, or H2AZ, all characterizing SE elements. A short 24 h CDK7i
treatment impaired MITF and SOX10 expression in 501mel, whereas
exposure to BETi JQ1 had no effect (Fontanals-Cirera et al, 2017)
(Fig 5C and D and Appendix Fig S4). Interestingly, decrease of MITF
and SOX10 following CDK7i occurred in parallel with increased
expression of GATAG6 (Fig 5E). Moreover, expression of CDK?Z,
MITF, and SOXI10 anti-correlated with that of GATAG6 in published
RNA-seq data from human patient cutaneous melanoma (SKCM
from TCGA) (Appendix Fig S5A).

192 © 2021 The Authors
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Figure 4. ABCG2 is involved in multidrug tolerance in melanoma cells.
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A gRT-PCR analysis showing average TBP-normalized expression of ABCB1, ABCC3, and ABCG2 in the indicated cells.
B Protein lysates from the indicated cells were immuno-blotted for the indicated proteins. Molecular masses of the proteins are indicated in kDa. The numbers below
the gel lanes represent relative protein level, which was determined from the band intensity using Image] software and normalized to each relative B-tubulin

control.

C,D MMO099 (C) and MMO029 (D) were pre-treated with either siCTL or siABCG2 as indicated and treated with increasing concentrations of THZ1 for 72 h. Mean growth

is shown relative to vehicle (DMSO)-treated cells.

E,F MMO099 (E) and MMO029 (F) were pre-treated with either siCTL or siABCG2 as indicated and treated with increasing doses of vemurafenib for 72 h. Mean growth is

shown relative to vehicle (DMSO)-treated cells.

Data information: In (A), data are presented as mean values + SD for six replicates (n = 6). In (C-F), data are presented as mean values + SD for three replicates (n = 3).

IC50 for each cell line is indicated.
Source data are available online for this figure.

SOX10 silencing induces release of GATA6 regulon expression

The above data suggested that decreased MITF and/or SOX10 expres-
sion may induce GATAG expression. To test this, we depleted SOX10

© 2021 The Authors

with siRNA in 501mel cells and observed a significant decrease of
MITF and induction of GATAG6 expression (Fig 6A and Appendix Fig
S5B). In agreement, bioinformatic analyses of published scRNA-seq
performed at different times after SOX10 depletion in melanocytic-like
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MMO074 cells (Wouters et al, 2020) showed concomitant activation of
the GATAG6 regulon (Fig 6B and C and Appendix Fig S5C). We

observed that progressive SOX10 and MITF
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concomitant up-regulation of GATA6, ABCG2,

SERPINEI, and AMIGOZ2 (Fig 6F-I). Altogether, these data showed an
antagonism between MITF/SOX10 and GATAG6 regulon in melanoma.
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Figure 5. CDK7i induced inhibition of MITF and SOX10 and release of GATA6 expression.

A, B Gene track of CDK7 occupancy at MITF (A) or SOX10 (B) loci in 501mel®'OFACCPK” ce|| fine. Gene tracks of H2A.Z, BRG1, MITF, SOX10, and H3K27ac (GSE94488 and
GSE61967) at the same loci in parental 501mel are indicated. SE is denoted by a red opened square. H3K27ac deposition is also shown in Hair Follicle Melanocytes
(HFM) (GSE94488).

C-E gRT-PCR analysis showing average TBP-normalized fold expression of MITF (C), SOX10 (D), and GATA6 (E) in 501mel treated with either DMSO/THZ1 (50 nM) (upper)
or DMSO/JQ1 (10 pM) (lower) for 24 h.

Data information: In (C-E), data are presented as mean values + SD for six replicates (n = 6). The P-value (Student’s t-test) is indicated, * < 0.05.
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Figure 6. Loss of SOX10 and MITF releases GATA6 expression.

A gRT-PCR analysis showing average TBP-normalized fold expression of SOX10, MITF, and GATA6 in 501mel treated with either siCTL or siSOX10 for 48 h.

B Seurat UMAP of MMO074 treated with siCTL or siSOX10 (24, 48, and 72 h post-treatment). The arrow indicated the trajectory from control to 72 h post-siSOX10
transfection.

C  UMAP of AUCell GATA6 regulon in MMO74 shows that GATA6 regulon is up-regulated along the trajectory from siCTL to 72 h post-siSOX10 treatment (GSE116237)

(Wouters et al, 2020). The arrow indicated the trajectory from siCTL to 72 h post-siSOX10 transfection. We considered cell with GATA6 regulon activity of

AUCell > 0.15 as active (see Appendix Fig S5).

Graphs showing the average expression of the SOX10 (D), MITF (E), GATA6 (F), SERPINEI (G), AMIGO2 (H), and ABCG2 (1) per individual melanoma cell measured by

AUCell on MMO074 at different time points post-transfection of siSOX10 (GSE116237) (Wouters et al, 2020).

D—|

Data information: In (A), data are presented as mean values + SD for six replicates (n = 6). The P-value (Student’s t-test) is indicated, * < 0.05. In (D-I), data are presented
as mean values + standard error of the mean (SEM) for six replicates (n = 6).
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MITF drives direct transcriptional repression of GATA6 seq did not reveal SOX10 binding at the GATA6 locus in 501Mel
cells; however, a prominent MITF-binding site was observed in an
intronic region of the GATA6 gene body (hereafter called

“intGATAGr”, for intronic GATAG locus region) containing potential

The above data suggested a direct mechanistic link between SOX10
and/or MITF and the repression of GATAG6 in melanoma cells. ChIP-
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Figure 7. MITF binds and represses the GATA6 locus.

A ChlIP-seq track of 3HA-MITF signal occupancy showing a significant MITF-binding peak (P1) in the GATA6 gene body in 501mel (GSE61967). Additional tracks indicate
potential regulatory regions highlighted by ATAC-seq and H3K27ac, BRG1, SOX10, and H2A.Z deposition (GSE94488 and GSE61967). H3K27ac deposition is also shown
in MM099 at the GATA6 locus. The scale bar indicates the size of the genomic region in kilobases (Kb). A magnification of the P1 region for MITF occupancy is shown
in which the “intGATA6r” region is indicated in red and the two E-boxes in black.

B ChIP qPCR experiment monitoring the fold enrichment (compare to control I1gG) of MITF protein and H3K27ac mark at the “intGATA6r” region. Proteamine 1 (PRM1)
and Tyrosinase (TYR) regulatory regions were used as negative and positive controls, respectively (Laurette et al, 2015).

C gRT-PCR analysis showing average TBP-normalized fold expression of MITF and GATA6 in 501mel treated with either siCTL or siMITF for 48 h.

D MMQ9QMTFSOX10PAXS ey hressing inducible MITF-SOX10-PAX3 genes was treated or not with doxycycline (1 pg/ml) for 24 h, and protein lysates were immuno-blotted
for the indicated protein. The numbers below the gel lanes represent relative protein level, which was determined from the band intensity using Image] software and
normalized relative to vinculin control.

E qRT-PCR analysis showing average TBP-normalized fold expression of GATA6, ABCG2, AMIGO2, or SERPINEL in MMQ9QM!TF-SOX10-PAX3 treated or not with doxycycline
(1 pg/ml) for 24 h.

F Left panel: Schematic representation of pCDNA-ieCMVenh-CMV-GFP (C1) or pCDNA-intGATA6r-CMV-GFP (C2) reporter vectors. The ieCMVenh sequence in C1 was
replaced by the “intGATA6r” sequence to generate C2. Right panel: gRT-PCR analysis showing average TBP-normalized fold expression of GFP in MMQQQ™!TF-SOX10-PAX3
transfected with C1 or C2 vectors for 48 h before treatment or not with doxycycline (1 pg/ml) for 24 h.

Data information: In (B, C, E), data are presented as mean values + SD for three biological triplicates. The P-value (Student’s t-test) is indicated, * < 0.05, ** < 0.01, and
*** < 0.001. In (F), data are presented as mean values + SD for three technical replicates (n = 6). The P-value (Student’s t-test) is indicated, *** < 0.005 and ns, non-

significant (> 0.05).
Source data are available online for this figure.

MITF-binding sites (E-box motifs) (Fig 7A) (Laurette et al, 2015). In
addition, “IntGATAG6r” was enriched in H3K27ac, BRG1, and H2AZ,
marks of enhancer elements. Interestingly, in MM099 where MITF
is not expressed, intronic H3K27ac was lost, but rather replaced by
strong H3K27ac labeling at the GATA6 promoter, correlating with
its high expression in these cells. ChIP-qPCR confirmed enrichment
of MITF and H3K27ac at the “intGATA6r” region in 501mel
(Fig 7B). In agreement with a role for MITF in GATAG repression,
siMITF silencing in 501mel induced GATAG expression (Fig 7C and
Appendix Fig S5B).

To determine whether MITF was able to transcriptionally repress
GATAG, we generated MMO99MITF-SOXI0PAXS iny which MITF, SOX10,
and PAX3 expression could be induced by doxycycline (Dox) treat-
ment (Fig 7D). We co-expressed MITF, SOX10, and PAX3 as we
observed that the presence of SOX10 and PAX3 stabilized MITF in
these cells. Following induction of MITF-SOX10-PAX3, GATA6
mRNA expression was repressed and level of GATAG6 protein
decreased (Fig 7D and E). Consequently, the expression of the
GATAG regulon genes ABCG2, AMIGOZ2, and SERPINEI was inhib-
ited (Fig 7E).

To establish its repressive role, the 500bp “intGATA6r” sequence
was inserted upstream of the CMV promoter of the pcDNA-CMV
vector to replace the immediate early CMV enhancer (“ieCMVenh”)
in the context of a GFP reporter vector (Fig 7F, left panel). The
reporter construct was transiently transfected into MMQ99M!TF-SOX10-
PAX3 with or without Dox-induced MITF-SOX10-PAX3 expression.
While ieCMVenh-dependent GFP expression was barely affected by
MITF-SOX10-PAX3 expression, the presence of the “intGATAGr”
element upstream of the promoter strongly impacted expression of
the GFP compared to cells that did not express MITF-SOX10-PAX3
(Fig 7F, right panel). Altogether, these data strongly suggested that
MITF transcriptionally repressed GATA6 by binding to a negative
regulatory sequence located in an intronic region of GATAG.

GATAG is expressed in MITF-low cells of human melanoma

Our in vitro data suggested that GATA6 and its regulon may be
expressed in MITF-low melanoma cells in human tumors. To test

© 2021 The Authors
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this hypothesis, we first performed an immunohistological (IHC)
examination of human tumor samples. Because MITF antibodies are
poorly efficient in IHC, we rather detected its transcriptional activa-
tor SOX10. While GATA6 was not observed in nevi and primary
melanomas that showed high SOX10 expression (Fig 8A, panels a-
d), it was highly expressed in a subpopulation of cells in cutaneous
metastases that did not express SOX10 (Fig 8A, panels e-f). In line
with the above data, analyses of public DNA microarray (Xu et al,
2008) or RNA-seq data (TCGA) consistently revealed higher expres-
sion of GATA6 in metastatic melanoma compared with primary
melanoma (Fig EV4A).

To further define which melanoma cell subtypes express GATAG
and its regulon, we re-analyzed scRNA-seq data from a PDX tumor
before and after BRAFi (dabrafenib) and MEKi (trametinib) combi-
nation treatment (Rambow et al, 2018). An unsupervised gene clus-
tering analysis that included more cells than in the original
published analyses detected 9 different cell subpopulation clusters
(Fig 8B). GO analysis attributed the four previously well character-
ized phenotypes to clusters 1, 5, 7, and 8, specifically starved-like
melanoma cells (SMC), pigmented, invasive and neural crest-stem
cells (NCSC) characterized by many of the previously described
genes of each signature (Fig 8C). We attributed two additional
phenotypes to clusters 4 and 6 that we defined as “Mitotic” due to
the high expression of late S-phase and G2 M phase genes and
“IFN-active” (previously designated as Immune (Rambow et al,
2018)) due to the enriched expression of interferon response genes.
Cluster 0 corresponded to MITF-intermediate proliferative cells,
while no specific ontology could be assigned to clusters 2 and 3 that
were characterized by high expression of mitochondrial or pseudo-
genes, respectively, and were excluded from subsequent analyses.

The frequency of cells of each phenotype was then analyzed at
the different phases defined by Rambow before and after MAPKi
exposure (TO is the drug-naive phase, phases 1 and 2 are the mini-
mal residual disease phase (MRD), and phase 3 is the development
of drug resistance (Rambow et al, 2018)). As previously described,
an increase in SMC, pigmented and NCSC at minimal residual
disease (MRD) phases 1 and/or 2 was observed (Fig EV4B), while
the frequency of mitotic cells was strongly reduced in phases 1 and
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Figure 8. GATAG is expressed in MITF-low melanoma cells in vivo.

EMBO reports

A Tumor sections were immuno-labeled (IHC) with anti-GATAG6 (red) and anti-SOX10 (green) antibodies, and images were captured by confocal microscopy at the
indicated magnification. We analyzed six tumor sections of metastases and observed significant GATA6 expression in only one of them. Scale bar 250 um for 40x

and 100 pm for 100x.

B Seurat cluster heatmap was generated from published scRNA-seq performed on PDX tumor (n = 674 cells) (GSE116237) (Rambow et al, 2018). The heatmap shows
9 different clusters into which the cells can be divided according to the expression of different referenced genes (Z-score). The top 10 genes are indicated in the left

for each cluster.

C GO was used to analyze the genes characterizing each cluster identified above. The average P-value was retrieved for each cluster taking the 3 best GO per cluster,
and then, z-score ((P-value of each biological process-average of P-value of each biological process)/standard deviation) was calculated. Clusters 2 and 3 were

undefined (un).

D, E Graphs showing the average expression of GATA6 (D) and MITF (E) (RPKM) for each phenotype cluster in TO (drug naive) (blue), phases 1-2 (MDR) (green and

yellow), and phase 3 (drug resistance) (red).

Data information: In (D, E), data are presented as mean values + SEM (n = 6,574 cells from 5 PDX).

2 but increased in the drug-resistance phase 3. The IFN-active cells
were present uniquely in phase 3. MITF-intermediate proliferative
cells were prevalent at the drug-naive phase TO, but declined
strongly in phase 1 before becoming more numerous in phases 2
and 3.

Analyses of GATAG expression in the seven cell types during the
defined phases indicated that GATAG significantly emerged in cells
displaying “Invasive” phenotype at TO, persisted at low levels in
“SMC” cells during the MRD phase before re-emerging in cells with
“IFN-active” phenotype during the drug-resistant phase 3 (Fig 8D).
In contrast, MITF was expressed in cells with “SMC” or “Mitotic”
phenotypes in TO, but showed essentially no expression in “Inva-
sive” or “NCSC” cells and was strongest expressed in “Pigmented”
cells with lower expression in the “IFN-active” cells at the drug-
resistance phases (Fig 8E). The expression of GATA6 in “IFN-
active” melanoma cells in the PDX prompted us to treat MM074
cells with the pro-inflammatory cytokine IFNy. This treatment
decreased expression of MITF and up-regulated expression of
GATAG, c-JUN (Riesenberg et al, 2015), and the positive control PD-
L1 at both mRNA (Fig EV4C) and protein levels (Fig EV4D). These
data indicated an anti-correlation between MITF and GATAG in cells
from PDX tumors together with the emergence of GATA6 in MITF-
low cells of the drug-resistance phase. This anti-correlation was
recapitulated in cells treated with the pro-inflammatory cytokine
IFNy.

Discussion

In this work, we have shown that CDK7i sensitivity of melanoma
cells was independent of driver mutation status, but strongly influ-
enced by their phenotype. MITF-high melanocytic-type melanoma
cells were highly sensitive to CDK7i, while MITF-low mesenchymal-
like melanoma cells were largely insensitive. As shown before
(Ennen et al, 2017; Wouters et al, 2020), mesenchymal-like MM099,
MMO029, and MM047 showed similar, but not identical signatures.
Our current data show that MM047 differs from the MM099 and
MMO029 cells in its resistance to CDK7i. As each are primary cultures
from different patients with a different natural history of the disease,
differences between lines are only to be expected. Through the
establishment of CDK7Zi-resistant cells from two different parental
phenotypes, we defined a set of 261 genes reflecting the adaptation
of melanoma cells to the exposure to CDK7i. Among these, we iden-
tified a network governed by GATAG and containing genes such as
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AMIGOZ, involved in melanoma cell survival. GATAG6 and its regu-
lon were not only expressed in melanoma cells chronically exposed
to CDK7i in vitro, but also more broadly in melanoma cells showing
low expression of the lineage-specific markers SOX10 and MITF in
tumors. We further observed that depletion of SOX10 or MITF
proteins also activated GATA6-dependent genes, suggesting that the
decommission of the CDK7-dependent SEs regulating MITF and
SOX10 expression following CDK7i exposure (Eliades et al, 2018) is
a key step in their activation. Our results also established that CDK7i
more strongly inhibited MITF and SOX10 expression in melanoma
cells compared to BETi (Fontanals-Cirera et al, 2017), despite the
presence of BRD4 at their corresponding SEs (Eliades et al, 2018),
that may just be a collateral non-functional recruitment associated
with strong enrichment of coactivators at SEs. Further evidence for
the critical role of MITF/SOX10 in GATAG repression comes from
their ectopic expression in mesenchymal-like cells that inhibited
GATAG6 expression. We further identified a short regulatory
sequence in a GATAG intron that is bound by MITF and conferred
MITF-driven transcriptional repression in a heterologous setting, a
recognized criterion for bone fide repressor elements.

Consistent with our analysis showing GATAG expression in both
“invasive” and “IFN-active” PDX melanoma cells, IFNy treatment
of melanocytic cells repressed MITF/SOX10 leading to the concomi-
tant activation of GATAG6 (Son et al, 2014). Since MITF has been
shown to participate in stabilization of CDK7 in melanocyte-type
melanoma cells (Seoane et al, 2019; Louphrasitthiphol et al, 2020),
our data suggest a negative feedback loop where the progressive
loss of MITF during melanoma progression and inflammation trig-
gers decreased CDK7 protein levels that in turn promotes lower
MITF expression leading to de-repression of GATAG expression in
MITF/CDK7-low melanoma cells (Fig EV5). In line with this model,
a negative correlation between CDK7 and GATA6 was observed in
human SKCM.

GATAG is expressed in various normal tissues derived from the
mesoderm and endoderm (Almalki & Agrawal, 2016). An oncogenic
role for GATA6 has been proposed in various cancers including
pancreatic cancer where its knockdown reduced cell proliferation
and cell cycle progression (Sun & Yan, 2020). We show that the
decrease of GATAG6 impaired proliferation of MITF-low
mesenchymal-like melanoma cells. Since GATAG6 is expressed in
normal adult tissues, it is unlikely that its targeting would lead to
efficient therapy. However, identification of its downstream regulon
genes may help to identify molecular targets in mesenchymal-like
melanoma cells that could be exploited therapeutically to prevent
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acquisition of metastatic and drug resistance potential. One of the
GATAG regulon genes, AMIGO2, has already been identified as
targetable for metastatic melanoma (Fontanals-Cirera et al, 2017).
We observed that the GATAG6-dependent multidrug transporter
ABCG2 is, at least in part, responsible for cross-resistance to targeted
therapies in mesenchymal-like cells and is significantly overex-
pressed in metastatic melanoma tumors compared with primary
tumors, suggesting that it may mediate ubiquitous cross-resistance
to targeted therapies clinically.

Our results also clearly established a role for CDK? in transcrip-
tional reprograming of melanoma cells. MITF-high melanoma cells
exposed to CDK7i progressively lost melanocytic-type markers and
acquired those of the undifferentiated mesenchymal-like state. In
acquired CDK7Zi-resistant melanoma cells, we detected both a
mesenchymal-like transcriptional signature and the acquisition of
programs responsible for invasion. In apparent contrast, we
observed that the acquired resistance of MITF-high melanoma cells
to BRAFi was not accompanied by a loss of lineage-specific markers.
In our hands, and as previously observed (Haq et al, 2013) (Smith
et al, 2016), chronic exposure of melanocytic-type melanoma cells
to escalating doses of BRAFi switched them to a highly pigmented
state, which is likely a consequence of the increased MITF expres-
sion that we observed in these cells (Khaled et al, 2010).

Finally, an increasing number of studies identified CDK7 as a
therapeutic target in various cancers (Fisher, 2019). However,
the phenotype reprograming observed during prolonged exposure
of melanoma cells to CDK7i illustrates the potential danger of
targeting this kinase in cancers where EMT plays an important
role in therapeutic resistance and metastasis, an issue that has
not been fully investigated so far. Future studies should there-
fore take into consideration the potential of CDK7i treatment to
promote emergence of mesenchymal-like cells and therapeutic
resistance.

Materials and Methods

A full list of reagents including antibodies, commercial kits, and
oligonucleotides is supplied in Appendix Table S1.

Patients

Gene expressions in tumors and nevi were retrieved from several
previously published datasets (including TCGA) indicated in the fig-
ure legends.

Cell culture and treatment

Cells were grown in 5% CO, at 37°C in HAM-F10 (Gibco, Invitro-
gen) supplemented with 10% FCS and penicillin—streptomycin.
Melanoma cell line 501mel was grown in 5% CO, at 37°C in RPMI
w/o HEPES (Gibco, Invitrogen) supplemented with 10% FCS and
gentamycin.

Cells were transfected with Lipofectamine RNAIMAX following
the manufacturer’s instructions with 25 nM of siRNA ON-
TARGETplus SMARTPool (Horizon Discovery), and cells were
harvested 48 and/or 72 h after transfection. All cell lines used were
mycoplasm negative.
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MMQQOMITF-SOXIOPAXS N\ iNj047CFP ) and MMO0479ATAC cells were
generated as followed. Lentiviral vectors pTET-SMP encoding
human untagged MITF, SOX10, and PAX3 proteins, and pLenti-
EF1a-GFP and pLenti-EF1-3xFLAG-GATAG6 encoding for GFP and
GATAG proteins, respectively, were transduced in either MM099 or
MMO047 in the presence of polybrene, and cells were selected with
3 pg/ml of puromycin. Conditional expression of pTET vector was
carried out by adding 1 ng/ml of doxycycline in the medium for at
least 24 h.

Generation of CDK7i- and BRAFi-resistant cells

To generate CDK7i- or BRAFi-resistant cells, we chronically exposed
the MMO074 (BRAFY®°’) melanocytic-type cells to escalating doses
of THZ1 or vemurafenib over several weeks. These treatments were
carried out until the cells proliferated in drug concentrations equal
to at least 5 times the original IC50 values, allowing us to generate
stable MM074°PX7™R and MM074BRAFR Jines, respectively. In paral-
lel, the MM047 (NRAS?®'R) mesenchymal-like cells were chronically
exposed to THZ1 following the same protocol to generate stable
MMO047PX7R Once established, the resistance was permanent and
drugs can be removed without affecting cell phenotype.

CRISPR/Cas9 editing of 501me|B'O-FLAG:CDI7

A 501mel were co-transfected with vector px738 (encoding Cas9-HF-
GFP and two guide RNAs targeting CDK7 locus) and construct m599
linear DNA fragment carrying homology regions to CDK7 locus and
puromycin-P2A-BIO-FLAG-CDK7N-termsequence (Appendix Table S1)
with transfection reagent FUGENEG. Twenty-four h later, single cells
GFP positive were sorted in P96-well plates in the presence of puro-
mycin (3 pg/ml) with cell sorter. Single clones were let grown and
selected for 4-6 weeks and surviving ones screened for gene editing
through PCR using Phusion High-Fidelity TAQ Polymerase using
different combination of primers (F1, F5, R3, R4, RS, see
Appendix Table S1). PCR-positive clones were finally further amplified
to perform Western blot and Co-IPs validation.

Cell proliferation assay

To measure proliferation, cells were incubated first with CellTrace
Violet according to the manufacturer’s instructions. Cell prolifera-
tion was detected on a BD LSRFortessa™ Flow Cytometer. Data were
analyzed with FlowJo software. To define slow proliferating cells,
we proceeded as follows: We considered that slow proliferating cells
represented the 30% of cells with the highest concentration of
BV421 in the siCTL treatment. We then calculated the % of cells
that had a concentration greater than or equal to this value after
treatment with siRNA.

Reporter assay

The intGATAGr element was isolated by genomic PCR using Phusion
High-Fidelity TAQ polymerase (Thermo Fisher) with specific
primers (Appendix Table S1). To allow the cloning within pCDNA-
GFP vector, the first PCR product was further amplified by PCR with
primers carrying Mlul and Smal restriction sites at the 5° and 3’,
respectively (MIul_F and Smal R primers in Appendix Table S1).
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The immediate early CMV enhancer (ieEnh) in the pCDNA-GFP
vector (pCDNA-ieEnh-CMV-GFP) was then replaced with the
intGATAG6r element (pCDNA-intGATAGr-CMV-GFP).

MITF-SOX10-PAX3 expression was induced in MMQ99MITF-SOX10-
PAXS cells with doxycycline for 48 h, and cells were subsequently
transfected with pCDNA-ieEnh-CMV-GFP or pCDNA-intGATAG6r-
CMV-GFP vectors for 24 h with FuGENE6 following the manufac-
turer’s instructions. RNA was then collected for qPCR, and GFP
protein signal was detected on cytofluorometer. FACS data were
analyzed with FlowJo software.

Histology

Human tissue sections were de-paraffinized and dehydrated with
Histosol and dilutions of ethanol (100, 90, 70, and 30%) and then
rehydrated with demineralized water. Subsequently, sections were
boiled in sodium citrate buffer (0.1 M citric acid, 0.1 M sodium
citrate) for 15 min to unmask antigens. Alternatively, cells were
grown on glass slides and fixed with 4% formaldehyde. Both tissues
and cells were permeabilized with PBS and 0.1% Triton X-100.
Blocking was done with 10% fetal bovine serum before incubation
with primary antibodies.

In situ hybridization of ABCG2 mRNA was performed using the
RNAscope assay according to the manufacturer’s instructions
(ACDBIo0). Cells and tissue sections were counterstained with DAPI
and visualized using confocal microscope Spinning disk Leica CSU
W1. Probes’ sequences were not provided by the manufacture.

EU incorporation assay

RNA labeling by EU incorporation was performed with Click-iT
RNA Imaging kit following the manufacturer’s protocol. EU signal
intensity was quantified using imaging system.

Cell survival assay

Normal or transfected cells were seeded at 5,000 cells/well in a 96-
well plate and treated with increasing concentrations of THZI,
vemurafenib, or trametinib. After 72 h of incubation, cells were
treated with PrestoBlue reagent according to the manufacturer’s
instructions. The absorbance per well was measured with a micro-
plate reader. The data were then analyzed using Prism8.

RT-qPCR

Total RNA was isolated from cells using a GenElute Mammalian
Total RNA Miniprep kit (Sigma) and reverse-transcribed with Super-
Script IV reverse transcriptase (Invitrogen). The quantitative PCR
was done using LightCycler. The primer sequences for the different
genes used in qPCR are indicated in Appendix Table S1. The mRNA
expression of the various analyzed genes represents the ratio
between values obtained from treated and untreated cells normal-
ized with the housekeeping genes mRNA.

ChIP

Cells were grown on 15-cm plates and, once reached 80% of conflu-
ence, were fixed with PBS + 0.4% formaldehyde solution for
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10 min. Fixation reaction was stopped with 2 M Glycin pH 8. Cells
were then pelleted and suspended in lysis buffer (EDTA 10 mM,
Tris—HCl pH8 50 mM, SDS 1%) and sonicated with Covaris E220
AFA power 200 Hz 6 cycles 200 s to get a DNA fragmentation
between 500 and 200 bp. Chromatin was then diluted in 60 pg
aliquots with 8 volumes of ChIP dilution buffer (Tris~HCl pH8
16.7 mM, EDTA 1.2 mM, NaCl 167 mM, Triton X-100 1.1%, SDS
0.01%). The immuno-precipitations were done as follows. 1-5 pg of
antibody was incubated overnight with chromatin, and the complex
antibody—chromatin was then captured with G protein sepharose
beads (Sigma-Aldrich) 1 h at 4°C. Beads were washed 2 times with
low salt buffer (Tris—=HCl pH8 20 mM, EDTA 2 mM, NaCl 150 mM,
Triton X-100 1%, SDS 0.1%), high salt buffer (Tris-HCl pH8
20 mM, EDTA 2 mM, NaCl 500 mM, Triton X-100 1%, SDS 0.1%),
LiCl buffer (Tris-HCI pH8 500 mM, EDTA 1 mM, Na deoxycholate
1%, NP40 1%, LiCl 0.25 M), and TE buffer (Tris—HCI pH8 10 mM,
EDTA 1 mM), and DNA was eluted 30 min at room temperature
with Elution buffer (NaHCO;s; 0.1 M, SDS 1%). DNA was finally
purified through phenol-chloroform, re-suspended in 100 pl of
water, and analyzed by gPCR using a set of primers indicated in
Appendix Table S1.

RNA-seq

RNA-seq was performed as previously described (Laurette et al,
2019). Reads were preprocessed in order to remove adapter and
low-quality sequences (Phred quality score below 20). After this
preprocessing, reads shorter than 40 bases were discarded for
further analysis. These preprocessing steps were performed using
cutadapt version 1.10. Reads were mapped to rRNA sequences using
bowtie version 2.2.8, and reads mapping to rRNA sequences were
removed for further analysis. Reads were mapped onto the hgl9
assembly of Homo sapiens genome using STAR version 2.5.3a. Gene
expression quantification was performed from uniquely aligned
reads using htseq-count version 0.6.1pl, with annotations from
Ensembl version 75 and “union” mode. Only non-ambiguously
assigned reads have been retained for further analyses. Read counts
have been normalized across samples with the median-of-ratios
method (Anders & Huber, 2010). Differential gene expression analy-
sis was performed using the methodology implemented in the
Bioconductor package DESeq2 version 1.16.1 (Love et al, 2014).
P-values were adjusted for multiple testing by the method proposed
by Benjamini and Hochberg (Benjamini & Hochberg, 1995). Deregu-
lated genes were defined as genes with log2(foldchange) > 1 or
< —1 and adjusted P-value < 0.05. Heatmaps were generated with
the R package pheatmap v1.0.12.

ChiIP-seq

Purified DNA fragments for ChIP-seq were prepared by using the
ChIP-IT High Sensitivity Kit (Active Motif) and the related antibod-
ies. ChIP-seq was performed on an Illumina sequencer as single-end
50 base reads following Illumina’s instructions. Image analysis and
base calling were performed using RTA 1.17.20 and CASAVA 1.8.2.
Reads were mapped onto the hgl9 assembly of the human genome.
Peak detection was performed using MACS (https://github.com/
macs3-project/MACS) under settings where the input fraction was
used as negative control. Peaks detected were annotated using
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HOMER (http://biowhat.ucsd.edu/homer/ngs/annotation.html) as
well as TSS protein enrichment comparison. Quantitative compar-
ison of RNA Pol II gene body enrichment was performed using
seqMINER (http://bips.u-strasbg.fr/seqminer/). As reference coordi-
nates, we used the MACS-determined peaks or the annotated TSS/
TTS of human genes as defined by RefSeq database. Sequence
enrichment was performed using RSAT (http://rsat.sb-roscoff.fr)
with MACS-determined peaks as reference.

Analysis of scRNA-seq data from short-cultured melanoma cells

After being downloaded, raw reads from scRNA-seq from MMO11,
MMO029, MM047, MMO074, and MM099 (Wouters et al, 2020) were
processed using CellRanger (v 3.1) to align on the hgl9 human
genome, remove unexpressed genes, and quantify barcodes and UMIs.
Data were then analyzed in R (v4.0.2) with Seurat v3.2.0 following
the recommended workflow. Cells were filtered for feature count rang-
ing from 120 to 2,000 and percentage of mitochondrial reads < 15%.
Counts were normalized with the “LogNormalize” method and data
scaled to remove unwanted sources of variation (UMI count and mito-
chondrial reads). The number of principal components to use was
determined from the Jackstraw plots. Clustering was performed on
variable features using the 25 most significant principal components
and a resolution of 1.15. Regulome analyses of active transcription
factors were performed using the SCENIC v1.1.2.2 package. Transcrip-
tion factor activities were visualized on the UMAP using AUCell or as
heatmaps using the R package pheatmap. Trajectory on the UMAP
projection was resolved by monocle3 v0.2.0.

Analysis of scRNA-seq from PDX

Expression matrix with row reads counts for the single-cell experi-
ment was retrieved from GEO (GSE116237). Then, data were
normalized and clustered using the Seurat software package version
3.1.4 (Butler et al, 2018) in R version 3.6.1. Data were filtered, and
only genes detected in at least 3 cells and cells with at least 350
detected genes were kept for further analysis. Expression of 26,661
transcripts in 674 cells was quantified. To cluster cells, read counts
were normalized using the method “LogNormalize” of the Seurat
function NormalizeData. It divides gene expression counts by the
total expression, multiplies this by a scale factor (10,000 was used),
and log-transforms the result. Then, 2,000 variable features were
selected with the variance stabilizing transformation method using
the Seurat function FindVariableGenes with default parameters.
Integrated expression matrices were scaled (linear transformation)
followed by principal component analysis (PCA) for linear dimen-
sional reduction. The first 20 principal components (PCs) were used
to cluster the cells with a resolution of 0.5 and as input to tSNE to
visualize the dataset in two dimensions. The Bioconductor package
AUCell v 1.6.1 (Aibar et al, 2017) was used to assess whether some
cells from the Rambow dataset were enriched in gene sets of inter-
est. AltAnalyze was used for the supervised clustering of TCGA
samples (Olsson et al, 2016).

Gene ontology

Gene ontology was performed using Metascape software developed
by (Zhou et al, 2019).
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Quantification and statistical analysis

Statistical details of experimental can be found in figure legends or
in the methods details. Hypergeometric distribution tests for the
Venn diagrams were performed using: https://systems.crump.uc
la.edu/hypergeometric/.

Data availability

The datasets produced in this study are available in the following
databases:
Access numbers for data generated in this paper are as follows:
ChIP-Seq data CDK7: Gene expression Omnibus GSE158118.
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE158118
RNA-seq data CDK7i cells: Gene expression Omnibus GSE
158119.
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE158119
RNA-seq data: Gene expression Omnibus GSE164431.
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE164431.

Expanded View for this article is available online.
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Expanded View Figures

Figure EV1. Generation of CDK7i- or BRAFi-resistant melanoma cells.

A

Dose—response curves for MM074, MM074°% "R ‘and MMO074%R%AF "R cells treated with increasing doses of THZ1 for 72 h. Fractions of viable cells relative to DMSO-
treated cells are shown. IC50 for each cell line is indicated.

Dose—response curves for MM074, MMO74ERA R ‘and MM074PK” R cells treated with increasing doses of vemurafenib for 72 h. Fractions of viable cells relative to
DMSO-treated cells are shown. IC50 for each cell line is indicated.

MMO047 cells and their CDK7i-resistant MM047°¥/"R counterparts were treated as in panel (A).

Dose—response curves for parental MM074, MM0745*7 R ‘and MM074P*" "R cells treated with increasing doses of trametinib for 72 h. Fractions of viable cells
relative to DMSO-treated cells are shown. IC50 for each cell line is indicated.

Impact of CDK7i on global transcription was measured by labeling de novo synthesized RNA with 5-ethynyl uridine (SEU) (Alekseev et al, 2017). Cells as indicated were
treated 4 h with either vehicle (DMSO) or THZ1 (50 nM). Transcribed RNAs were labeled by S5EU incorporation.

Boyden chamber assay for MM074 and MMO074°P*""R cells. Pictures are representative images of the bottom of the Boyden chamber membrane. Scale bar 400 pum.
qRT-PCR analysis showing average TBP-normalized expression of MLANA in the indicated cell lines.

Image shows pellets of MM074, MM074°*""R ‘and MM0745FFIR cells. The pellets of MM074%%""R cells have a brown color suggesting the presence of highly
pigmented cells.

Data information: In (A-D), data are presented as mean values + SD for three replicates (n = 3). In (F, G), data are presented as mean values + SD for six replicates (n = 6).
In (E), data are presented as mean values + SEM for three replicates. n = ~ 2,500 cells were analyzed in each experiment. The P-value (Student’s t-test) is indicated,
*** < 0.005 and ns, non-significant (> 0.05).
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Figure EV2. GATAG6 expression in melanoma in vivo.

A

Venn diagram merging the up-regulated genes in MM074°*"""R and MM047P*”" "R with a list of annotated transcription factors (TFs) (https://www.ncbi.nim.nih.gov/
pubmed/29425488).

Statistical comparison of the average fold change expression of 16 TFs associated with drug resistance between sensitive (501mel, MMO047, MMOQ74) vs. resistant
(MMO029, MM099, MMO074P¥/R MM049PK7R) cell lines. In red, the four TFs with P-value < 0.05.

Scatter plot expression values for DMRTAL THRB, TLE4, and GATA6 in nevi us primary melanoma extracted from public bulk RNA-seq data of treatment-naive
melanocytic tumors (n = 78) consisting of primary melanomas of the skin and benign melanocytic lesions (GSE98394) (Badal et al, 2017). The P-value (Student’s t-
test) is indicated, *** < 0.005.

MMO029, MM099, and MMO011 were pre-treated with either siCTL or siGATA6 for 48 h, and protein lysates from the indicated cells were immuno-blotted for the
indicated proteins. Molecular masses of the proteins are indicated in kDa.

GFP or GATA6 were expressed in MM047 (MMO047+GPF or MM047+GATA6). Following selection, protein lysates from the indicated cells were immuno-blotted for the
indicated proteins. Molecular masses of the proteins are indicated in kDa.

gRT-PCR analysis showing average TBP-normalized fold expression of GATA6, ABCG2, AMIGO2, and SERPINEL in MMO47+GFP or MM047+GATA6.

Dose—response curves for MM047+GFP and MMO47+GATAG cells treated with increasing doses of THZ1 for 72 h. Fractions of viable cells relative to DMSO-treated
cells are shown. IC50 for each cell line is indicated.

Data information: In (F), data are presented as mean values + SD for six replicates (n = 6). In (G), data are presented as mean values + SD for three replicates (n = 3). The
P-value (Student’s t-test) is indicated, *** < 0.005.

Source data are available online for this figure.
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Figure EV3. ABCG2 is up-regulated in metastatic melanoma. >

A RNA FISH/mRNA in situ hybridization of ABGC2. Top panel: Probe was validated using 501mel and MMO11 cells that do not express ABCG2 vs. MMO029 that expresses
it. Scale bar 40 um. Bottom panel: Nevi and tumor sections (primary melanoma or cutaneous metastases) were used (n = 3 sections from each tissue) with one
representative micrograph from each tissue shown. Images were captured by confocal microscopy. Scale bar 400 um.

B Venn diagram merging the up-regulated genes in MM074°*""R and MM047°°*""R with a list of all ABC transporters. Three ABC transporters are up-regulated in
MMO74P*"R and/or MM047<P¥/ R,

C gRT-PCR analysis showing average TBP-normalized expression of ABCB1, ABCC3, and ABCG2 in the indicated cell lines.

D MMO029 and MM099 melanoma cells were treated with either siCTL or siABCG2. mRNA was analyzed by qRT-PCR analysis showing average TBP-normalized
expression of ABCG2 (left panel). Protein level was analyzed by WB (right panel). Molecular masses of the protein ladder (lane 3) are indicated in kDa.

Data information: In (C, D), data are presented as mean values + SD for six replicates (n = 6).

Source data are available online for this figure.
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A Scatter plot expression values for GATA6 in primary us metastatic melanoma extracted either from published DNA microarray data on a cohort of patient melanomas
(skin cutaneous melanoma, n = 83) (GSE8401) (Xu et al, 2008) (left panel) or from TCGA bulk RNA-seq data on a cohort of patient melanomas (skin cutaneous

melanoma, n = 363, Pan-Cancer Atlas) (right panel). The P-value (Student’s t-test) is indicated, ** < 0.01.

B Group histogram showing the percentage of cells belonging to phenotype clusters as indicated in TO (drug naive), phases 1-2 (MDR), and phase 3 (drug resistance).

(@}

gRT-PCR analysis showing average TBP-normalized fold expression of MITF, c-Jun, GATA6, and PD-L1 in MMO74 treated or not with IFNy (20 ng/ml) for 24 h.

D MMO74 was treated or not with IFNy (20 ng/ml) for 24 h, and protein lysates were immuno-blotted for the indicated protein. The numbers below the gel lanes
represent relative protein level, which was determined from the band intensity using Image] software and normalized relative to vinculin control.

Data information: In (C), data are presented as mean values + SD for six replicates (n = 6). The P-value (Student’s t-test) is indicated, ** < 0.01 and *** < 0.005.

Source data are available online for this figure.
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Figure EV5. Scenarios for the repression and activation of GATA6 expression in melanoma.
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In melanocytic-type cells (left red panel), CDK7 and MITF mutually regulate each other in a positive feedback loop through binding to enhancers or SEs associated with each
gene. In turn, MITF binds to a sequence located in an intron of GATAG to repress its expression. Consequently, GATA6 is poorly expressed in MITF/CDK7 high cells. THZ1 or IFNy
represses MITF expression leading to GATA6 up-regulation. Upon switching to a mesenchymal-like state (right blue panel), a negative feedback loop is established where the
progressive loss of MITF during melanoma progression and inflammation triggers decreased CDK7 protein levels that in turn promotes lower MITF expression leading to de-
repression of GATAG expression in MITF/CDK7-low cells.
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Appendix Figure S1: Phenotype reprograming of drug-resistant melanoma cells
GO was used to analyze the 261 genes up-regulated both in MM047°¥7R and MMQ74CK7i-R
cells. In the horizontal histograms the top 20 significant pathways obtained from the

Metascape analysis are shown.
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Appendix Figure S2: ABCG2 is up-regulated in metastatic melanoma

Scatter plot expression values for ABCG2 in primary vs metastatic melanoma extracted
either from published DNA microarray data on a cohort of patient melanomas (skin
cutaneous melanoma, n=83) (GSE8401) (Xu et al., 2008) (left panel) or from TCGA bulk RNA-
seq data on a cohort of patient melanomas (skin cutaneous melanoma, n=363, Pan-Cancer

Atlas) (right panel). The p-value (Student’s test) is indicated, ***<0.005.
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Appendix Figure S3: Characterization of 501me|B'0-FLAG:CDK7 ce||g

A. Protein lysates from 501mel and 501melB'O-FLAGCDKY cells were immuno-blotted for CDK7.
Molecular sizes (KDa) of the proteins are indicated in kDa.

B. Immunoprecipitation was performed with anti-IgG, anti-CDK7 or anti-FLAG using whole
cell extracts of 501mel and 501melB'O-FLAGCOKT cels, Proteins on the resin were resolved by
SDS-PAGE and immunoblotted using anti-XPB or anti-XPD antibodies. Molecular sizes (KDa)

of the proteins are indicated in kDa.
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Appendix Figure S4: JQ1 affects MED25 expression

MED25 expression is used a positive control of JQ1 treatment. gRT-PCR analysis showing
average TBP-normalized fold expression of MED25 in 501mel treated either with DMSO or
JQ1 (10uM) for 24h. Error bars indicate mean values + SD for three biological triplicates. The

p-value (Student’s t-test) is indicated, ***<0.005.
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Appendix Figure S5: Decrease of SOX10 and MITF using siRNA induces GATA6 expression
A. Scatter plot expression values (in log2(RPKM)) of GATA6 against either CDK7 (left), MITF
(middle) or SOX10 (right). These data were extracted from TCGA bulk RNA-seq data on a
cohort of patient melanomas (n=363, Pan-Cancer Atlas). The line of best fit, the Spearman’s
rank correlation coefficient (r) and the p-value (Student’s t-test) are indicated.

B. 501mel were pre-treated with siCTL, siMITF or siSOX10 for 48h and protein lysates from
the indicated cells were immuno-blotted for the indicated proteins. Molecular masses of the
proteins are indicated in kDa. The numbers below the gel lanes represent relative protein
level, which was determined from the band intensity using Image) software, and normalized
to each relative actin control.

C. Bi-modal distribution of the frequency of AUCell values of GATA6 regulon in MMO074
single cells treated with siSOX10. We considered that GATA6 regulon active cells show an

AUCell value > 0.15.
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Appendix Table S1: A full list of reagents including antibodies, oligonucleotides and

biological kits used in this paper is provided.
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REAGENT/ RESOURCE SOURCE IDENTIFIER
Antibodies
Monoclonal Anti-Vinculin antibody produced in mouse Sigma-Aldrich V4505
Polyclonal Anti-BTubulin antibody produced in goat Abcam Ab21057
Monoclonal Anti-SOX10 antibody produced in rabbit Cell Signaling D5VOL
Monoclonal Anti-MITF antibody produced in rabbit Cell Signaling D5G7V
Monoclonal Anti-TFAP2A antibody produced in mouse SC Biotechnology sc-12726
Monoclonal Anti-GATAG antibody produced in rabbit Cell Signaling D61E4
Monoclonal Anti-SOX9 antibody produced in rabbit Cell Signaling D8G8H
Monoclonal Anti-c-JUN antibody produced in rabbit Cell Signaling 9165
Polyclonal Anti-H3K27ac antibody produced in rabbit-ChIP Abcam Ab4729
Grade
Polyclonal Anti-HA antibody produced in rabbit-ChIP Grade Abcam Ab9110
Monoclonal Anti-FLAG antibody produced in mouse Merck Millipore F3165
Biological Samples
Sections of nevi and melanoma samples Prof. B. Cribier, N/A

head of the

Laboratoire

d’histopathologie et
d’immunopathologi
e cutanées at the
Hopital Civil of

Strasbourg
Chemicals, Peptides, and Recombinant Proteins
THZzA1 MedChemExpress HY-80013
Trametinib MedChemExpress HY-10999

225




Vemurafenib SelleckChem PLX4032
JQ1 SelleckChem S7110
INFy PeproTech 300-02
Critical Commercial Assays

Click-iIT RNA Alexa Fluor 488 Imaging kit Invitrogen C10329
PrestoBlue ThermoFisher A13262
GenElute Mammalian Total RNA Miniprep kit Merck RTN70
CellTrace Violet ThermoFisher C34571
Phusion High-Fidelity TAQ polymerase ThermoFisher F-530XL
APC Annexin V BD Biosciences 550474
BafilomycinA1 Sigma-Aldrich B1793
FuGENES® transfection reagent Promega France E2691
Lipofectamine RNAIMAX reagent ThermoFisher 13778150

Experimental Models: Cell Lines

Human; Short-term cultured melanoma cells

(Gembarska et al.,

2012)
Human; MMOQQ™" T SOXTHFAXS This paper N/A
Human; 50 1mel®>TAGTPK7 This paper N/A
Oligonucleotides
Primer ACTIN, forward, ACATCTGCTGGAAGGTGGAC This paper N/A
Primer ACTIN, reverse, CCCAGCACAATGAAGATCAA This paper N/A
Primer GAPDH, forward, This paper N/A
ACAACTTTGGTATCGTGGAAGG
Primer GAPDH, reverse, GCCATCACGCCACAGTTTC This paper N/A
Primer MITF, forward, This paper N/A
CATTGTTATGCTGGAAATGCTAGAA
Primer MITF, reverse, GGCTTGCTGTATGTGGTACTTGG This paper N/A
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Primer TBP, forward, CGGCTGTTTAACTTCGCTTC This paper N/A
Primer TBP, reverse, CACACGCCAAGAAACAGTGA This paper N/A
Primer SOX10, forward, This paper N/A
CCAGTTTGACTACTCTGACCATCAG

Primer SOX10, reverse, This paper N/A
ATATAGGAGAAGGCCGAGTAGAGG

Primer ABCC3, forward, GGAAAACGTGCTTTTCGGCAA This paper N/A
Primer ABCC3, reverse, CCCCCAGACAGGTTAATGCC This paper N/A
Primer ABCB1, forward, GGAGGCCAACATACATGCCT This paper N/A
Primer ABCB1, reverse, AGGCTGTCTAACAAGGGCAC This paper N/A
Primer ABCG2, forward, TCAGGAGGCCTTGGGATACT This paper N/A
Primer ABCG2, reverse, This paper N/A
GTCTTCTTCTCTGTTTAATGCCACA

Primer GATAB, forward, ACCACCTTATGGCGCAGAAA This paper N/A
Primer GATAB, reverse, ATAGCAAGTGGTCTGGGCAC This paper N/A
Primer AMIGO2, forward, GCAGTGATAGCTGAGGGCAT This paper N/A
Primer AMIGO2, reverse, CGCCACAAAAGGTGTGTCAG This paper N/A
Primer SERPINE2, forward, AGAGCGCTGTCAAGAAGACC This paper N/A
Primer SERPINE2, reverse, CTCAGAGGTGCCTTGCGATT This paper N/A
Primer for ChlP, intGATAGr, forward, This paper N/A
GAAAAAGCCGTAAGCACAGTCTCA

Primer for ChlP, intGATAGr, reverse, This paper N/A
ACGACTGTGTGATCCTTCCCA

Primer for ChIP, TYR, forward, This paper N/A
CATCCTTCTGTAAGGCCACAG

Primer for ChlIP, TYR, reverse, This paper N/A
ACTGGGAATGAAGGGCAAG

Primer for ChIP, PRMG, forward, This paper N/A
ACAGAGCGACACCCTGTCAT

Primer for ChIP, PRMG, reverse, This paper N/A
AGGCGGTGGTTACACAACA

gRNA1, CDK7, tcgggctttacggcgccgga This paper N/A
gRNA2, CDK7, acttcacgtccagagccatc This paper N/A
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Puromycin-P2A-BIO-FLAG-CDK7N-
termsequence:ctttaaattcgtgttgtcctgggagctcgececttttcggetgga
gtcgggctitacggcgCCGgATGACCGAGTACAAGCCCACGgt
gcgcctcgecacccgcgacgacgtccccagggcecgtacgcaccctcgecgec
gcgttcgccgactaccececgecacgegecacaccgtcgatccggaccgecacat
cgagcgggtcaccgagctgcaagaactcttcctcacgcgegtecgggcetcgaca
tcggcaaggtgtgggtcgcggacgacggecgeecgeggtggeggtctggaccac
gccggagagcegtcgaagegggggeggtgttcgeccgagatcggeccgegeat
ggccgagttgagcggttcccggetggecgecgcagcaacagatggaaggcectc
ctggcgcecgcaccggeccaaggagceccgegtggttcctggecaccgteggegt
ctcgceccgaccaccagggcaagggtetgggcagegecgtegtgetcecececgga
gtggaggcggecgagegegecggggtgeccgecttcctggaAacctcecgege
cccggaacctcecccttctacgageggcetecggcttcaccgtcaccgeccgacgtcg
aggtgcccgaaggaccgcgcacctggtgcatgacccgcaageccggtgecG
Gaagcggagctactaacttcagcctgctgaagcaggcetggagacgtggagga
gaaccctggacctggcctgaatgacatctttgaggcccagaagatcgagtgge
atgagggaggaatggactacaaggacgacgatgacaagggaggcggaggg
agtggaggcggtggCAGCGGTGGCGGAGGGAGTGcetctggacg
tgaagtctcgggcaaagcgttatgagaagctggacttccttggggagggacag
gtg)

This paper

N/A

Single clones check, F1: GAACGCCAACCGCCTGG

This paper

N/A

Single clones check, F5: AAGAACTCTTCCTCACGCGCG

This paper

N/A

Single clones check, R3: CCGAGACTTCACGTCCAGAGC

This paper

N/A

Single clones check, R4: AAACGTGGCGGGTCAGTCTCC

This paper

N/A

Single clones check, R5: CCTTCCATCTGTTGCTGCGC

This paper

N/A

Mlul_F:aaaaACGCGTACGATTTGCAGGAAAGCATTTCCC

Smal_R:aaaaCCCGGGCATGGGTT CTTCGGCTTGTGG

intGATAGr forward primer ACGATTT
GCAGGAAAGCATTTCCC

intGATAGr reverse primer CATGGGTTCTTCGGCTTGTGG

Recombinant DNA

pCDNA-ieEnh-CMV-GFP

This paper

N/A

pCDNA-intGATA6r-CMV-GFP

This paper

N/A

pTET-SMP-MITF/SOX10/PAX3

This paper

N/A

pCDNA-GFP

Thermofisher

pLenti-EF1a-GFP

This paper

N/A

PLenti-EF1a-3xFLAG-GATAG

This paper

N/A
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Software and Algorithms

Metascape software

(Zhou et al., 2019)

AUCellv 1.6.1

(Aibar et al., 2017)

Seurat software package version 3.1.4

(Butler et al., 2018)

RSAT http://rsat.sb-
roscoff.fr

seqMINER http://bips.u-
strasbg.fr/segminer/

HOMER http://biowhat.ucsd.
edu/homer/ngs/ann

otation.html
MACS http://liulab.dfci.har
vard.edu/MACS/

ImageJ http://rsb.info.nih.
gov/ij/

Other

FACSAria'" Fusion cell sorter

BD Biosciences

LSRFortessa™ Flow Cytometer

BD Biosciences

INCell Analyzer 1000 imaging system

GE Healthcare

Mithras LB 940 microplate reader

Berthold

LightCycler~ 480 Instrument Il

Roche Diagnostic

HiSeq2500 system

lllumina

229




Addendum: The role of XPB in super-enhancer
dependent gene expression in melanoma

Our paper published in EMBO Reports in 2021 clearly pointed to the involvement of CDK7 in
the phenotypical plasticity of melanoma cells and also showcased a previously unexpected
potential risk of using CDK?7 inhibitors in cancer treatments. These data led us to ask ourselves
if the targeting of other TFIIH subunits might result in similar transcriptional reprograming of
melanoma cells. Surprisingly, until 2020, no data at all was available concerning the potential
SE-related roles of other TFIIH subunits except CDK7. While Kwiatkowski et al. already
demonstrated in 2014 that CDK?7 is heavily involved in SE-dependent oncogene expression,
thus far, no similarly comprehensive studies have been undertaken to elucidate whether
partners of CDK7, such as the TFIIH translocase XPB, are recruited to SEs and if they might
have oncogenic roles to play. In 2020, when our results began to coalesce into a model in which
CDKT7 is of crucial importance to maintain the melanocytic identity of melanoma cells, | was
tasked to study whether the use of Triptolide (TPL), a potent inhibitor of XPB, would exert
similar effects than THZ1. During that very year, a study by Noel et al. showed that the
treatment of pancreatic cancer cells with TPL induced the important disruption of SE-
dependent oncogene expression. However, the study did not explain whether this was a direct
effect of XPB inhibition, and by which exact mechanisms SEs were affected. While the
enrichment and role of XPB at SEs were not elucidated at all in that paper, these insights
reinforced our hypothesis that TFIIH subunits other than CDK7 might play important roles in

SE architecture and function. As such, the aims of this project were to study:

e the potential molecular roles of XPB in melanoma-associated SE function, considering
CDKT7-related insights.
e the potential use of XPB inhibitors in the clinical setting for melanoma patients.

e whether the inhibition of XPB leads to transcriptional reprogramming.

This project, which was put under my direct supervision, was unfortunately greatly slowed
down by the COVID-19 pandemic and is thus still ongoing. Nonetheless, the preliminary data
| obtained with the help of the lab engineers Maguelone Nogaret and Philippe Catez have
already allowed to generate interesting insights, which are presented in the next pages as a draft

of a prospective paper.
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Introduction

Gene expression dysregulation is a major hallmark of cancer. Various molecular mechanisms
in tumor cells lead to extensive alterations in transcriptional programs which are underlying
many aspects of their malignant phenotypes, such as increased proliferation, invasiveness, and
therapy resistance. In recent years, the concept of ‘transcriptional addiction’ of cancer cells has
emerged, which posits that their complex, dysregulated gene expression programs heavily
depend on a relatively few crucial components and mechanisms, which may be therapeutically
exploited (Bradner, Hnisz and Young, 2017; Sengupta and George, 2017). One of these
mechanisms is the oncogenic acquisition of genomic structures known as super-enhancers
(SEs). These are defined as large clusters of enhancers (>12 kb), which in normal conditions
are associated with the transcription of master transcription factors maintaining tissue identity
(Pott and Lieb, 2015; Eliades et al., 2018; Blobel et al., 2021). In cancer cells however, their
acquisition at abnormal loci can lead to the strong overexpression of key oncogenes
(Thandapani, 2019; Gartlgruber et al., 2021). ChlP-Seq analysis has revealed that at SEs, there
is unusually high enrichment of transcription factors, co-activators, and open chromatin marks
such as H3K27ac (Hnisz et al., 2015). Interestingly, the TFIIH kinase subunit CDK7 was also
found to be enriched at SEs. Whereas the exact and intricate molecular functions of CDK7 are
still an area of active investigation, its overarching role as master regulator of transcription and
the cell cycle is established (Fisher, 2005; Compe and Egly, 2016, 2021; Rimel et al., 2020). In
the context of SEs, CDKY7 inhibition was shown to heavily impact SE-dependent gene
expression, however, its exact functions in this regard remain a mystery (Chipumuro et al.,
2014; Kwiatkowski et al., 2014). Furthermore, it isn’t clear whether CDK7 is recruited at SES
by itself or in tandem with other TFIIH subunits such as the translocase XPB, which plays
fundamental roles in promoter opening during transcription initiation and gene expression
(Alekseev et al., 2017; Sandoz et al., 2019).

Melanoma is a cancer which is notoriously prone to the rapid establishment of therapy
resistances (Kozar et al., 2019; Rambow, Marine and Goding, 2019). This is mainly due to its
intrinsic phenotypic and transcriptional plasticity, which leads to the emergence of two main
cellular states: the treatment-sensitive differentiated/melanocytic cells and the treatment-
insensitive dedifferentiated/mesenchymal-like cells (Verfaillie et al., 2015; Rambow et al.,

2018). Recently, our lab showed that the pharmacological inhibition of CDK7 by the small
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molecule THZ1 (Kwiatkowski et al., 2014) had initial beneficial effects in melanocytic
melanoma cells by abrogating the expression of SE-dependent genes such as the master
regulators of the melanocytic lineage, MITF and SOX10 (Berico et al., 2021). However,
mesenchymal-like melanoma cells were largely resistant to THZ1. Furthermore, prolonged
exposure led melanocytic cells to undergo a GATAG6-dependent phenotype switch into the
mesenchymal phenotype, resistant to THZ1. As this cell state is a known driver of melanoma
metastasis and treatment insensitivity, targeting CDK7 in melanoma might represent a potential
danger. However, pharmacological inhibitors targeting other enzymatic subunits of TFIIH
exist. Triptolide (TPL) is a diterpene triepoxide isolated from the medicinal herb Tripterygium
wilfordii, which covalently binds to XPB and inhibits its ATPase activity (Titov et al., 2011).
Although there have been recent hints that the inhibition of XPB disrupts SEs in pancreatic
cancer, it is unclear whether XPB is directly recruited to these regions and if its enzymatic
activities come into play, or if the effects observed in this singular study were of a more indirect
nature (Noel et al., 2020). Furthermore, the potential interaction between XPB and SEs has not
been studied in other cancers such as melanoma, and it remains unknown what functions TFI1H
subunits like CDK7 or XPB would have at these sites, if they have the same roles, and if,

correspondingly, their inhibitions would have similar effects on SE-dependent gene expression.

Here, we show that in contrast to THZ1, all tested melanoma cells, irrespective of their
melanocytic/mesenchymal-like phenotype, were sensitive to TPL at low nanomolar doses,
which had strong antiproliferative effects on 2D- and 3D-cultured cells. While THZ1 and TPL
commonly affected a large overlap of genes, such as crucial SE-dependent melanoma factors
like MITF, SOX10, INO8O, or KIT, the transcriptional response for the two drugs somehow
differed, with TPL deregulating fewer genes. Finally, while chronic exposure to TPL led cells
to become insensitive over time, no phenotype switch towards a more mesenchymal phenotype
was observed, as was the case for CDK7-inhibition. Collectively, these preliminary data
indicate that the inhibition of XPB by might be a viable strategy for the disruption of SE-

networks in melanoma cells, irrespective of their cell state.

Results

Both melanocytic and mesenchymal-like melanoma cells are highly sensitive to TPL.
To compare the sensitivity of melanoma cells to THZ1 and TPL, we used cells covering the

two main phenotypes and four of the most common driver mutations in melanoma. On the one

233



hand, differentiated melanocytic-type 501mel (BRAFVE) MMO011 (NRAS?%K) and MMO074
(BRAFVE9%E) cells showed high expression of the lineage-specific SE-dependent transcription
factors MITF and SOX10, coupled with low to undetectable levels of the pro-metastatic EGFR
and AXL factors (Widmer et al., 2012; Verfaillie et al., 2015) (Figure 1A, lanes 2-4). On the
other hand, dedifferentiated mesenchymal-like melanoma cells MM029 (BRAFVK) ' MM047
(NRASR®R) ‘and MM099 (BRAFV®%E) exhibited low levels of MITF and SOX10 coupled with
high levels of EGFR and AXL (Figure 1A, lanes 5-7). Both cell states seemed to express
similar quantities of RPB1, the largest subunit of RNA Polymerase Il and of the TFIIH subunits
CDK7 and XPB. Interestingly, the amounts of CDK7 and XPB were higher in all melanoma
cells compared to the Hermes3A non-cancer immortalized melanocytes (Figure 1A, compare
lanes 2-7 to lane 1). We next determined the IC50s of these cells towards either CDK7
inhibition by THZ1 or XPB inhibition by TPL, by using cell viability assays. Our results first
confirmed that the melanocytic 501mel, MMO011 and MMO074 cells as well as the mesenchymal-
like MMO047 cells were sensitive to THZ1, whereas the MM029 and MMO099 mesenchymal-
like cells were resistant (Figure 1B, upper panel). Previous work from our lab determined that
GATAG6-mediated ABCG2 efflux pump expression causes THZ1 resistance of these cells
(Berico et al., 2021). On the contrary, all melanoma cells were highly sensitive towards TPL,
at lower concentrations than for THZ1 (Figure 1B, lower panel). Strikingly, it seemed that the
MMO047 and MMO099 mesenchymal-like cells were even more sensitive to TPL than the

melanocytic cells.

Cell survival assays using Crystal Violet, in which the cells were exposed to the measured 1C50
doses, confirmed these trends (Figure 2A). We next investigated the effects of THZ1 and TPL
treatments on melanoma cell proliferation and apoptosis. CellTrace staining followed by Flow
Cytometry analysis revealed that whereas THZ1 did not have anti-proliferative effects in
MMO029 and MMO099 cells, TPL was efficient in all tested cells, regardless of phenotype
(Figure 2B). AnnexinV staining next showed that the effects regarding apoptosis were less
pronounced for both drugs (Figure 2C). However, it is worthwhile to notice that the NRAS-
mutated MMO011 and MMO047 cells showed significant cell-death increases. To validate the
findings that TPL is effective against mesenchymal-like cells, we treated 3D-grown
melanospheres with the drugs, as it is known that these represent more accurate models of drug
sensitivities. While THZ1 did not affect cell viability and apoptosis of MM029 and MMQ099
cells, TPL treatment severely affected all melanospheres (Figure 2D). In these 3D conditions,

TPL induced significantly increased apoptosis (Figure 2E). Collectively, these data show that,
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contrary to THZ1, TPL displays strong effects on the viability and proliferation of melanocytic

as well as mesenchymal-like melanoma cells.

THZ1 and TPL potently inhibit MITF and SOX10 expression in melanoma.

We next aimed to study whether XPB inhibition by TPL could abrogate SE-dependent gene
expression, as had already been observed for CDK?7 inhibition (Kwiatkowski et al., 2014;
Berico et al., 2021). After differentiated 501mel cells were treated with doses equivalent to
5x1C50, RT-gPCR analysis showed that both drugs rapidly affected the expression of the SE-
dependent melanocytic lineage-specific transcription factors MITF and SOX10, compared to
the housekeeping ACTb gene whose expression remained unchanged following treatments
(Figures 3A). In parallel, immunoblotting showed that protein products of these genes also
significantly decreased following THZ1 and TPL treatment (Supplemental Figure 1).
Interestingly, whereas THZ1 seemed to induce the rapid loss of CDK?7 protein levels, the same
was less obvious for TPL and XPB, potentially indicating differential degradation dynamics of
the inhibited proteins. To investigate whether these treatments affected SE activity, ChIP-gPCR
experiments targeting H3K27ac were performed on 501mel cells treated with 5xIC50 doses of
THZ1 or TPL for 12 hours (Figure 3B). Whereas a significant drop in H3K27ac signal was
observed at the MITF and SOX10 SEs for both drugs, no significant reduction was observed at
the promoters of non-SE dependent genes like ACTb or CDK?7. Our previous studies showed
that treatment of melanocytic melanoma cells with THZ1 induced a GATAG6-dependent
phenotype switch towards the mesenchymal-like phenotype, characterized by the expression of
factors such as SOX9 and the loss of markers such as MITF and SOX10 (Berico et al., 2021).
To test whether a similar process might also occur upon TPL treatment, 501mel cells were
subjected to 1xI1C50 concentrations of drugs for 24, 48 or 72 hours, and cell-state markers were
assessed by RT-gqPCR (Figure 3C). With both THZ1 and TPL treatments, MITF and SOX10
were impacted, and the invasive marker SOX9 was heavily upregulated. Remarkably however,
no significant increase of GATAG6 expression was observed in TPL-treated cells after 72 hours,
in clear contrast to THZ1-treated cells. Taken together, these data suggest that both the
inhibition of CDK7 and XPB rapidly impact active enhancer marks such as H3K27ac at SEs,
and subsequently lead to repression of key SE-dependent melanoma identity genes such as
MITF and SOX10, with the potential risk of phenotype switch activation. However, cell
responses towards THZ1 and THZ1 might differ, as seen by the differential induction of
GATAG expression.
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THZ1 and TPL differently affect SE-dependent genes.

To determine the genome-wide transcriptomic effects of CDK7 and XPB inhibition, we next
performed gene expression profiling in 501mel cells after a short 6h treatment with 5xIC50 of
either THZ1 or TPL. RNA-Seq analysis revealed that THZ1 inhibition led to approximately
twice as many genes being significantly deregulated (4186 genes) than in TPL treated cells
(2413 genes). (Figure 4A, Supplemental Table 1, not included in the thesis but available upon
request). Among the genes downregulated upon treatment with THZ1 (2415 genes) and TPL
(1505), 979 genes were commonly downregulated. On the other hand, among the upregulated
genes (1771 for THZ1 and 908 for TPL), 430 genes were commonly upregulated
(Supplemental Figures 2A and 2B). Gene ontology analysis revealed that among the common
downregulated genes for THZ1 and TPL, a very significant enrichment of genes involved in
transcription was observed (Supplemental Figures 2C). THZ1 and TPL treatments seemed
however to affect different pathways, as GSEA analysis showed that TPL exposure
significantly inhibited TNFa and Notch signaling, whereas no significant negative correlation
could be found for THZ1 (Supplemental Figures 2D). Among the upregulated gene signatures,

protein localization and metabolic changes, such as in fatty acid metabolism, became apparent.

We next overlapped the sets of down- and upregulated genes by THZ1 and TPL treatments with
a list of 1015 putative SE-dependent genes in 501mel cells, determined by H3K27ac ChIP-Seq
(Supplemental Table 2, not included in the thesis but available upon request). Although TPL
treatment downregulated fewer genes than THZ1 treatment, the number of downregulated SE-
dependent genes was almost similar between both drug treatments (132 for TPL vs 134 for
THZ1) (Figure 4B). Among them, 84 genes were commonly affected by both drugs (such as
MITF, SOX10, or KIT), while 50 and 48 genes were differentially downregulated for THZ1 and
TPL, respectively. Surprisingly, although THZ1 is a well-known SE inhibitor (Kwiatkowski et
al., 2014), the overlap between deregulated genes and SE-dependent genes did not reach
statistical significance (Hypergeometric p-value < 0.165), suggesting that the inhibitory effect
of THZ1 is not restricted to SE-dependent genes. On the contrary, TPL seemed to have stronger
specificity towards SE-dependent genes (Hypergeometric p-value < 0.0000049). Additionally,
whereas TPL treatment induced the upregulation of just 30 SE-dependent genes, THZ1
treatment lead to increased expression of 94 genes, some of which were associated with
melanoma progression and phenotype switching, such as LGALS3, IQGAP1, SEMA5A, SPAG9
and LAMC1 (Braeuer et al., 2012; Zhang et al., 2017; D’ Aguanno et al., 2018; Hebert et al.,

2020; Bassey-Archibong et al., 2023). However, scatter-plot analysis of melanocytic-like and
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mesenchymal-like marker genes (Verfaillie et al., 2015) didn’t show a systematic
overexpression of mesenchymal-like markers in either condition (Supplemental Figure 2E),
suggesting that a potential phenotype switch isn’t induced after 6 hours of drug treatments.
Taken together, these data indicate that THZ1 and TPL both deregulate SE-dependent genes,
albeit targeting somewhat different gene sets. Importantly, when compared to THZ1, the
specificity of TPL towards SEs seems to be more important. Additionally, TPL has less overall
transcriptomic effects while activating less invasion-promoting SE-dependent genes than
THZ1.

Long-term exposure leads to different outcomes between THZ1 and TPL

To investigate the long-term effects of TPL treatments and potential resistance mechanisms,
we chronically exposed three different types of cells (differentiated 501mel and MMO074, and
dedifferentiated MMO047) to escalating doses of TPL until cells proliferated in 5xIC50 drug
concentrations. The IC50s of TPL-resistant cells (TPL-R) were determined by cell viability
assays (Figure 5A) and confirmed that these cells were all at least 5 times more resistant
towards TPL than their respective original cells. We have previously demonstrated that MMO074
cells with acquired resistance to THZ1 undergo a phenotype switch towards a mesenchymal-
like state accompanied by multi-drug resistance towards clinically used MAPK inhibitors
(Berico et al., 2021). In clear contrast to this, TPL-R cells did not show a significantly increased
resistance towards THZ, the BRAFV600E inhibitor Vemurafenib or the MEK inhibitor
Trametinib. We then proceeded to investigate whether long-term XPB inhibition also led to a
transcriptional reprogramming and dedifferentiation towards a more mesenchymal-like cell
state, as previously observed for long-term CDK?7 inhibition. RT-qPCR analysis showed that
while some TPL-R cells displayed increased expression of some dedifferentiation markers
compared to their non-resistant original cells, no bona fide phenotype switch with systematic
increase of these markers could be observed as was the case with MMO074 THZ1-R cells
(Figure 5B). Immunoblotting confirmed these results by showcasing that originally
melanocytic or mesenchymal-like cells did not change their MITF/SOX10 or AXL/EGFR
protein levels, respectively, upon acquisition of resistance towards TPL, in contrast to MMO074
THZ1-R cells. Furthermore, while GATAG levels were increased in THZ1-R cells, they did not
significantly change in TPL-R cells (Figure 5C).
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Discussion

The specific targeting of SEs has been proposed in recent years as an interesting therapeutic
strategy, because of their crucial roles in oncogene expression and their sensitivity to
transcriptional inhibitors such as THZ1 or JQ-1 (Hnisz et al., 2013; Lovén et al., 2013;
Kwiatkowski et al., 2014). However, unanswered questions remain about the molecular
architecture of SEs, and the roles of the different involved protein complexes. Although CDK7
has been well characterized as being massively recruited to SEs in different cancers (Chipumuro
et al., 2014; Wang et al., 2015; Eliades et al., 2018; Zhang et al., 2020), it is unclear whether
other TFIIH subunits are present as well, although first hints coming from pancreatic cancer
seem to indicate this (Noel et al., 2020). Furthermore, the long-term effects of SE inhibition
have not been thoroughly assessed. Our lab has recently shown the potential dangers of
disrupting SE networks in melanoma with THZ1 (Berico et al., 2021), and so the question
emerged whether inhibiting another enzymatic subunit of TFIIH would lead to similar
dedifferentiating effects.

In this preliminary work, we show that the XPB inhibitor TPL displayed strong
cytostatic activities in all studied melanoma cells, regardless of their transcriptional and
phenotypic state. Similarly to THZ1, short TPL exposure impacted SE chromatin state and
abrogated the expression of crucial SE-dependent TFs regulating the melanocytic phenotype
such as MITF and SOX10. Further transcriptomic analysis seemed however to indicate that
TPL has less genome-wide effects than THZ1, with a more specific action towards SEs and
several differentially inhibited SE-dependent genes. Collectively, these data support the notion
that XPB is involved in SE maintenance and that its targeting could be more beneficial in
melanoma than using THZ1. Although the clinical use of TPL is limited by its poor solubility
and hepatic toxicity (Xi et al., 2017), more water-soluble prodrugs of TPL such as Minnelide
are currently being tested for treatment of advanced pancreatic cancers (Skorupan et al., 2022).
As such, as the inhibition of XPB seems to heavily affect even invasive and dedifferentiated
melanoma subpopulations, the use of Minnelide could potentially prove beneficial for
melanoma patients after phenotype switch-mediated MAPKIi or immunotherapy relapse. In
conclusion, our results warrant further in vivo exploration into the possibility of using XPB

inhibitors as second-line treatment or adjuvant therapy in the metastatic melanoma setting.

Intriguingly, we previously showed that the loss of MITF expression through prolonged

inhibition of CDK7 in melanocytic melanoma cells lifts the repression of the GATA6 TF and
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results in a multi-drug resistant, dedifferentiated phenotype through the expression of genes
such as AMIGO2 and ABCG2. Indeed, we identified a MITF binding-site in an intronic region
of GATAG and showed a direct repressive function of MITF. Surprisingly however, cells treated
with TPL, while also losing the expression of MITF, do not display an increase in GATAG
expression. As such, it would seem that the repressive role of MITF at the GATAG6 locus is
altered in TPL-treated cells when compared to THZ1-treated cells, and more extensive
mechanistic studies are warranted to establish why melanoma cells respond so differently to
these two drugs. Furthermore, although both melanocytic-like and mesenchymal-like cells
chronically exposed to TPL gradually became insensitive to its activity, no phenotype-switch
or systematic dedifferentiation was observed as for THZ1-resistant cells. While the acquired
resistance to TPL treatments does not seem to be mediated by a shift towards the arguably more
problematic mesenchymal-like state, the exact molecular mechanisms of the observed
resistance are still unknown. Here as well, differential gene expression profiling in the
generated TPL-resistant cells by RNA-Seq should provide insights into deregulated pathways

and regulons, helping to potentially identify underlying and potentially targetable effectors.

Other very important questions remain unanswered as well, as the direct recruitment of XPB to
SEs has not been shown yet. While we tried to perform ChIP experiments on XPB in 501mel
cells, the results were repeatedly inconclusive, probably due to the fact that the several
antibodies targeting endogenous XPB we used were inadequate for ChIP experiments. As such,
to potentially get clearer results, we decided to induce the overexpression of HA-tagged XPB
in cells we previously modified by CRISPR gene editing to express CDK7-Bio-Flag (Berico et
al., 2021). This ongoing task (Supplemental Figure 3) will hopefully allow us to study whether
CDK?7 and XPB are differentially recruited to SEs, and how THZ1 or TPL drug treatments
might inhibit this recruitment, providing possible insights into the exact SE-related functions
of these factors. At the moment, all of the transcriptomic analysis was only performed on the
melanocytic 501mel cells. Ongoing work is underway to check whether the observed effects
are reproducible in other cells such as MMO74. Furthermore, as TPL also seems to heavily
impact mesenchymal-like melanoma cells, we are checking whether SEs in these cells are also
inhibited by targeting XPB. As such, the mesenchymal-like MMO047 and MMO099 cells, for
which we have the lists of putative SEs, will be treated with TPL and RNA-Seq will be

performed.
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In conclusion, while significant work needs still to be done, initial data seems encouraging.
This work sheds light on fundamental questions such as the role of XPB in SE architecture, but
has also a more translational component, as XPB inhibitors could be considered as a potential
novel therapeutic agent, capable of inhibiting multiple melanoma cell states.

Materials and Methods

Protein extraction and Western Blotting

For whole cell extracts, cells were rinsed once with cold PBS, before pelleting and resuspension
in LSDB 0.5M buffer (500 mM KCI, 50 mM Tris pH 7.9, 20% glycerol, 1% NP-40, 1ImM DTT
and protease inhibitor cocktail). Afterwards, cells were fully disrupted with 3 cycles of heat
shock (liquid nitrogen followed by 37°C water bath). Then, samples were centrifugated for
15min at 14,000rpm to remove cell debris. Lysates were subjected to SDS—polyacrylamide gel
electrophoresis (SDS-PAGE) and proteins were transferred onto a nitrocellulose membrane.
Membranes were incubated overnight at 4 °C with primary antibodies in PBS+ 5% milk powder
+ 0.01% Tween-20. The membranes were then incubated with HRP-conjugated secondary
antibody (Jackson ImmunoResearch) for 1h at room temperature and visualized using the ECL

detection system (GE Healthcare).

Antibodies
ACTDb Mouse Monoclonal 1:1000 IGBMC 2D7
AXL Mouse Polyclonal 1:1000 ProteinTech 13196-1-AP
CDK7 Mouse Monoclonal 1:1000 IGBMC 2F8
EGFR Mouse Monoclonal 1:1000 SantaCruz sc-373746
Flag-Tag | Mouse Monoclonal 1:3000 Sigma Aldrich F1804
GATAG6 Rabbit Monoclonal 1:1000 Cell Signalling D61E4
HA-Tag Rabbit Polyclonal 1:1000 Abcam ab9110
MITF Rabbit Monoclonal 1:1000 Cell Signaling D5G7V
RPB1 Mouse Monoclonal 1:1000 IGBMC 7C2
SOX10 Mouse Monoclonal 1:1000 SantaCruz sc-365692
Vinculin Mouse Monoclonal 1:1000 Sigma Aldrich V4505
XPB Rabbit Polyclonal 1:1000 Novus Biologicals | NB100-61060
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Cell culture, treatments and generation of resistant cells

Cells were grown at 37°C in 5% CO2 (10% for Hermes3A) and were regularly checked for
mycoplasma contamination. MM patient-derived short-term melanoma cultures (MMO11,
MMO074, MMO029, MMO047, MMO099) were grown in HAM-F10 (Gibco, Invitrogen)
supplemented with 10% Fetal Calf Serum (FCS), 25 mM HEPES, 5,2 mM GLUTAMAX and
penicillin—streptomycin. Melanoma cell line 501mel was grown in RPMI w/o HEPES (Gibco,
Invitrogen) supplemented with 10% FCS and gentamycin. Immortalized melanocytes
Hermes3A were grown in RPMI 1640 medium (Gibco, Invitrogen) supplemented with 10%
FCS, 200 nM TPA, 200 pM cholera toxin, 10 ng/ml human stem cell factor, 10 nM endothelin-
1 and penicillin—streptomycin. 501mel cells were purchased from ATCC, MM and Hermes3A
cells were obtained from collaborators.

To generate TPL-resistant cells, 501mel, MMO074, MM029 and MMO047 were chronically
exposed to escalating doses of TPL over several weeks. These treatments were carried out until
the cells proliferated in drug concentrations equal to at least 5 times the original 1C50 values.

Once established, TPL-R cells were cultured with 3xIC50 concentrations of TPL.

IC50 estimation

Cells were seeded at 5,000 cells/well in 96- well plates and treated with increasing
concentrations of THZ1 (MedChemExpress, HY-80013), TPL (Tocris, 3253), Vemurafenib
(SelleckChem, PLX4032), or Trametinib (MedChemExpress, HY-10999). After 72 h of
incubation, cells were treated with PrestoBlue reagent (ThermoFisher, A13262) according to
the manufacturer’s instructions. The absorbance per well was measured with a Celllnsight CX5
microplate reader. Determination of 1C50 values was performed by nonlinear curve fitting using

the Prism9 statistical software (GraphPad).

Cell Density Assay

Cells were seeded at 1x10° or 2x10° cells in 6-well plates and treated with THZ1 or TPL for
72h at respective IC50 concentrations. Afterwards cells were fixed for 10 min with 4%
Formaldehyde solution, washed once with PBS and stained with Crystal Violet solution 0.2%
for 15 min. The wells were finally washed twice with deionized water, air dried, scanned and

analyzed with Fiji to measure the covered surface %.
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Cell proliferation and apoptosis analysis by Flow Cytometry

2x10° cells were seeded in 6-well plates and were incubated 24h later with 1uM of CellTrace
Violet reagent (ThermoFisher, C34571) according to the manufacturer’s instructions,
immediately before rinsing and drug treatments (1x1C50). After 48h of incubation, cells were
rinsed and incubated with AnnexinV-APC (BD Biosciences, 550474). Cell proliferation and
apoptosis were detected on a BD LSRFortessaTM Flow Cytometer. Data were analysed with
FlowJo software. To define slow proliferating or apoptotic cells, we proceeded as follows: We
considered that slow proliferating cells represented the 30% of cells with the highest
concentration of CellTrace Violet signal in the DMSO control. We then calculated the % of
cells that had a signal greater than or equal to this value with drug treatment. For apoptotic cells,
we considered the 20% of cells with the highest signal of AnnexinV-APC in the DMSO control.
For apoptosis assays with 3D-grown melanoma cells, TrypLe Select 10x reagent (Gibco) was
used to dissociate melanospheres to obtain single-cell suspensions. These cells were incubated
with AnnexinV-APC (BD Biosciences).

Melanosphere formation and viability assay

5x10* cells were seeded in ultra-low attachment hydrogel-layered 96 well plates (Corning) in
KO DMEM medium supplemented with 20% KSR, AANE, 2 mM Glutamax,
Penicillin/Streptomycin and 100 uM Beta-mercaptoethanol. To allow for melanosphere
formation, cells were left to grow for 4 days before drug treatment (5xIC50s, 72h). To analyze
melanosphere viability after drug treatment, cells were treated with CellTiterGlo reagent
(Promega, G7572) according to the manufacturer’s instructions. Luminescence signals were

measured with a Centro XS LB 960 microplate reader (Berthold).

RNA Extraction and RT-gPCR

Total RNA isolation was performed according to the manufacture protocol with NucleoSpin
RNA Plus kit (Macherey-Nagel). RNA was retrotranscribed with Reverse Transcriptase
Superscript IV (Invitrogen), g°PCR was performed with SYBR Green (Roche) and on a
LightCycler 480 (Roche). Primers for RT-gPCR were designed using Primer-BLAST.

Primers for RT-qgPCR

18S F TCAACTTTCGATGGTAGTCGCCGT
R TCCTTGGATGTGGTAGCCGTTTCT
ABCB1 F GGAGGCCAACATACATGCCT
R AGGCTGTCTAACAAGGGCAC
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ABCC3 F GGAAAACGTGCTTTTCGGCAA
R CCCCCAGACAGGTTAATGCC
ABCG2 F TCAGGAGGCCTTGGGATACT
R GTCTTCTTCTCTGTTTAATGCCACA
ACTDb F ACATCTGCTGGAAGGTGGAC
R CCCAGCACAATGAAGATCAA
AMIGO2 F GCAGTGATAGCTGAGGGCAT
R CGCCACAAAAGGTGTGTCAG
AXL F CCGTGGACCTACTCTGGCT
R CCTTGGCGTTATGGGCTTC
EGFR F GCAGCGATGCGACCCTC
R CCAACTGCGTGAGCTTGTTAC
GATAG F ACCACCTTATGGCGCAGAAA
R ATAGCAAGTGGTCTGGGCAC
JUN F CCAACTCATGCTAACGCAGC
R TCTCTCCGTCGCAACTTGTC
MITF F CATTGTTATGCTGGAAATGCTAGAA
R GGCTTGCTGTATGTGGTACTTGG
SERPINE1 F AGAGCGCTGTCAAGAAGACC
R CTCAGAGGTGCCTTGCGATT
SOX9 F AGGAAGTCGGTGAAGAACGG
R CGCCTTGAAGATGGCGTTG
SOX10 F CCAGTTTGACTACTCTGACCATCAG
R ATATAGGAGAAGGCCGAGTAGAGG

ChIP-gPCR

Cells were grown on 15-cm plates and, once reached 80% of confluence, were fixed with PBS
+ 0.4% formaldehyde solution for 10 min. Fixation reaction was stopped with 2 M Glycin pH8.
Cells were then pelleted and suspended in lysis buffer (EDTA 10 mM, Tris—HCI pH8 50 mM,
SDS 1%) and sonicated with Covaris E220AFA power 200 Hz 6 cycles 200 s to get a DNA
fragmentation between 500 and 200 bp. Chromatin was then diluted in 100 ug aliquots with 8
volumes of ChlIP dilution buffer (Tris—=HCI pH8 16.7 mM, EDTA 1.2 mM, NaCl 167 mM,
Triton X-100 1.1%, SDS 0.01%). The immuno-precipitations were done as follows. 5 ug of
antibody was incubated overnight with chromatin, and the antibody—chromatin complex was
then captured with Protein G-magnetic beads (Dynabeads, Invitrogen) for 1 h at 4°C. Beads
were washed 2 times with low salt buffer (Tris—-HCI pH8 20 mM, EDTA 2 mM, NaCl 150 mM,
Triton X-100 1%, SDS 0.1%), high salt buffer (Tris—HCI pH8 20 mM, EDTA 2 mM, NaCl 500
mM, Triton X-100 1%, SDS 0.1%), LiCl buffer (Tris=HCI pH8 500 mM, EDTA 1 mM, Na
deoxycholate 1%, NP40 1%, LiCl 0.25 M), and TE buffer (Tris-HCI pH8 10 mM, EDTA 1
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mM), and DNA was eluted 30 min at room temperature with Elution buffer (NaHCO3 0.1 M,
SDS 1%). DNA was finally purified through phenol-chloroform, re-suspended in 100 uL of
H20, and analyzed by gPCR.

Antibodies for ChIP-gPCR
H3 Rabbit Polyclonal Abcam ab1791
H3K27ac | Rabbit Polyclonal Abcam ab4729

Primers for ChlP-gPCR

ACTb Promoter F CAAAGGCGAGGCTCTGTGCT

R GTGCGCCGTTCCGAAAGTT
CDK?7 Promoter F GCAACAGAGTGACACAGCAGCC

R GACCCGGATCGCGTCGAAG
MITF SE F GGCCCTCTGAACAGTTTCAA

R ATCCCCATTTTCAGCATGAG
SOX10 SE F GCACCAGGTCTTCAGCAAA

R GCCACAGTTGGGTAGAGATTG

RNA-Sequencing

Library preparation was performed at the GenomEast platform at the IGBMC using TruSeq
Stranded Total RNA Reference Guide - PN 1000000040499. Total RNA-Seq libraries were
generated from 700 ng of total RNA using TruSeq Stranded Total RNA Library Prep Gold kit
and TruSeq RNA Single Indexes kits A and B (lllumina, San Diego, USA), according to
manufacturer's instructions. Briefly, cytoplasmic and mitochondrial ribosomal RNA (rRNA)
was removed using biotinylated, target-specific oligos combined with Ribo-Zero rRNA
removal beads. Following purification, the depleted RNA was fragmented into small pieces
using divalent cations at 940C for 8 minutes. Cleaved RNA fragments were then copied into
first strand cDNA using reverse transcriptase and random primers followed by second strand
cDNA synthesis using DNA Polymerase | and RNase H. Strand specificity was achieved by
replacing dTTP with dUTP during second strand synthesis. The double stranded cDNA
fragments were blunted using T4 DNA polymerase, Klenow DNA polymerase and T4 PNK. A
single 'A" nucleotide was added to the 3' ends of the blunt DNA fragments using a Klenow
fragment (3' to 5'exo minus) enzyme. The cDNA fragments were ligated to double stranded
adapters using T4 DNA Ligase. The ligated products were enriched by PCR amplification.

Surplus PCR primers were further removed by purification using AMPure XP beads (Beckman-
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Coulter, Villepinte, France) and the final cDNA libraries were checked for quality and
quantified using capillary electrophoresis. Libraries were sequenced on an lllumina HiSeq 4000
sequencer as single read 50 base reads. Image analysis and base calling were performed using
RTA version 2.7.7 and bcl2fastq version 2.20.0.422.

Reads were preprocessed to remove adapter and low-quality sequences (Phred quality score
below 20). After this preprocessing, reads shorter than 40 bases were discarded for further
analysis. These preprocessing steps were performed using cutadapt version 1.10. Reads were
mapped to rRNA sequences using bowtie version 2.2.8 and reads mapping to rRNA sequences
were removed for further analysis. Reads were mapped onto the hgl9 assembly of Homo
sapiens genome using STAR version 2.5.3a. Gene expression quantification was performed
from uniquely aligned reads using htseq-count version 0.6.1p1, with annotations from Ensembl
version 75 and “’union" mode. Only non-ambiguously assigned reads have been retained for
further analyses. Read counts have been normalized across samples with the median-of-ratios
method proposed by Anders and Huber (Anders and Huber, 2010) to make these counts
comparable between samples. Comparisons of interest were performed using the Wald test for
differential expression proposed by Love et al. (Love et al., 2014) and implemented in the
Bioconductor package DESeq2 version 1.16.1. Genes with high Cook’s distance were filtered
out and independent filtering based on the mean of normalized counts was performed. P-values
were adjusted for multiple testing using the Benjamini and Hochberg method (Benjamini and
Hochberg, 1995). Deregulated genes were defined as genes with adjusted P-value < 0.05.
Volcano plots and scatter plots were generated using using the Prism9 statistical software
(GraphPad). Heatmaps were generated using Morpheus
(https://software.broadinstitute.org/morpheus). Venn diagrams were generated using

DeepVenn (http://www.deepvenn.com/) and representation factors and hypergeometric P-

values were determined using Graeber lab software
(https://systems.crump.ucla.edu/hypergeometric/). Gene Ontology Analysis was performed
using ShinyGO (Ge SX, Jung D & Yao, 2020).

Generation of XPB-HA overexpressing cells

The generation of 501mel Bio-FLAG:CDK7 was described previously (Berico et al., 2021).
cDNA of human XPB was cloned in pLENTI-EF1-3HA vector, which was then transfected in
501mel Bio-FLAG:CDK?7 using TA Xtreme 9 reagent (Roche, 06365809001) according to

manufacturer instructions.
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Figure Legends

Figure 1: Human melanoma cells with distinct genotypes and phenotypes are highly
sensitive to TPL

A. Protein lysates from the non-cancer melanocyte Hermes3A cell line, melanocytic melanoma
cells 501mel, MMO011, MMO074 and the mesenchymal-like melanoma cells MM029, MMO047,
and MMO099 were immuno-blotted for proteins as indicated. Molecular masses of proteins are
indicated (kDa).

B. Melanoma cells were treated with increasing concentrations of THZ1 or TPL as indicated
for 72 h. Dose response curves are shown relative to vehicle (DMSO)-treated cells. IC50s for
each cell type are indicated. Melanocytic melanoma cells are shown in blue, mesenchymal-like
melanoma cells are shown in red and Hermes3A are shown in green. Data are presented as

mean values + standard deviation (SD) for three replicates (n = 3).

Figure 2: TPL, as opposed to THZ1, exerts strong cytostatic activities in melanocytic as
well as in mesenchymal-like melanoma cells

A. Representative images (left panel) and quantification (right panel) of crystal violet staining
of indicated cells treated for 72 h with either DMSO or respective 1C50 concentrations of THZ1
or TPL.

B+C. Indicated cells were treated for 72 h with either DMSO or respective 1C50 concentrations
of THZ1 or TPL. Cell proliferation was analysed using CellTrace (B) and apoptosis was
analysed using AnnexinV staining (C) and flow cytometry. The % of slow proliferating and
apoptotic cells are shown for each condition.

D+E. 3D-grown melanospheres consisting of mesenchymal cells were treated for 72 h with
either DMSO or respective 5xIC50 concentrations of THZ1 or TPL. Melanosphere viability
was then measured using CellTiterGlo assay (D) and apoptosis was analysed using AnnexinV
staining and flow cytometry (E).

Data are presented as mean values + SD for three replicates (n = 3). The P-values (Two-way
ANOVA) are indicated, * < 0.05 ** < 0.01 *** < 0.001 **** < 0.0001 and ns (non-significant)
> 0.05.
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Figure 3: Both THZ1 and TPL disrupt the MITF and SOX10 SEs in melanocytic-like cells
A. RT—gPCR analysis showing average 18S-normalized expression of MITF, SOX10 and ACTb
in 501mel cells treated for 2,4,6 or 12 h with either DMSO or 5xIC50 concentrations of THZ1
or TPL.

B. ChIP-gPCR analysis of H3K27ac signal (normalized by H3 signal) at the MITF SE, SOX10
SE, or proximal promoters of ACTb and CDK7, in 501mel cells treated for 12 h with either
DMSO or 5xIC50 concentrations of THZ1 or TPL.

C. Heatmap showing 18S-normalized expression changes of indicated genes, measured by RT-
gPCR, after 501mel cells were treated for 24, 48 or 72 h with either DMSO or IC50
concentrations of THZ1 or TPL. Colors represent expression fold change values versus DMSO-
treated cells (blue: decreased expression; red: increased expression; white: no expression
change).

Data are presented as mean values + SD for three replicates (n = 3). The P-values (Two-way
ANOVA) are indicated, * < 0.05 ** < 0.01 *** < 0.001 **** < 0.0001 and ns (non-significant)
> 0.05.

Figure 4: THZ1 and TPL differently impact gene expression and SES

A. Volcano plots showing differentially expressed genes as determined by RNA-seq performed
in 501mel cells treated for 6 h with either THZ1 or TPL at 5xIC50 concentrations.. Blue dots
show significantly (adjusted p-value < 0.05) over-represented (positive fold change, FC) or
under-represented (negative FC) RNAs in drug-treated cells compared to DMSO-treated cells.
The number of deregulated genes and examples are indicated.

B. Proportional Venn diagrams indicating the number of down-regulated (left panel) or up-
regulated (right panel) genes from the RNA-Seq described in (A) overlapping with a set of 1015
putative SE-dependent genes in 501mel cells, determined by H3K27ac ChIP-Seq.
Representation factors, hypergeometric P-values and examples of significantly down- or up-
regulated SE-dependent genes both by THZ1 and TPL are indicated.

Figure 5: TPL-resistant cells do not undergo phenotype switching

A. Indicated cells were treated with increasing concentrations of TPL, THZ1, Vemurafenib or
Trametinib as indicated for 72 h. Dose response curves are shown relative to vehicle (DMSO)-
treated cells. 1C50s for each cell type are indicated. Data are presented as mean values +

standard deviation (SD) for three replicates (n = 3).
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B. Heatmap showing 18S-normalized expression changes of indicated genes, measured by RT-
gPCR in indicated cells. Colors represent expression fold change values versus non-resistant
original cells (blue: decreased expression; red: increased expression; white: no expression
change).

C. Protein lysates from indicated cells immuno-blotted for indicated proteins. Molecular sizes
of the proteins are indicated (kDa).

Supplemental Figure Legends

Supplemental Figure 1: MITF and SOX10 protein levels rapidly decline after THZ1 or
TPL treatment

A+B. Protein lysates from 501mel cells treated for 6, 12, 24 or 48 with either THZ1 (A) or TPL
(B) at either 1x or 5xIC50 concentrations were immuno-blotted for indicated proteins.
Molecular sizes of the proteins are indicated (kDa). MITF and SOX10 protein levels were
quantified by analysing band intensities and were normalized to ACTb control using ImageJ
software. Quantification data are presented as mean values + SD for three replicates (n = 3).
The P-values (Two-way ANOVA) are indicated, * < 0.05 ** <(0.01 *** < 0.001 **** < (0.0001

and ns (non-significant) > 0.05.

Supplemental Figure 2: Transcriptional disruption by CDK7 or XPB inhibition

A. Proportional Venn diagrams indicating the number of overlapping down- or up-regulated
genes from the RNA-Seq described in Figure 4. Representation factors and hypergeometric P-
values are indicated.

B. Heatmap depicting all deregulated genes from either THZ1 or TPL treatments, from the
RNA-Seq described in Figure 4. RPKM values are represented as z-score and common up- or
downregulated genes between treatments are indicated.

C. Gene Ontology analysis of the commonly down- or upregulated genes between THZ1 and
TPL treatments from the RNA-Seq described in Figure 4.

D. GSEA analysis of the genes deregulated either by THZ1 or TPL treatments from the RNA-
Seq described in Figure 4.

E. Scatter plot of differentially expressed marker genes of the melanocytic (dots in blue) or
mesenchymal-like (dots in red) melanoma cell states (Gene sets from Verfaillie et al., 2015)

from the RNA-Seq described in Figure 4. Data is represented as log2 values of the fold change
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versus DMSO treatment. Negative values depict downregulated genes and positive values

depict upregulated genes.

Supplemental Figure 3: XPB-HA and CDK?7-Bio-Flag

501mel Bio-Flag:CDK7 cells were transiently transfected or not with vector containing
pLENTI-EF1-XPB-3HA vector, and protein lysates were immunoblotted for HA-Tag, XPB,
Flag-Tag or CDKY as indicated.
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Section Il: Targeting transcriptional
addiction in melanoma with novel marine-
derived drugs
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Preface to Article 3: Context and contributions

PharmaMar S.A. is a Spanish pharmaceutical company specialized in developing novel marine-
based cancer therapeutics, such as Trabectedin, clinically used for the treatment of soft-tissue
sarcomas and ovarian cancers, and its more potent analogue Lurbinectedin, recently approved
for SCLC. In the early 2010s, the exact mechanisms of actions of these drugs were still
unknown. Suspecting however the involvement of DNA repair and transcriptional processes,
PharmaMar reached out to Dr. Jean-Marc Egly, the former head of my lab and a renowned
expert in these fields, to elucidate the molecular actions of these drugs. Consequently, in 2016,
in collaboration with researchers from PharmaMar, our lab described the DNA-binding nature
of Lurbinectedin, which triggers RNAPII degradation and induces DNA breaks mainly at
actively transcribed genes (Santamaria Nufiez et al., 2016). A few years later, our team helped
to elucidate the transcriptional effects of Lurbinectedin on SCLC (Costanzo et al., 2022), a
disease which was shown to be particularly vulnerable to the targeting of its transcriptional
addiction. These projects helped to set up clinical trials for the use of Lurbinectedin, which
received accelerated FDA approval for treating patients with relapsed SCLC in 2021. However,
due to the recent nature of this clinical approval, the effects of Lurbinectedin on other types of
cancers have not been thoroughly examined yet.

Considering the encouraging clinical benefits displayed by Lurbinectedin in SCLC,
PharmaMar tasked us to assess its potency and effects in other types of transcriptionally
addicted cancers, such as melanoma. Thus, the second pillar of my PhD project, apart from
characterizing the role of TFIIH in melanoma, was to check whether Lurbinectedin could
potentially represent a useful addition to the therapeutic arsenal against this disease, and to
analyze its cellular and gene expression effects on different types of melanoma cells.
Furthermore, just as Lurbinectedin is a structural analogue of Trabectedin, PharmaMar recently
developed two derivates of Lurbinectedin, namely PM14 and PM54, whose effects | also
assessed to find out whether these new compounds might display clinical advantages compared
to the original compound. This project, which constituted the main body of work for the final
two years of my PhD and in which the help of Maguelone Nogaret and Jolian Obid were
indispensable, is nearing completion and will soon be submitted for publication. However, due
to confidentiality reasons concerning PharmaMar, not all our results could be included in this
thesis. Hereinafter is presented a first draft of the paper, although important work, such as

Chem-Seq and Cut&Tag assays are currently still being analyzed to finalize the publication.
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Abstract

Melanoma, an aggressive form of skin cancer, displays remarkable cellular phenotype
plasticity. Melanoma cells have the ability to transition between various cellular states,
including proliferative and invasive phenotypes, characterized by divergent levels of drug
resistances and unique transcriptional signatures governed by specific master regulator genes
(MRGs). This poses significant challenges to current treatments and underscores the urgent
need for innovative therapeutic strategies. Lurbinectedin, a synthetic DNA-binding compound
derived from a marine organism, has emerged as a promising candidate for targeting cancer
cells that are characterized by a transcriptional addiction to MRGs. In our study, we
demonstrated the efficacy of Lurbinectedin and two novel derivatives, PM14 and PM54, on
patient-derived melanoma cells cultured in both two-dimensional and three-dimensional
environments. Remarkably, our results indicate that the effectiveness of these compounds
remains unaffected by the nature of the driver mutations or phenotypical status. In mouse
models carrying melanoma cell-derived xenografts, these compounds significantly hindered
tumor growth and prolonged survival. We observed that Lurbinectedin and its derivates induced
DNA damage that disrupted the expression of MRGs critical for cell identity. Through
chemical-sequencing approaches, we discovered that Lurbinectedin exploits the transcriptional
addiction of melanoma cells by selectively binding to CpG regions within MRGs located in an
open chromatin environment. This binding effectively triggers DNA damage that block MRG
expression and promotes the degradation of RNA Polymerase 11, leading to apoptosis. In
conclusion, Lurbinectedin and its derivatives hold promise as a novel therapeutical option for
melanoma tumors, offering a unique mechanism of pan-melanoma action and demonstrating

potent preclinical activity.
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Introduction

Malignant melanoma, comprising only 1 % of skin cancer cases, is responsible for 80 % of
related deaths (NCI-SEER-Database, 2023). Its high metastatic potential contributes to the
significant mortality rate (Atkins et al., 2021) (Radke et al., 2022). Although incidence rates
are rising, mortality rates have diminished in recent years (Schadendorf et al., 2018)(Sung et
al., 2021) with the revolutionary introduction of kinase inhibitors and immunotherapy as the
new standard of care for advanced disease (Curti and Faries, 2021) (Jenkins and Fisher, 2021),
which until a decade ago presented an overall survival of less than 5% (Dickson and
Gershenwald, 2011). Melanoma has been pointed to as a prime example of how the
understanding of underlying biological mechanisms can be translated into novel therapeutics
(Shain and Bastian, 2016) (Luke et al., 2017) (Leonardi et al., 2018). Comparative genomic
studies have identified key targetable driver mutations in cutaneous melanoma, with aberrant
activation of the Mitogen Activated Protein Kinase (MAPK) pathway observed in 90 % of cases
due to somatic mutations in BRAF (50 %), RAS (20 %) and NF1 (15 %) oncogenes (Akbani et
al., 2015) (Newell et al., 2022). Patients with the commonly found BRAFYEK mutations,
leading to constitutive MEK and ERK signaling, can benefit from combined treatment with
targeted BRAF or MEK therapies, resulting in favorable progression-free survival rates (Guo
etal., 2021) (Switzer et al., 2022). Additionally, immune checkpoint inhibitors targeting CTLA-
4 and PD-1 have become the first-line treatment for metastatic melanoma, providing long-term
benefits to a substantial number of patients (Carlino et al., 2021) (Huang and Zappasodi, 2022).
Despite the advancements in targeted and immunotherapies, complete remission is achieved
only in a small subset of patients, while severe adverse effects and limited efficacy are observed
in many cases (Curti and Faries, 2021)(Saginala et al., 2021)(Ribas et al., 2013) (De Velasco et
al., 2017). Moreover, non-BRAF mutated melanoma pose significant challenges, as effective
treatment options are limited (Delyon et al., 2020). One of the critical barriers to clinical success
is intrinsic or acquired resistance to treatment. Various mechanisms of drug resistance have
been described, with intratumoral heterogeneity driven by cellular phenotypic plasticity
emerging as a key contributor to relapse (Kozar et al., 2019) (Rebecca and Herlyn, 2020)
(Marin-Bejar et al., 2021) (Rubanov et al., 2022), (Luskin et al., 2018) (Rambow et al., 2018).
Indeed, melanoma cells can undergo phenotype switching, transitioning between
melanocytic/differentiated states governed by master regulator genes (MRGSs) such as the MITF

and SOX10 transcription factors, and mesenchymal-like/undifferentiated states governed by
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the AXL and AP-1/TEAD MRGs (Jerby-Amon et al., 2018) (Tsoi et al., 2018) (Arozarena and
Wellbrock, 2019) (Benboubker et al., 2022) (Verfaillie et al., 2015) (Chauhan et al., 2022)
(Comandante-Lou et al., 2022) (Karras et al., 2022). Melanoma cells can switch between these
states in response to microenvironmental cues such as drug presence, complicating treatment
outcomes (Hoek and Goding, 2010) (Wouters et al., 2020). The heterogeneity and phenotypic
plasticity of melanoma cells underscore the need for therapeutics that can uniformly target
divergent transcription programs governing different tumor cell states (Rambow et al., 2019).

In recent years, the concept of ‘transcriptional addiction’ has gained attention as a novel
hallmark of cancer cells. Dysregulated gene expression programs and associated transcriptional
regulatory machinery are critical for sustaining cancer cell phenotypes, making them
susceptible to transcriptional inhibitors (Bradner et al., 2017) (Sengupta and George, 2017)
(Zanconato et al., 2018) (Hogg et al., 2020) (Vervoort et al., 2022). Several compounds
targeting transcriptional factors have entered clinical trials (Laham-Karam et al., 2020)
(Bushweller, 2019), including CDK7 and BRD4 inhibitors (Kwiatkowski et al., 2014) (Berico
et al., 2021) (Fontanals-Cirera et al., 2017) (Donati et al., 2018).

Lurbinectedin (Lurb), a synthetic alkylating derivative of Trabectedin, binds covalently to
DNA, generating adducts that stall RNA polymerase Il and induce DNA double-strand breaks.
Lurb was recently approved for the treatment of relapsed small cell lung cancer (SCLC). PM14
and PM54 are synthetic analogs of Lurb which were recently developed by PharmaMar SA.
and which might display pharmacokinetic benefits compared to Lurb. This study aimed to
analyze the sensitivity of a diverse panel of human melanoma cell lines and cultures,
characterized by defined oncogenic alterations, to Lurb and its derivatives. We demonstrated
potent anti-proliferative and apoptotic effects of these drugs on melanocytic or undifferentiated
BRAF, NRAS and triple-wild type mutated melanoma cells in various in vitro 2D and 3D
models and in vivo in xenograft mouse models. Functional genomics demonstrated that Lurb
and its derivates induced DNA damage that disrupted the expression of MRGs such as MITF
and AXL, critical for cell identity. Through chemical-sequencing approaches, we discovered
that Lurb exploits the transcriptional addiction of melanoma cells by selectively binding to CpG
regions within MRGs located in an open chromatin environment. This binding triggers
degradation of RNA Polymerase 11, effectively blocking MRG expression. These findings pave
the way for further research and development of these compounds as effective clinical treatment

for melanoma, particularly for targeted therapy-resistant cases.
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Results

Cellular models of human melanoma with distinct genotypes and phenotypes are highly
sensitive to Lurb/PM14/PM54

To investigate the response of melanoma cells to Lurb and its derivatives, we examined cells
representing the two primary phenotypes and the most prevalent driver mutations in melanoma.
On one hand, we evaluated differentiated patient-derived melanocytic-type cultures MMO011
(NRASR®KY MMO074 (BRAFYE) MM117 (Triple-wt) as well as melanoma cell lines 501mel
(BRAFV®E) |GR37 (BRAFY®%E) and SKMel-28 (BRAFV%E), These cells exhibited moderate
to high expression of the lineage-specific transcription factors MITF and SOX10, coupled with
low to undetectable levels of the pro-metastatic EGFR and AXL factors (Widmer et al., 2012)
(Verfaillie et al., 2015) (Table 1 and Figure 1a). On the other hand, we examined patient-
derived undifferentiated and mesenchymal-like melanoma cell cultures MMO029 (BRAFY690K),
MMO047 (NRAS?6IR) MMO099 (BRAFVE) and the melanoma cell line IGR39 (BRAFV0E),
These cells showed low to undetectable levels of MITF and SOX10, along with high levels of
EGFR and/or AXL (Table 1 and Figure 1a).

To determine the IC50s (half maximal inhibitory concentration) of these cells to various
inhibitors, we performed cell viability assays. As expected, the patient-derived cell cultures and
melanoma cell lines exhibited varying sensitivities to targeted therapy agents commonly used
in the clinical management of melanoma, such as the BRAF inhibitors Vemurafenib (Vemu)
and Dabrafenib (Dabra) (Table 1 and Figures 1b-c), as well as the MEK inhibitor Trametinib
(Trame) (Table 1 and Figure 1d). Differentiated BRAFV®E melanoma cells, such as MMO074
or IGR37, were the most responsive to these drugs, while undifferentiated melanoma cultures
and cell lines demonstrated high resistance.

In contrast, we observed that all melanoma cells displayed high sensitivity to Lurb (Figure 1e),
PM14 (Figure 1f) and PM54 (Figure 1g), with IC50 values in the low nanomolar range,
spanning from 0.3 to 4.93 nM (Table 1). Additionally, we generated Vemu-resistant cells,
namely 501melVemR and MMO74Ve™R by exposing cells to increasing drug concentrations in
vitro (Table 1 and Figure 1b) (Berico et al., 2021). These Vemu-resistant cells, displaying a
hyperdifferentiated and pigmented state, exhibited cross-resistance to Dabra (in the case of
MMO074) and Trame (Table 1 and Figure 1c), but remained highly sensitive to Lurb, PM14
and PM54 (Table 1 and Figures 1e-g). Strikingly, when these compounds were tested on the

non-cancerous Hermes3A immortalized melanocytes, we observed that this cell line was
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consistently less sensitive than the melanoma cells towards Lurb, PM14 or PM54. Collectively,
these findings demonstrate that melanoma cells exhibit a high sensitivity to Lurb, PM14 and
PM54, with IC50 values in the nanomolar ranges, irrespective of the cell phenotypes or driver

mutations.

Lurb/PM14/PM54 leads to melanoma cell apoptotic death

Based on the cell viability assays conducted above, we investigated the efficacy of Lurb and its
derivatives on melanoma cell proliferation and survival. Initially, a clonogenic assay was
performed using a concentration of each drug equivalent to 1xIC50, for 48 hours. The results
demonstrated a significant impact of Lurb and its derivatives on all tested melanoma cell
cultures or cell lines (Figure 2a and Supplemental Figure 1). Subsequently, we conducted
additional experiments to elucidate the cellular responses affected in melanoma cells following
drug treatments and analyzed proliferation and apoptotic induction using flow cytometry. We
observed a significant inhibition of melanoma cell proliferation upon exposure to Lurb and its
derivatives compared to DMSO (Figure 2b). Concurrently, there was a notable blockade of
cell cycle progression (Figure 2¢) and induction of apoptosis (Figure 2d) following treatment
with Lurb, PM14 or PM54.

In SCLC, Lurb induces the degradation of the largest subunit of RNA Polymerase Il (RPB1)
and triggers a DNA damage response characterized by the activation of gH2AX due to drug-
induced DNA breaks (Santamaria Nunez et al., 2016). We examined whether a similar response
occurred in melanoma cells. Upon treatment with 5x1Cso of each drug for 24 hours, we observed
distinct gH2AX activation in the nucleus of differentiated 501mel melanoma cells or
undifferentiated MMO099 cell cultures (Supplemental Figure 2a-b-c-d), which was confirmed
by immunoblotting in differentiated 501mel and MMO74 cells (Figure 2e and Supplemental
Figure 2e) or undifferentiated MMO099 cells (Supplemental Figure 2e). In parallel with
gH2AX accumulation, phosphorylation of ATM, the master protein involved in the DNA
damage response, was observed in 501mel (Figure 2e). Interestingly, RPB1 degradation was
minimal with Lurb, but pronounced in the presence of PM14 and PM54 (Figure 2e).
Furthermore, Boyden chamber and wounding assays clearly indicated that all three drugs
significantly affected the invasion and migration of undifferentiated melanoma cell cultures,
respectively (Figures 2f-g and Supplemental Figure 3). These results indicate that Lurb and
its derivatives exert robust cytostatic and cytotoxic effects on both differentiated and
undifferentiated melanoma cells, characterized by the generation of DNA breaks and the
degradation of RNAPII, particularly notable for PM14 and PM54.
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Lurb/PM14/PM54  exerted strong cytotoxic activities against BRAF-mutant
melanospheres

Using melanosphere culture assays, we investigated the effects of Lurb and its derivatives on
three-dimension (3D) melanoma cultures. Initially, we examined the response of
melanospheres to BRAF (Vemu and Dabra) and MEK (Tram) inhibitors. Melanospheres
derived from BRAFI/MEKIi-sensitive MMO074 cells were exposed to doses equivalent to 1x, 2x
and 5xIC50 of the drugs, as determined in 2D cultures, for 72 hours. Cell viability was assessed
using CellTiter-Glo assay. Interestingly, in stark contrast to the response observed in 2D
cultures, Vemu, Dabra and Trame were unable to reduce cell viability in 3D culture, even at
doses equivalent to 5xIC50 (Figure 3a). Conversely, Lurb, PM14 and PM54 exhibited
significant cytotoxic effects on MMO74 melanospheres at doses equivalent to 5xI1C50 (Figure
3b). Moreover, melanospheres treated with Lurb, PM14 and PM54 displayed a substantial
population of late apoptotic cells positive for annexin V and propidium iodide, indicating
abundant DNA fragmentation compared to control samples (Figure 3c). These findings
highlight the potent cytotoxic activity of Lurb, PM14 and PM54 against mutant-BRAF
melanospheres, in contrast to the limited efficacy of currently used targeted therapies based on
BRAF and/or MEK inhibition.

Lurb, PM14 and PM54 affect crucial melanoma genes

We aimed to investigate the mechanisms underlying the sensitivity of melanoma cells to Lurb
and its derivatives. Lurb, PM14 and PM54 are known DNA binders and transcription inhibitors
that have been shown to affect the expression of essential cancer-associated genes in SCLC
(Costanzo et al., 2022). We hypothesized that these compounds might also deregulate critical
genes in melanoma, such as the lineage-specific transcription factors MITF and SOX10, which
are expressed in differentiated melanoma cells, as well as the pro-invasion/migration
transmembrane protein AXL and the pro-metastatic protein EGFR expressed in
undifferentiated melanoma cells. To test this hypothesis, we treated 2D cell cultures of
differentiated melanoma cells (501mel, MMO074 and IGR37) and undifferentiated melanoma
cells (MM029, MMO099 and IGR39) with doses equivalent to 5xIC50 of Lurb and its derivatives
for 12 hours. RT-gPCR analysis revealed that the expression of MITF and SOX10 in
differentiated cells, as well as AXL and EGFR expression in undifferentiated cells, was
significantly affected by Lurb and its derivatives compared to the housekeeping gene beta-actin,
which exhibited stable expression following treatments (Figures 4a-b and Supplemental

Figures 4a-b). Furthermore, immunoblotting performed 24 hours after treatment further
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confirmed a significant decrease in the protein levels of melanoma marker genes (Figures 4c-
d). Additionally, in 3D melanoma cultures, the expression of MITF and SOX10 in MMOQ74 or
EGFR in MMO029 was significantly affected by Lurb and its derivatives when treated with a
dose equivalent to 5xIC50 for 24 hours, as compared to control genes RPL13A or TBP (Figure
4e). To investigate the dynamics of the dual mechanism of action of these compounds, we
treated differentiated 501mel and undifferentiated MMO099 cells for increasing durations with
5x1C50s of drugs. We observed in 501mel cells a significant induction of gH2AX at 4 to 6
hours of treatments, which coincided with the decrease in SOX10 expression (Supplemental
Figure 4c-d). In MMO099 cells however, gH2AX levels increased at 12h, at the same time as
AXL mRNA levels decreased (Supplemental Figure 4e-f). Collectively, these findings
indicate that short-term treatments with Lurb, PM14 or PM54 can impact crucial melanoma
master regulator genes (MRGs) in both 2D and 3D melanoma cell cultures. This transcriptional
inhibition of key regulators of melanoma cell survival coincides with the induction of double-

strand breaks, leading to cell apoptosis.

Lurb, PM14 and PM54 repress differential set of melanoma genes

To investigate the effect of Lurb and its derivatives on the transcriptional landscape of
melanoma cells, we conducted gene expression profiling in 2D cultures of representative
melanoma cells, MMO074 and MMO029, which represent differentiated and undifferentiated
phenotypes, respectively. The cells were treated with 10xICso of the drugs for a short duration
of 8 hours. Treatment with Lurb, PM14 and PM54 resulted in a significant down-regulation of
genes expressed in both MMO074 and MMO029 cells, with a smaller number of genes being up-
regulated (Supplemental Figure 5a). Notably, Lurb, PM14 and PM54 commonly down-
regulated 1,365 genes in differentiated MMO074 and 1,104 genes in undifferentiated MM029
cells (Figure 5a). Among these genes, 757 were consistently down-regulated by all three drugs
in both MMO074 and MMO029 cells (Figure 5b and Supplemental Table 1, not included in this
thesis but available upon request). Gene ontology (GO) analysis revealed that many of these
757 genes were involved in transcriptional processes, indicating that a significant fraction of
the genes sensitive to Lurb and its derivatives are associated with transcription factor function
(Figure 5c). Furthermore, gene set enrichment analysis (GSEA) demonstrated that genes
involved in the G2M checkpoint and WNT-beta catenin signaling pathway were particularly
affected by the three drugs in both MMO074 and MMO029 (Supplemental Figure 5b).

Next, we compared the transcriptional effects of PM14 and PM54 to those of Lurb in
differentiated MMO074 and undifferentiated MMO029 melanoma cell cultures. Lurb and PM14
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exhibited very similar effects, and no genes showed significant differential expression when
comparing the effects of these drugs in MMO074 or MMO029 cells (Figure 6a and 6Db).
Interestingly, PM54 induced distinct transcriptional effects compared to Lurb, with dissimilar
and fewer genes being deregulated in both differentiated and undifferentiated melanoma cells
(Figure 6a and c). GSEA and GO analysis revealed that PM54 more specifically targets genes
involved in transcriptional regulation, whereas Lurb more broadly down-regulated genes
associated with different cellular processes, such as cell cycle and protein modification
(Supplemental Figures 6a and b). Taken together, these findings demonstrate that Lurb,
PM14 and PM54 have significant impacts on the transcriptional programs of melanoma cells,
with PM54 exerting the lowest levels of transcriptionally deregulated genes while displaying

equally high cytotoxic activity compared to Lurb and PM14.

Anti-proliferative and pro-apoptotic impact of PM14 and PM54 in xenograft mouse
melanoma models

To investigate the effects of the aforementioned tested drugs in living organisms, we decided
to examine the impact of PM14 and PM54 on melanoma cell-derived xenograft (CDXs) mouse
models. Human 501mel, 501melV*™R or SKMEL28 melanoma cells were subcutaneously
implanted into the right flank of NSG mice. Once the tumors reached a size of 150 mm?®, a
single intravenous (1V) dose of either PM14 or PM54 at a concentration of 1.2mg/kg was
administrated to the animals (N=3/group). After 24 hours, we assessed the level of phospho-
histone H3 (pHH3) as a measure of the mitotic index (Casper et al., 2010). We found that the
fraction of pHH3-positive cells decreased fourfold in the 501mel-, 501melVe™R- and
SKMEL28-derived xenografts, 24 hours post-drug treatment, compared to xenografts treated
with either no drug or DMSO (Figure 7a). Additionally, we evaluated the density of apoptotic
cells 24 hours after drug-treatment using caspase-3 cleavage detection through IF. We observed
a significant increase in the fraction of apoptotic cells in all three tumors treated with either
PM14 or PM54, compared to the non-treated or DMSO-treated xenografts (Figure 7b).
Subsequently, we monitored the tumor volumes following weekly IV treatments of PM14 or
PM54 at a concentration of 1.2mg/kg. Treatments commenced (Day 0) when the tumors
reached 150 mm? in female NSG mice aged 4 to 6 weeks (N=8/group). We observed statistical
significant difference in the antitumor activity of both PM15 and PM54, including against the
501melVemR_derived tumors, when comparing the groups receiving weekly treatment with the
placebo-treated group (Figure 7c and Table 2). Concurrently, we noted a significant increase

in overall survival for both drugs in all three CDX models, with a particularly pronounced
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impact on the survival of mice harboring the 501melV¢™R-derived tumors (Figure 7d). These
findings indicate a potent anti-tumor activity of PM14 and PM54 in living organisms, with

significant effects on animal survival.

Discussion

The treatment of metastatic melanoma fundamentally evolved with the introduction of MAPK
and immune checkpoint inhibitors, which leverage recently gained insights of certain molecular
hallmarks of cancer cells (Robert et al., 2019)(Jenkins and Fisher, 2021). While these treatments
provided remarkable clinical benefits, their efficacy is limited by the important transcriptional
and cell state plasticity of melanoma cells, giving for example rise to treatment-resistant
undifferentiated/mesenchymal-like cells. Thus, considerable effort is currently being invested
into finding new therapeutics to successfully target even the rarer, more stem-like cellular
subpopulations. We postulated that all types of melanoma cells, irrespective of their specific
phenotype and mutational status, would still be highly vulnerable to the disruption of oncogene
expression because of their cancer-associated hallmark of transcriptional addiction (Verfaillie
et al., 2015)(Tirosh et al., 2016)(Wouters et al., 2020). Indeed, compared to other types of
cancers, melanoma cells display very high degrees of mutational burdens, and their gene
expression patterns might therefore be proportionally strongly dysregulated. Furthermore, the
notorious cell-state plasticity of melanoma cells indicates a strong dependency on tightly
regulated oncogenic gene expression programs. As the recent clinical approval of Lurb in SCLC
opened new avenues to exploit transcriptional dependencies of cancer cells, we investigated
here the possibility of repurposing this novel marine-derived DNA binder for the treatment of
melanoma. Furthermore, we tested whether the structural analogues of Lurb, PM14 and PM54,
might provide differential or additional benefits compared to the original compound.

In the current study, we assayed the efficacy of Lurb, PM14 and PM54 against a large panel of
melanoma cell cultures, recapitulating various driver mutations and phenotypes, and compared
their effects against those elicited by the clinically used MAPKi Vemu, Trame and Dabra.
Strikingly, undifferentiated melanoma cells displaying intrinsic resistance to MAPKIi, as well
as in vitro generated hyperpigmented cells with acquired MAPK:i resistance (Berico et al.,
2021), were sensitive to Lurb and its analogues at low nanomolar concentrations. As recent
studies have also shown the involvement of undifferentiated cells in immunotherapy resistance

(Mehta et al., 2018)(Benboubker et al., 2022), our results showcase a potential clinical benefit
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of using these novel compounds as either a second-line treatment after MAPKi/immunotherapy
relapse, or as adjuvant therapy.

Our results also shed light onto the mechanisms of action of Lurb and its analogues PM14 and
PM54, while elucidating their common features but also revealing some notable differential
molecular effects between these compounds. Low nanomolar doses of Lurb, PM14 or PM54
commonly decreased proliferation and invasive capacities of melanoma cells, while inducing
apoptosis and cell cycle blockage in the S phase. Similarly, the viabilities of 3D-cultured
melanospheres were severely affected by treatments with the three drugs. Surprisingly
however, even high doses of MAPKIi did not affect the viability of melanospheres containing
BRAFV®%%E_mutated melanocytic MMO74 cells, which were shown to be highly sensitive to
BRAFi and MEK:i in 2D-settings. These results thus showcase the importance of assaying novel
drugs in different settings, as factors such as hypoxic signalling or drug penetration might
severely limit their therapeutic effects. However, these factors did not seem to limit the efficacy
of Lurb, PM14 or PM54 in our 3D models. As Lurb covalently binds DNA at actively
transcribed genes and blocks elongating RNAPII, eventually resulting in the formation of TC-
NER-associated DSBs (Santamaria Nunez et al., 2016), we suspected the observed cellular
effects to be at least partly due to DNA damage response signalling. Thus, we checked RNAPII
degradation status and the induction of gH2AX and P-ATM. While the three compounds
rapidly induced gH2AX in melanoma cells, a phenomenon not observed for MAPKIi, marked
differences were somewhat surprisingly observed between Lurb and PM14/PM54 treatments
in some cellular models. In 501mel cells for example, RNAPII degradation and gH2AX were
much more pronounced when treated with PM14 or PM54, pointing to potential differences in
efficacy and intracellular pharmacodynamics, which remain to be further studied.

Our results also highlight the dual mechanism of action by which Lurb and its analogues exert
their cytotoxic effects. Synchronously with the induction of DNA breaks, as highlighted
through the appearance of gH2AX, drug treatments also led to the important disruption of
oncogene expression. Importantly, the transcriptional effects of the compounds seemed to
exhibit a high degree of specificity for distinctly overexpressed oncogenes depending on the
melanoma cell state. As such, while the expression of housekeeping genes such as ACTb, TBP
or RPL13a were not affected in 2D or 3D conditions by short-term drug treatments,
oncogenically overexpressed MRGs such as MITF or SOX10 were heavily inhibited
specifically in melanocytic cells. In mesenchymal-like cells however, different MRGs were
affected, such as the overexpressed RTKs AXL or EGFR. To investigate and compare the exact

DNA targets of the compounds, biotinylated versions of Lurbi and PM54 (Supplemental
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Figure 7a) were used to perform Chem-Seq assays. Preliminary results show that in 501mel
cells, drug enrichment was significantly higher at melanoma MRG loci with open chromatin
conformation such as the MITF gene, as compared to housekeeping genes such as HPRT1
(Supplemental Figure 7b). While these Chem-Seq results are still being analyzed for
differential binding patterns between Lurbi and PM54 and compared to RNA-Seq data, these
observations nevertheless reveal arguably the most interesting feature of these novel drugs. As
they selectively bind to actively transcribed regions, with high specificity towards highly
expressed oncogenes, probably because of their exceedingly accessible chromatin environment,
these compounds may be very well suited to target cancers such as melanoma, in which various,
transcriptionally very different cell populations pose a problem. Through their unique
mechanism of action, they seem to selectively inhibit the distinct transcription programs on
which a given cancer cell subpopulation depends on. As non-cancer cells display a less open
chromatin conformation and are less ‘transcriptionally addicted’, they should experience less
cytotoxic effects than cancer cells.

Delving deeper into the transcriptional effects elicited by Lurb and its analogues by performing
RNA-Seq on both melanocytic and mesenchymal-like melanoma cells, two important insights
were gained. Firstly, GSEA and GO analysis revealed that drug treatments elicited a strong
stress response with the activation of AP-1 and EMT factors while disrupting p-catenin-
signaling, which represent events related to melanoma phenotype switching. As such, not unlike
for other drugs, the cellular response to Lurb and its analogues could consist in
dedifferentiation. However, the negative effects of phenotype switch induction could be of a
more mitigated nature for these treatments, as even mesenchymal-like cells were shown to be
sensitive to these drugs. Secondly, while the gene expression changes elicited by Lurb and
PM14 greatly overlapped, the transcriptional effects of PM54 significantly diverged. Notably,
PM54 treatments deregulated fewer genes than Lurb or PM14, while eliciting the same
cytostatic and cytotoxic effects, thus representing potentially a clinical benefit. Indeed, PM54
might cause less systemic gene expression disruptions and thus unwanted secondary effects
while still potently targeting cancer cells. Consequently, we advise that particular interest be
given to clinically assess the efficacy of PM54.

Considering the promising in vitro data, we confirmed the in vivo effects of PM14 and PM54.
We observed potent decreases in mitotic indexes and increases in cell death and overall survival
in three different melanoma CDX models. Of note, particularly beneficial effects were observed
with 501melVe™R tumors, potentially because of their increased dependency on MITF

expression, in line with their hyperpigmented phenotype (Berico et al., 2021). While in vivo
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effects could not be assessed on mesenchymal-like cells, because of their very weak
tumorigenic nature, our results demonstrate that PM14 and PM54 significantly impact
melanocytic-like melanoma cells in vivo, even those with acquired resistances to MAPKI.
Collectively, our data allow for a comprehensive overview of the cellular and molecular effects
of a potential novel kind of melanoma treatment, based on the dual mechanism of action of
DNA damage induction and transcriptional inhibition. The current study further sheds light
onto the intricacies of gene expression dependencies of different melanoma cell subpopulations
and their molecular reactions towards transcriptional disruptions. While this important
preclinical work might legitimize the clinical testing of Lurb outside of the SCLC setting, it
also highlights the potential benefits of further exploring the effects of its structural analogues.
These results provide a rationale for investigating Lurb and its analogues in a clinical setting,
especially for MAPKi-relapsed melanoma, and our transcriptional data warrant that particular
interest should be given to PM54 and its potentially superior clinical benefits.

Materials and Methods

Cell culture and treatment

Cells were grown at 37°C in 5% CO2 (10% for Hermes 3A) and were regularly checked for
mycoplasma contamination. MM patient-derived short-term melanoma cultures (MMO011,
MMO074, MM117, MMO029, MMO047, MM099) were grown in HAM-F10 (Gibco, Invitrogen)
supplemented with 10% Fetal Calf Serum (FCS), 25 mM HEPES, 5,2 mM GLUTAMAX and
penicillin—streptomycin. Melanoma cell lines 501mel and SKmel28 were grown in RPMI w/o
HEPES (Gibco, Invitrogen) supplemented with 10% FCS and gentamycin. Vemurafenib-
resistant cells (501melVe™'R and MMO074VeM'R) were additionally supplemented with 1,5 uM of
Vemu. Melanoma IGR cell lines (IGR37 and IGR39) were grown in RPMI w/o HEPES (Gibco,
Invitrogen) supplemented with 15% FCS and gentamycin. Immortalized melanocytes Hermes-
3A were grown in RPMI 1640 medium (Gibco, Invitrogen) supplemented with 10% FCS, 200
nM TPA, 200 pM cholera toxin, 10 ng/ml human stem cell factor, 10 nM endothelin-1 and
penicillin—streptomycin. 501mel, SKmel28 and IGRs cells were purchased from ATCC, MM
and Hermes-3A cells were obtained from collaborators. Vemu (PLX4032), Trame
(GSK1120212) and Dabra (GSK2118436) were purchased from Selleckchem. Lurb (PM1183),
PM14, and PM54 were obtained from PharmaMar S.A.
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Protein extraction and Western Blotting

For whole cell extracts, cells were rinsed once with cold PBS, before pelleting and resuspension
in LSDB 0.5M buffer (500 mM KCI, 50 mM Tris pH 7.9, 20% glycerol, 1% NP-40, 1ImM DTT
and protease inhibitor cocktail). Afterwards, cells were fully disrupted with 3 cycles of heat
shock (liquid nitrogen followed by 37°C water bath). Then, samples were centrifugated for
15min at 14,000rpm to remove cell debris. Lysates were subjected to SDS—polyacrylamide gel
electrophoresis (SDS-PAGE) and proteins were transferred onto a nitrocellulose membrane.
Membranes were incubated overnight 4 °C with primary antibodies in PBS+ 5% milk powder
+ 0.01% Tween-20. The membranes were then incubated with HRP-conjugated secondary
antibody (Jackson ImmunoResearch) for 1h at room temperature and visualized using the ECL

detection system (GE Healthcare).

Antibodies

Western Blots assays were performed with the following antibodies: ACTb (IGBMC House-
Made, 1:1000), MITF (Cell Signaling, D5G7V, 1:1000), SOX9 (Cell Signaling, D8G8H,
1:1000), SOX10 (Santa Cruz sc-365692, 1:1000), EGFR (Santa Cruz sc-373746, 1:1000), AXL
(Proteintech, 13196-1-AP, 1:1000), RPB1 (IGBMC House-Made, 1:1000), ATM (Cell
Signaling 2873S, 1:1000), Phospho-ATM (Cell Signaling 13050S, 1:1000), yYH2AX (EMD
Millipore JBW301, 1:1000), Vinculin (Sigma-Aldrich V4505, 1:1000).

For yH2AX immunofluorescence assay, EMD Millipore JBW301 antibody was used at 1:500
dilution.

For in vivo stainings, anti-phosphorylated histone H3 antibody (Sigma-Aldrich, 06-570 diluted
1:1000), and anti-cleaved caspase-3 (Cell Signalling, 9661 diluted 1:300) were used.

For Chem-Seq assays, anti-biotin antibody (Abcam, ab53494) was used.

IC50 estimation

Cells were seeded at 5,000 cells/well in 96- well plates and treated with increasing
concentrations of Vemu, Dabra, Trame, Lurb, PM14, PM54, Biotin-Lurb, or Biotin-PM54.
After 72 h of incubation, cells were treated with PrestoBlue reagent (ThermoFisher) according
to the manufacturer’s instructions. The absorbance per well was measured with a Celllnsight
CX5 microplate reader. Determination of IC50 values was performed by nonlinear curve fitting

using the Prism9 statistical software (GraphPad).

274



Clonogenicity Assay

Cells were drug-treated at 1C50 concentrations during 48h before seeding 1x102% or 2x10° cells
in 6-well plates without drug, where they grew for 10 days to allow for colony formation.
Afterward cells were fixed for 10min with 4% Formaldehyde solution, washed once with PBS
and stained with Crystal Violet solution 0.2% for 15min. The wells were finally washed twice
with deionized water, air dried, scanned and analyzed with Fiji software to count the number

of colonies.

Cell proliferation, apoptosis, and cell cycle analysis by Flow Cytometry

2x10° cells were seeded in 6 well plates and were incubated 24h later with 1uM of CellTrace
Violet reagent (ThermoFisher) according to the manufacturer’s instructions, immediately
before rinsing and drug treatment at 1C50 concentrations. After 48h of incubation, cells were
rinsed and incubated with AnnexinV-APC (BD Biosciences). Cell proliferation and apoptosis
were detected on a BD LSRFortessaTM Flow Cytometer. Data were analysed with FlowJo
software. To define slow proliferating or apoptotic cells, we proceeded as follows: We
considered that slow proliferating cells represented the 30% of cells with the highest
concentration of CellTrace Violet signal in the DMSO control. We then calculated the % of
cells that had a signal greater than or equal to this value with drug treatment. For apoptotic cells,
we considered the 20% of cells with the highest signal of AnnexinVV-APC in the DMSO control.
For cell cycle analysis, 2x10° cells were seeded in 6 well plates. After drug treatments at IC50
concentrations, cells were pelleted and fixed with 70% ethanol for 1h at 4°C. After 2 washes
with cold PBS, cells were incubated with RNAse A and PI for 1h in the dark, before being
analyzed on a BD LSRFortessaTM Flow Cytometer. Data were analysed with FlowJo software.
For apoptosis assays with 3D-grown melanoma cells, TrypLe Select 10x reagent (Gibco) was
used to dissociate melanospheres to obtain single-cell suspensions. These cells were incubated
with AnnexinV-APC (Biolegend) and Propidium lodide (PI, Biolegend). With bivariant dot
plots, we distinguished between viable (AnnexinV—/ PI-), early apoptotic (AnnexinV+/ PI-),

late apoptotic (AnnexinV+ / PI+) and necrotic cells (AnnexinV—/ PI+).

Boyden Chamber Invasion Assay

2x10° cells were seeded inside Boyden Chamber inserts (Fisher Scientific) with 4% Matrigel
(Corning) and covered with Serum free media. The inserts were placed in 24 well plates filled
with complete medium. After 24h, the inserts were fixed for 10min with 4% Formaldehyde

solution, washed once with PBS and stained with Crystal Violet solution 0.2% for 15min. The
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wells were finally washed twice with deionized water, air dried, and photos were collected
using an EVOS xI Core microscope. The pictures were analyzed with Fiji to asses the area of

occupancy of the cells.

Wound-healing assay

Confluent melanoma cell monolayers in 6-well plates were scratched with the tip of a 20-pL
pipette to create uniform, cell-free wounds. Fresh medium with lower FCS % (to mitigate
proliferation), with or without drugs, was added. At 0, 24, and 48 hours, photomicrographs of
the wounds were taken under an inverted microscope. The wound areas were then quantified

using ImageJ software.

Melanosphere formation and viability assay

5x10%cells were seeded in ultra-low attachment hydrogel-layered 96 well plates (Corning 7007)
in KO DMEM medium supplemented with 20% KSR, AANE, 2 mM Glutamax,
Penicillin/Streptomycin and 100 uM Beta-mercaptoethanol. To allow for melanosphere
formation, cells were left to grow for 4 days before drug treatment.

To analyze melanosphere viability after drug treatment, cells were treated with CellTiterGlo
reagent (Promega) according to the manufacturer’s instructions. Luminescence signals were

measured with a Centro XS LB 960 microplate reader (Berthold).

RNA Extraction and RT-gPCR

Total RNA isolation was performed according to the manufacture protocol with NucleoSpin
RNA Plus kit (Macherey-Nagel). RNA was retrotranscribed with Reverse Transcriptase
Superscript IV (Invitrogen), g°PCR was performed with SYBR Green (Roche) and on a
LightCycler 480 (Roche). Target gene expression was normalized using 18S as reference gene.

Primers for RT-qPCR were designed using Primer-BLAST. The following primers were used:

MITF F CATTGTTATGCTGGAAATGCTAGAA
R GGCTTGCTGTATGTGGTACTTGG
AXL F CCGTGGACCTACTCTGGCT
R CCTTGGCGTTATGGGCTTC
ACTb F ACATCTGCTGGAAGGTGGAC
R CCCAGCACAATGAAGATCAA
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RPL13a F TTGAGGACCTCTGTGTATTTGTCAA
R CCTGGAGGAGAAGAGGAAAGAGA
TBP FCGGCTGTTTAACTTCGCTTC
R CACACGCCAAGAAACAGTGA
SOX10 F CCAGTTTGACTACTCTGACCATCAG
R ATATAGGAGAAGGCCGAGTAGAGG
EGFR F GCAGCGATGCGACCCTC
R CCAACTGCGTGAGCTTGTTAC
18S F TCAACTTTCGATGGTAGTCGCCGT
R TCCTTGGATGTGGTAGCCGTTTCT

Bulk RNA-Sequencing and analysis

Library preparation was performed at the GenomEast platform at the Institute of Genetics and
Molecular and Cellular Biology using TruSeq Stranded Total RNA Reference Guide - PN
1000000040499. Total RNA-Seq libraries were generated from 700 ng of total RNA using
TruSeq Stranded Total RNA Library Prep Gold kit and TruSeq RNA Single Indexes kits A and
B (Illumina, San Diego, USA), according to manufacturer's instructions. Briefly, cytoplasmic
and mitochondrial ribosomal RNA (rRNA) was removed using biotinylated, target-specific
oligos combined with Ribo-Zero rRNA removal beads. Following purification, the depleted
RNA was fragmented into small pieces using divalent cations at 940C for 8 minutes. Cleaved
RNA fragments were then copied into first strand cDNA using reverse transcriptase and random
primers followed by second strand cDNA synthesis using DNA Polymerase | and RNase H.
Strand specificity was achieved by replacing dTTP with dUTP during second strand synthesis.
The double stranded cDNA fragments were blunted using T4 DNA polymerase, Klenow DNA
polymerase and T4 PNK. A single 'A' nucleotide was added to the 3' ends of the blunt DNA
fragments using a Klenow fragment (3' to 5'exo minus) enzyme. The cDNA fragments were
ligated to double stranded adapters using T4 DNA Ligase. The ligated products were enriched
by PCR amplification. Surplus PCR primers were further removed by purification using
AMPure XP beads (Beckman-Coulter, Villepinte, France) and the final cDNA libraries were
checked for quality and quantified using capillary electrophoresis. Libraries were sequenced on
an lllumina HiSeq 4000 sequencer as single read 50 base reads. Image analysis and base calling
were performed using RTA version 2.7.7 and bcl2fastq version 2.20.0.422.

Reads were preprocessed to remove adapter and low-quality sequences (Phred quality score

below 20). After this preprocessing, reads shorter than 40 bases were discarded for further
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analysis. These preprocessing steps were performed using cutadapt version 1.10. Reads were
mapped to rRNA sequences using bowtie version 2.2.8 and reads mapping to rRNA sequences
were removed for further analysis. Reads were mapped onto the hgl9 assembly of Homo
sapiens genome using STAR version 2.5.3a. Gene expression quantification was performed
from uniquely aligned reads using htseg-count version 0.6.1p1, with annotations from Ensembl
version 75 and “’union" mode. Only non-ambiguously assigned reads have been retained for
further analyses. Read counts have been normalized across samples with the median-of-ratios
method proposed by Anders and Huber (Bushweller, 2019) to make these counts comparable
between samples. Comparisons of interest were performed using the Wald test for differential
expression proposed by Love et al. (Love et al., 2014) and implemented in the Bioconductor
package DESeq2 version 1.16.1. Genes with high Cook’s distance were filtered out and
independent filtering based on the mean of normalized counts was performed. P-values were
adjusted for multiple testing using the Benjamini and Hochberg method (Benjamini and
Hochberg, 1995). Deregulated genes were defined as genes with log2(Fold change) > 1 or <1
and adjusted P-value < 0.05.

Volcano plots were generated using using the Prism9 statistical software (GraphPad). Heatmaps
were generated using Morpheus (https://software.broadinstitute.org/morpheus). Venn diagrams
were generated using DeepVenn (http://www.deepvenn.com/) and representation factors and
hypergeometric  P-values  were  determined using  Graeber lab  software
(https://systems.crump.ucla.edu/hypergeometric/). Gene Ontology Analysis was performed
using ShinyGO (Ge SX, Jung D & Yao, 2020).

Immunofluorescence

After PBS-rinsing, cells grown on coverslips were fixed with 4% PFA for 10 min. Cells were
then permeabilized with PBS and 0.1% Triton X-100. Blocking was done with 10% BSA.
Primary antibodies were incubated overnight at 4°C, after which cells were stained for 1 hour
at room temperature with AlexaFluor-488 conjugated secondary antibodies diluted 1:500 in
PBS+10% FCS (Life technologies) and stained with DAPI. Image acquisition was performed
on a DFC7000T widefield microscope (Leica) and analysis was done using the Fiji software.

For quantification, gH2AX signals were assessed for each DAPI-positive area.
Chemical-Sequencing (Chem-Seq)

501mel cells were seeded and grown to sub-confluency in 15-cm plates before treatment for 8
h with DMSO, biotinylated Lurbinectedin (Bio-Lurbi) or PM54 (Bio-PM54) at a concentration
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equivalent to 10xIC50. Cells were then fixed with 0.4% of PFA for 10 min and quenched with
2 M Glycin pH 8. Cells pellets were lysed in 25 mM HEPES pH 7.8, 10 mM NaCl, 1.5 mM
MgCI2, 0.5% NP-40, 1 mM DTT. Nuclei were resuspended in in 50 mM Hepes-KOH pH 7.8,
140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1 mM Na-deoxycholate, 0.1% SDS and
sonicated at 4°C with Q500 sonicator for 90 cycles with 30 sec intervals between cycles to get
DNA fragments between 100-500 bp. 100 pg of the sonicated chromatin was then diluted in
Dilution buffer (1% Triton X-100, 2 mM EDTA, 20 mM Tris HCI pH 7.5, 150 mM NaCl) and
incubated overnight at 4°C with 5 pg of Anti-Biotin antibody (Abcam ab53494). The complex
antibody-chromatin was then captured with protein A Dynabeads (Invitrogen, 10002D) for 2 h
at 4°C, and beads were washed twice in Low Salt Washing Buffer (1% Triton, 2 mM EDTA,
20 mM Tris HCI pH 7.5, 150 mM NaCl, 0.1% SDS), High salt Washing Buffer (1% Triton, 2
mM EDTA, 20 mM Tris HCI pH 7.5, 500 mM NacCl, 0.1% SDS), and TE buffer (100 mM Tris
HCI pH 7.5, 10 mM EDTA). Immunoprecipitated chromatin was subsequently eluted from
beads in 1% SDS and 100mM NaHCO3 at 65°C for 30 min, and crosslinks were reversed by
overnight incubation with Proteinese K (50ug/ml) at 65 °C. The DNA was finally purified with
the QIAquick PCR Purification kit (QIAGEN). Library preparation was performed at the
GenomeEast platform at the Institute of Genetics and Molecular and Cellular Biology using
Diagenode MicroPlex Library Preparation kit v3 Instruction Manual. ChIP samples were
purified using SPRIselect beads (Beckman-Coulter, Villepinte, France) and quantified using
the Qubit 4 fluorimeter (Thermo Fischer Scientific, Illkirch, France). ChlP-seq libraries were
prepared from 10 ng of double-stranded purified DNA using the MicroPlex Library Preparation
kit v3 (C05010001, Diagenode, Seraing, Belgium), according to manufacturer’s instructions.
In the first step, the DNA was repaired and yielded molecules with blunt ends. In the next step,
stem-loop adaptors with blocked 5 prime ends were ligated to the 5 prime end of the genomic
DNA, leaving a nick at the 3 prime end. The adaptors cannot ligate to each other and do not
have single-strand tails, avoiding non-specific background. In the final step, the 3 prime ends
of the genomic DNA were extended to complete library synthesis and Illumina compatible
indexes were added through a PCR amplification (7 cycles). Amplified libraries were purified
and size-selected using SPRIselect beads (Beckman Coulter) to remove unincorporated primers
and other reagents. Libraries were sequenced on an Illumina NextSeq 2000 sequencer as single
read 50 base reads. Image analysis and base calling were performed using RTA version 2.7.7
and BCL Convert version 3.8.4.
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Xenograft models

4- to 6-week-old NSG mice were subcutaneously implanted into their right flank with human
melanoma cell suspensions (501mel, 501melVe™R or SKmel28). When tumors began to
develop, these were measured 2-3 times per week. Tumor volume was calculated with the
equation (a X b?)/2, where “a” and “b” referred to the longest and shortest diameters,
respectively. When tumors reached a size of 150 mm3, tumor bearing animals (N = 8/group)
were treated with Placebo (saline solution) or PM14 or PM54 at 1.2 mg/kg weekly. Tumor
volume and animal body weights were measured 2-3 times per week, starting from the first day
of treatment. The median was determined for tumor volume/size on each measurement day.
Treatment tolerability was assessed by monitoring body weight evolution, clinical signs of
systemic toxicity, as well as evidences of local damage in the injection site. Treatments which
produced >20% lethality and/or 20% net body weight loss were considered toxic. Furthermore,
animals were euthanized when their tumors reached ca. 1500 mm3 and/or severe necrosis was
seen. Differences on antitumor effect were evaluated by comparing tumor volume data as well
as median survival time from the placebo treated group with PM54 or PM14 treated groups.

For this, a two-tailed Mann-Whitney U test was used.

Tumor Immunofluorescence

Tumors were grown as mentioned above and were extracted after 24h following a single dose
of placebo treatment or 1.2 mg/kg of PM14, PM54. In parallel, untreated tumors were extracted.
The tumors were fixed in 10% formalin and embedded in paraffin for histology. Slides prepared
from Sum-thick paraffin sections were processed for antigen retrieval in 10 mM sodium citrate
buffer (PH = 6.0) for 45 min at 95°C in a water bath. The slides were cooled down at room
temperature (RT) for 15 min. They were rinsed in PBS and then incubated in a humidified
chamber for 16 h at 4 °C, with the primary antibodies diluted in PBS containing 0.1% (v/v)
Tween 20 (PBST) to detect mitotic (pHH3-positive) and apoptotic (cleaved caspase 3-positive)
cells. After rinsing in PBST, detection of the bound primary antibodies was performed for 1
hour at room temperature in a humidified chamber using 555-conjugated secondary rabbit 1gG
antibody. The sections were then counterstained with DAPI to label nuclei. Stained sections
were digitalized using a slide scanner (Nanozoomer 2.0-HT, Hamamatsu, Japan) and analyzed
with the corresponding ND.view2 software.

Large 8-Bits digital scanned images of tumors stained for nuclei (10 000 to 30 000 nuclei per
section) and pHH3 or cleaved caspase 3 were processed through an inhouse python (v3.8)

algorithm to quantify positive cells. Basically, blue channels were proposed to a Cellpose2

280



model (deep learning model backboned by pytorch process) to segment nuclei. Subsequently,
nuclei were analyzed for specific signals. For pHH3, a nucleus was considered positive if total
pixels above 50 in intensity value exceeds 20% of nuclei surface (in 8 Bits image values range
from O [no signal] to 255). Hence, we ensured that we did not consider unspecific background
signals or insignificantly bright signals. The same procedure was applied to Caspase3 with pixel
value set to 50 and minimal covered surface set to 30%. For each image, a ratio of positive
cells/total nuclei was returned as the experimental variable. Statistics were produced using
python’s pingouin library (v0.5.3) with two-way ANOVA and post hoc tests being built-in

functions.

Statistics and reproducibility

Experimental data was plotted and analyzed using either Excel (Microsoft) or GraphPad Prism
(GraphPad Software Inc.). The number of samples and replicates are indicated in the respective
figure legends. The P-values are indicated, * < 0.05 ** < 0.01 *** < 0.001 **** < 0.0001 and

ns (non-significant) > 0.05.
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