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French Summary 

Résumé en Français 

Contexte 

Le mélanome malin est un cancer très agressif capable de générer des métastases à 

des stades précoces de son développement. La transformation oncogénique des 

mélanocytes résulte principalement de mutations dans les gènes BRAF, NRAS ou 

NF1 qui activent de façon constitutive la voie de signalisation des MAP kinases et la 

prolifération cellulaire (Hayward et al., 2017). Les cellules issues de mélanome, 

lorsqu’elles sont cultivées in vitro, adoptent au moins deux phénotypes dits 

‘prolifératif’ et ‘invasif’. Ces phénotypes sont régulés par des processus 

épigénétiques et transcriptionnels, eux-mêmes régis par la variation du niveau 

fonctionnel de MITF (MIcrophthalmia-associated Transcription Factor) en coopération 

avec un second facteur de transcription, SOX10 (SRY (Sex-determining Region Y-

bOX 10) (Verfaillie et al., 2015). 

L’étude par spectrométrie de masse des interactomes de MITF, réalisée au 

sein de notre groupe, a démontré que MITF interagit physiquement et 

fonctionnellement avec les complexes de remodelage de la chromatine NURF 

(NUcleosome Remodelling Factor) et PBAF (PolyBromo BRG1-Associated Factor) 

(Laurette et al., 2015). Notre groupe a également démontré que NURF et PBAF ont 

chacun un rôle spécifique et distinct dans les cellules de mélanome in vitro et dans la 

lignée mélanocytaire in vivo (Koludrovic et al., 2015; Laurette et al., 2019, 2015). 

NURF et PBAF apparaissent ainsi comme des régulateurs épigénétiques majeurs 

dans le contrôle de l’expression des gènes de la lignée mélanocytaire. 

L’étude de l’interactome de MITF dans les cellules de mélanome a permis de 

mettre en évidence son interaction avec un troisième complexe de remodelage de la 

chromatine appelé NuRD (Nucleosome Remodelling and histone Deacetylation 

complex). NuRD comporte plusieurs sous-unités dont les ATPases CHD3, CHD4 ou 

CHD5 (Chromodomain Helicase DNA-binding protein), les Histones DéACétylases 

HDAC1 ou HDAC2, MBD2 ou MBD3 (Methyl cytosine-guanosine (CpG) Binding 
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Domain) ainsi que MTA1, MTA2 ou MTA3 (MeTastasis Associated gene protein). La 

composition exacte de NuRD dans un tissu donné dépend donc de l’expression 

relative de chacune de ces sous-unités. Ce complexe est unique, puisqu’il est le seul 

à posséder deux types de sous-unités catalytiques, CHD3, CHD4 ou CHD5 dont 

l’activité ATPase est responsable du remodelage de la chromatine, et HDAC1/2 qui 

catalyse la désacétylation de protéines dont les histones. Comme les autres 

complexes de remodelage de la chromatine, NuRD est impliqué dans la régulation de 

nombreux processus essentiels tels que la transcription et l’assemblage de la 

chromatine, la progression du cycle cellulaire et la stabilité génomique (Torchy, 

Hamiche, & Klaholz, 2015).  

Les objectifs de mon projet de thèse ont porté tout d’abord sur la 

caractérisation de l’interaction physique et fonctionnelle du complexe NuRD avec des 

facteurs de transcription essentiels tels que MITF et SOX10 ou d’autres facteurs de 

transcription. Puis, sur la détermination des différentes fonctions du complexe NuRD 

au sein des cellules de mélanome. Et enfin, sur l’extrapolation des fonctions 

régulatrices de NuRD dans d’autres cancers que le mélanome. 

MITF et SOX10 interagissent avec le complexe NuRD. 

Au vu de la présence de sous-unités de NuRD dans l’interactome de MITF, 

nous avons réalisé une analyse similaire de l’interactome de SOX10 au sein des 

cellules de mélanome. Tout comme pour MITF, les données de spectrométrie de 

masse ont permis de détecter que SOX10 interagit avec une multitude de sous-

unités des complexes BAF, PBAF et NuRF associées à SOX10 telles que les sous-

unités catalytiques BRG1, BRM et BPTF. Ces interactions ont ensuite été confirmées 

par immunoblots après immunoprécipitations indépendantes en tandem. 

L’interactome de SOX10 montre également la présence de plusieurs sous-unités du 

complexe NuRD. 

Plus particulièrement, l’analyse des interactomes de MITF et SOX10 a montré la 

présence de CHD4 mais pas de CHD3 dans l’interactome de MITF, ainsi que la 

présence de CHD4 et de CHD3 dans l’interactome de SOX10. D’autres sous-unités 

telles que HDAC1, HDAC2, MTA1 et MTA2 sont présentes dans les deux 

interactomes. Les interactions  sélectives de MITF avec CHD4 et de SOX10 avec 

CHD3 et CHD4 ont été confirmées par co-immunoprécipitation et immunoblots. 
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Afin de caractériser la composition du complexe NuRD dans les cellules de 

mélanome, nous avons démontré que les sous-unités de NuRD sont bien exprimées 

au sein des lignées prolifératives, et ce contrairement aux lignées dites invasives où 

le niveau d’expression des sous-unités catalytiques CHD3 et CHD4 est fortement 

réduit au niveau protéique. De plus, la répression de CHD4 entraine une 

surexpression de CHD3 suggérant que ces deux isoformes sont en compétition dans 

l’assemblage du complexe NuRD. D’autre part, CHD4 ne co-précipite pas avec 

CHD3, mettant ainsi en évidence la présence dans les cellules de mélanome de deux 

complexes NuRD composés soit de CHD3 soit de CHD4. Il semble donc que MITF 

interagisse sélectivement avec le complexe CHD4/NuRD, alors que SOX10 interagit 

avec les complexes CHD3/NuRD et CHD4/NuRD.   

NuRD est un cofacteur de SOX10 dans la régulation de l’expression 

d’un sous-ensemble de gènes. 

Des expériences de ChIP-seq ont permis d’identifier dans l’ensemble du génome 

plus de 60’000 sites de fixation de CHD4. Plus de 4000 de ces sites sont communs 

entre CHD4, MITF et SOX10. CHD4 occupe les nucléosomes bordant ces sites dont 

la plupart sont également occupés par BRG1, la sous-unité catalytique de PBAF. 

Cette observation n’implique cependant pas que ces nucléosomes soient fixés par 

les deux complexes en même temps. Il est plus raisonnable d’imaginer que la fixation 

par NuRD ou PBAF définisse deux états alternatifs de ces nucléosomes.  

L’analyse comparative des RNA-seq après la répression de CHD4 et MITF ne 

révèle qu’un petit nombre de gènes régulés de façon positive ou négative par les 

deux facteurs CHD4 et MITF. Néanmoins, la comparaison des gènes dérégulés par 

CHD4, CHD3 ou SOX10 met en évidence environ 300 gènes co-régulés par ces 

facteurs. L’ensemble des données montre donc que, malgré leur association et leur 

co-localisation dans le génome, CHD4 ne semble pas agir en tant que cofacteur de 

MITF mais agit en fait en tant que cofacteur de SOX10 dans la régulation d’un sous-

ensemble de gènes cibles au sein des cellules de mélanome.  
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CHD3 and CHD4 s’associent avec RREB1 et co-régulent un sous-

ensemble de gènes cibles. 

Par ailleurs, CHD3 et CHD4 régulent l’expression de nombreux autres gènes. 

Afin d’identifier d’autres facteurs impliqués dans la régulation de ces gènes, nous 

avons analysé les séquences des 800 sites de fixation génomique de CHD4 les plus 

forts. Cette analyse a démontré un très fort enrichissement de motifs fixés par 

RREB1 (Ras Responsive Element Binding protein 1), un facteur de transcription 

fréquemment amplifié dans le mélanome et situé en aval de la voie RAS. Ce facteur 

est connu pour fixer les sites RREs (Ras Responsive Elements) et réprimer 

l’expression génique. En effet, plus de 30% des gènes dérégulés par la répression de 

CHD4 présentent un site de fixation de CHD4 associé à un motif RRE à moins de 

30kb du site d’initiation de la transcription. Par des expériences 

d’immunoprécipitation, nous avons pu mettre en évidence une interaction spécifique 

et stable entre NuRD et RREB1. Des expériences de siARN ont montré l’importance 

de RREB1 dans la prolifération et la survie des cellules de mélanome. Une analyse 

RNA-seq après siRREB1 a montré qu’un nombre important de gènes régulés par 

CHD3 et CHD4 le sont aussi par RREB1. Ces résultats montrent que NuRD 

s’associe avec RREB1 et agit comme un co-répresseur dans la régulation d’un sous-

ensemble de ses gènes cibles dans les cellules de mélanome.   

CHD3 et CHD4 sont nécessaires à la prolifération des cellules de 

mélanome. 

La répression de CHD4 dans plusieurs lignées prolifératives de cellules de 

mélanome ainsi que dans des mélanocytes entraîne un changement important de 

leur morphologie, un ralentissement de leur prolifération ainsi qu’une activation de la 

réponse aux dommages de l’ADN. La répression de CHD3 provoque également un 

changement de morphologie de ces cellules, différent de celui observé après 

répression de CHD4, ainsi qu’un arrêt de la prolifération cellulaire.  

De plus, la répression de CHD4 dans la lignée proliférative 501mel entraîne la 

dérégulation de plus de 1300 gènes, la plupart étant induits, parmi lesquels des 

gènes impliqués dans l’adhésion, la migration et la prolifération cellulaire. CHD3 

régule plus de 900 gènes, parmi lesquels des gènes impliqués dans le cycle 

cellulaire, le métabolisme des lipides et la réponse inflammatoire. La comparaison 
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des données RNA-seq indique cependant que très peu de gènes sont dérégulés en 

commun par CHD3 ou CHD4, mettant ainsi en évidence le rôle spécifique et distinct 

des complexes NuRD comprenant soit CHD3 soit CHD4.  

CHD4 régule l’activité de la voie de signalisation MAP-kinase et la 

glycolyse.  

La répression de CHD4 dans différentes lignées de cellules de mélanome a 

pour conséquence une activation de la voie MAP-kinase qui se traduit par une 

augmentation de la phosphorylation d’ERK1/2. La voie MAP-kinase régule en 

particulier la voie de signalisation mTOR impliquée dans la régulation de la 

prolifération et du métabolisme cellulaire. La répression de CHD4 augmente la 

phosphorylation de mTOR (S2448) et stimule la glycolyse dans les cellules de 

mélanome. Une telle augmentation de la glycolyse ainsi qu’une diminution de la 

phosphorylation oxydative ont pu être confirmées par mesure de l’ECAR 

(Extracellular Acidification Rate) et de l’OCR (Oxygen Consumption Rate). Ainsi, 

nous avons montré que le ralentissement de la prolifération observée suite à la 

répression de CHD4 est  dû au moins en partie à une hyperactivation de la glycolyse 

qui résulte de la stimulation des voies MAP-kinase et mTOR provoquant une 

déplétion du niveau de l’ATP total des cellules de mélanome.  

CHD4 régule l’expression des PADs et la citrullination de PKM2 

dans les cellules de mélanomes et d’autres cancers. 

Nous avons par ailleurs pu mettre en évidence une seconde voie importante 

de régulation de la glycolyse. Parmi les gènes les plus fortement dé-réprimés par la 

répression de CHD4 se trouvent PADI1 (Protein Arginine DeIminase 1)  et PADI3, 

deux enzymes responsables de la conversion des arginines en citrulline. Nous avons 

montré que dans plusieurs lignées de mélanomes l’expression de ces deux enzymes, 

qui sont pratiquement indétectables dans les conditions controles, est activée au 

niveau ARN et protéique après répression par CHD4.  

L’augmentation de la glycolyse induite par la répression de CHD4 est 

fortement réduite à la suite de la répression de PADI1 et PADI3. De plus, l’expression 

exogène des protéines PADI1 ou PADI3, ou des deux à la fois, montre une forte 
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stimulation de la glycolyse. Nous avons ainsi pu  démontrer que PADI1 et PADI3 

étaient à la fois nécessaires et suffisants à l’augmentation de la glycolyse. 

 

Afin d’identifier les potentiels substrats de ces enzymes, nous avons réalisé 

des immunoprécipations d’extraits protéiques de cellules en conditions contrôle ou 

siCHD4  en utilisant un anticorps pan-citrulline, suivies d’analyses par spectrométrie 

de masse. Nous avons ainsi pu mettre en évidence une citrullination de multiples 

enzymes de la glycolyse dont PKM2 (Pyruvate Kinase Muscle isozyme M2). Des 

immunoblots dans différentes lignées ont permis de valider l’augmentation de la 

citrullination de PKM2 suite à la répression de CHD4 ou après expression ectopique 

de PADI1 et PADI3. 

PKM2 est une enzyme hautement régulée qui joue un rôle central dans la 

régulation de la glycolyse. En effet, son activité est positivement régulée par la 

sérine, le Fructose 1.6-BisPhosphate (FBP) ainsi que le Succinyl Amino Imidazole-

CarboxAmide Riboside (SAICAR) et négativement régulée par le Tryptophane (Trp), 

la Phénylalanine (Phe) et l’Alanine (Ala), couplant ainsi le flux glycolytique aux 

niveaux cellulaires des métabolites intermédiaires (Chaneton et al., 2012; Christofk, 

Vander Heiden, Wu, Asara, & Cantley, 2008a; Keller, Doctor, Dwyer, & Lee, 2014a; 

Macpherson et al., 2019; O’Neill et al., 2013). Ainsi, en cas d’excès de glycolyse, la 

balance activateurs/inhibiteurs penche en faveur d’une inhibition de l’activité de 

l’enzyme par la fixation de Trp, Phe ou Ala (P. Wang, Sun, Zhu, & Xu, 2015; Yuan et 

al., 2018).   

  

Des données de spectrométrie de masse ont permis d’identifier 3 arginines de 

PKM2 enrichies en citrullination dans la condition siCHD4. Parmi lesquelles R106, 

R246 et R489, chacune d’entre elles placées à des sites critiques aux processus de 

régulation de l’activité de l’enzyme.  

R489 est directement impliquée dans la fixation du FBP. Il a été montré que 

muter spécifiquement R489 prévient la fixation du FBP et atténue son effet activateur 

(Macpherson et al., 2019; Morgan et al., 2013). La perte de charge de R489 par la 

citrullination diminuerait ou préviendrait alors la fixation du FBP, augmentant ainsi 

l’effet de la régulation allostérique de PKM2 par les acides aminés libres. 

R246 forme des interactions à un point central du mouvement des domaines 

structuraux de l’enzyme impliqués dans les variations entre les formes actives et 
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inactives. La citrullination de R246 pourrait fortement affaiblir ces interactions et 

faciliter ainsi le maintien de la forme active de l’enzyme. 

R106 est en contact direct soit avec la sérine qui agit comme un activateur 

allostérique, soit avec le Trp, la Phe ou l’Ala, qui agissent comme répresseurs 

allostériques. Ces régulateurs se fixent de façon compétitive dans la même poche, et 

l’activité de l’enzyme dépend alors de leur concentration relative dans la cellule. La 

fixation de la sérine stabilise la conformation active de l’enzyme, alors que la fixation 

du Trp, de la Phe ou de l’Ala, de par leur pôle hydrophobe, repousse le domaine N-

terminal, menant ainsi à la conformation inactive de l’enzyme. La citrullination de 

R106 entraine une perte de charge et d’interaction avec les acides aminées libres. La 

fixation de la sérine est alors peu affectée puisque elle est à l’origine de nombreuses 

liaisons hydrogènes impliquées dans sa stabilisation au sein de la poche et ainsi ne 

modifie pas la conformation active de l’enzyme. Par contre, les acides aminés 

hydrophobes, qui induisent un changement structural important pour passer en forme 

inactive, pourraient être affectés par une interaction plus faible ou absente avec 

R106. Par voie de conséquence, la citrullination de R106 affaiblirait la répression 

allostérique augmentant ainsi l’activation de l’enzyme par la sérine. 

Par expérimentations au sein des cellules de mélanomes, nous avons pu en 

effet montrer que la présence de sérine était nécessaire à la stimulation de la 

glycolyse par citrullination. Par contre, la citrullination provoque une stimulation de la 

glycolyse même en présence de concentrations élevées de Trp, Phe ou Ala, les 

inhibiteurs allostériques de PKM2. Ces résultats montrent donc que la citrullination de 

PKM2 par PADI1 et PADI3 diminue l’inhibition allostérique par Trp, Phe, et Ala 

favorisant ainsi l’activation par la sérine. 

CHD4 régule l’expression de PADI1 et PAD3 et la glycolyse dans 

d’autres cancers. 

La capacité de CHD4 à réguler l’expression de PADI1/PADI3 et la glycolyse 

n’est pas spécifique aux cellules de mélanome. En effet, la répression de CHD4 dans 

des lignées cellulaires de carcinome du col de l’utérus ou du carcinome du rein 

entraîne un ralentissement de la prolifération ainsi qu’une diminution de la capacité 

clonogénique des cellules. Ce ralentissement de la prolifération est accompagné 
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d’une induction de PADI1 et de PADI3 ou parfois de PADI3 seul, ainsi que d’une 

augmentation de la glycolyse. PADI1 et PADI3, qu’ils soient induits par répression de 

CHD4 ou exprimés de façon exogène, sont à la fois nécessaires et suffisants pour 

stimuler la glycolyse. 

Ces résultats ont ainsi pu démontrer que la répression de CHD4 ou 

l’expression ectopique de PADI1 et PADI3 est responsable d’une augmentation de la 

glycolyse entraînant un ralentissement de la prolifération cellulaire qui résulte de la 

déplétion de la cellule en ATP dans les lignées cellulaires de carcinome du col de 

l’utérus ou du carcinome du rein. 

 

Conclusions 

 

L’ensemble de ce travail a permis de mettre en évidence le rôle déterminant 

du complexe NuRD dans les cellules de mélanome.  Ce travail a en effet montré que 

MITF et SOX10 interagissent avec NuRD. CHD4 co-localise sur le génome avec 

MITF et SOX10. Mais seuls SOX10 et NuRD répriment ensemble un programme 

d’expression génique. De plus, ce travail a mis en évidence l’interaction de NuRD 

avec un autre répresseur, RREB1, avec lequel il régule l’expression d’un ensemble 

de gènes liés à la voie de signalisation RAS-MAP-kinase. 

  

Cependant, le résultat le plus important de ce travail de recherche concerne le 

rôle de CHD4 dans la régulation de l’expression de PADI1 et PADI3, deux enzymes 

responsables de la citrullination de l’enzyme glycolytique PKM2.  PADI1 et PADI3 

sont nécessaires et suffisants pour stimuler la glycolyse des cellules de mélanome 

ainsi que d’autres cellules cancéreuses. La citrullination des arginines de PKM2, 

localisées à des sites critiques de la régulation allostérique, diminue la sensibilité de 

l’enzyme à l’effet inhibiteur du tryptophane, de la phénylalanine et de l’alanine, et 

ainsi module la régulation dynamique de PKM2 en maintenant son activité, même 

lorsque le niveau de sérine activatrice dans la cellule est diminué.    

 

L’ensemble de ce travail de thèse a ainsi permis de mettre en évidence le 

lien entre la régulation épigénétique par NuRD notamment de l’expression de 

PADI1 et PADI3, la citrullination de PKM2 et la régulation du métabolisme et de 

la prolifération des cellules cancéreuses.  
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CHAPTER 1.  Melanocytes: from origins to melanoma 

A. Localization 

1) Anatomy of the skin

The skin is the largest organ of the human body that ensures a number of 

critical functions necessary for survival. The skin is involved in the regulation of 

several functions including protection against external physical, chemical, and 

biological assailants, as well as hydration regulation and thermoregulation. The skin 

has also many roles in health maintenance, but conversely has many potential 

problems, with a large number of skin disorders identified.  

The skin is composed of three main layers: the epidermis, the dermis and 

the hypodermis (Fig.1) (K.L. Moore and T.V.N. Persaud, 1998):  

 The epidermis mainly consists of a specific constellation of cells known as

keratinocytes which synthesize keratin, filament-forming proteins with specific

physicochemical properties. The epidermis is associated with the different

epidermal appendages but relies solely on the blood supply from the dermis

for nutrients and oxygen delivery. The basement membrane, also called the

dermo-epidermal junction, is located at the junction between the dermis and

the epidermis and has a role in the spatial organization and architecture of the

epidermis as it controls the anchoring and the polarity of basal proliferating

keratinocytes and other epidermal cell types.

 The dermis is the layer of connective tissue underneath the epidermis. It

houses capillaries, lymphatic vessels, immune cells (Langerhans cells,

macrophages and mast cells), a variety of nerve fibers and sensory receptors

(Meissner, Pacini, Ruffini corpuscles) and epidermal appendages structures,

such as nails, hair follicles, sebaceous glands and sweat glands.

The dermis is made of two layers of connective tissue that result in an 

interconnected mesh of elastin and collagenous fibers produced by fibroblasts. 

o The superficial layer of the dermis so-called papillary layer is made of

loose, areolar connective tissue. This layer contains fibroblasts, a small
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Figure 1. The integumentary system. 

The skin and its accessory structures form the integumentary system. The skin is composed of three major 

layers: the epidermis, the dermis (itself divided into the papillary and reticular layers) and the hypodermis. 

Accessory structures are also illustrated such as e.g. hair follicles, sebaceous glands and sweat glands 

(Adapted from courses.lumenlearning.com). 

Dermo epidermal junction 

Papillary layer 

Reticular layer 

https://courses.lumenlearning.com/


number of adipocytes and an abundance of small blood vessels, 

lymphatic capillaries, nerve fibers and touch receptors.  

o The reticular layer represents the deeper region and is composed of

dense and irregular connective tissue well vascularized, giving the skin

his overall strength and elasticity, and rich of sensory and sympathetic

nerve supply.

 The hypodermis is the innermost layer that anchors the skin to underlying

fascia of the bones and muscles. This layer consists of well-vascularized,

loose and areolar connective tissues which function as a mode of fat storage

and acts as energy reserve and heat insulators.

The thickness of these different layers varies considerably depending on the body 

location. The eyelid, for example, has the thinnest layer of the epidermis (less than 

0.1 mm), whereas the palms and soles of the feet have the thickest epidermal layer 

(approximately 1.5 mm) (L.P.Gartner and J.L. Hiatt, 2007).  

2) The epidermis

The epidermis is a stratified and squamous epithelium layer that ensures most 

protective functions of the skin.  

i) Anatomy

The epidermis is commonly divided into four to five layers (Fig.2) according to 

keratinocyte morphology and position and includes the basal cell layer (stratum 

basale), the squamous cell layer (stratum spinosum), the granular cell layer (stratum 

granulosum), the thin clear cell layer (stratum lucidum) and the cornified or horny cell 

layer (stratum corneum). Most of the skin is classified as “thin skin” but “thick skin” 

(that as said above is found on the palms of the hands and the soles of the feet) only 

includes the thin clear cell layer, called the stratum lucidum, located between the 

stratum corneum and the stratum granulosum (K.L. Moore and T.V.N. Persaud, 

1998). 

 The stratum basale is the deepest epidermal layer that attaches the

epidermis to the basal lamina, below which the layers of the dermis lie. The

stratum basale is a single layer of basal cells. These cuboidal-shaped stem
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Figure 2. Epidermal layers.  

The epidermis is composed of multiple cell layers (histological features on the left panel and schematic representation on 

the right panel): the basal cell layer (stratum basale), the squamous cell layer (stratum spinosum), the granular cell layer 

(stratum granulosum), the thin clear cell layer (stratum lucidum) and the cornified or horny cell layer (stratum corneum). 

(Adapted from https://opentextbc.ca/anatomyandphysiology). 



cells are the precursors of the epidermal cells. As new cells are formed, the 

existing cells are pushed superficially away from the stratum basale.  

 The stratum spinosum is composed of eight to ten layers of keratinocytes,

formed as the result of cell division in the stratum basale. Such keratinocytes

control the synthesis of keratin and release a water-repelling glycolipid that

helps preventing water loss from the body, making the skin relatively

waterproof.

 The stratum granulosum is composed of three to five layers of keratinocytes

becoming flatter, with thicker membranes. These cells generate large amounts

of keratin and keratohyalin, which accumulate as lamellar granules within the

cells.

 The stratum lucidium is composed of dead and flattened keratinocytes,

densely packed with Eleiden, a keratohyalin derived protein rich in lipids,

which gives these cells a transparent appearance and provides a waterproof

barrier.

 The stratum corneum is composed of 15 to 30 layers of cells with increased

keratinization (cornification) physiology. This dry and dead layer of cells form

an efficient mechanical protection against the environment. Cells in this layer

are shed periodically (desquamation) and are naturally compensated by

renewal of the epidermis. The entire layer is replaced within a period of

approximately 4 weeks.

The epidermis can be subdivided into the Inter Follicular Epidermis (IFE) unit and 

the associated adnexal structures called the pilosebaceous unit. The pilosebaceous 

unit is attached to the IFE and has important functions within the tissue that are 

mediated through its components: infundibulum, isthmus, sebaceous glands and hair 

follicles (Fig.3). 

ii) Epidermal cell lineages

The epidermis is composed of a diverse organized array of cells from different 

embryonic origins. The epidermis is mainly composed of keratinocytes (90%) but 
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harbors as well a number of other cell populations, such as Langerhans cells (3-5%), 

Merkel cells (2-5%) and melanocytes (2-4%) (Fig.2). 

 Keratinocytes represent the most abundant cell type of the epidermis and 

derive from embryonic ectoderm. Keratinocytes proliferate from the stratum 

basale and undergo multiple stages of cell differentiation as illustrated while 

moving up through the strata (I.Brody, 1960).

 Langerhans cells are mobile dendritic cells derived from hematopoietic stem 

cells of the bone marrow. They reside in the epidermis as a dense network of 

immune system sentinels (P.Langerhans, 1868).

 Merkel cells are neuroendocrine epidermal resident cells that originally 

emerged from the embryonic epidermis. These cells are present in the basal 

layer of the epidermis, transmitting sensory signals through synaptic contacts 

with somatosensory neurons (F.S. Merkel, 1875).

 Melanocytes represent a minority cell population within the basal epidermis 

that divide infrequently. Their function is mainly to provide melanin pigment to 

their neighboring keratinocytes to protect them from UV radiation–induced DNA 

damages (K.L. Moore and T.V.N. Persaud, 1998).

iii) Epidermal stem cells

Stem Cells (SCs) carry the remarkable capacity to both self-renew for an 

extended period of time and give rise to the differentiating cells that constitute one or 

more tissues. In cancers, SCs have been demonstrated to be essential cells at origin 

of tumor formation, so that SC characteristics and markers are detectable in many 

types of cancers (da Silva-Diz et al., 2013; Lapouge et al., 2011; White et al., 2011).  

The mammalian epidermis contains several self-renewing compartments 

including many different types of SCs that ensure the maintenance of skin 

homeostasis and hair regeneration but also participate in the repair of the epidermis 

after injuries (reviewed in Y. Li et al. 2017). Indeed, skin contains separate SCs 

compartments located in niches. Major niches are located on the basement 

membrane of the IFE, in the bulge region of the hair follicle and in the sebaceous 

gland (Fig.3) (Ghazizadeh & Taichman, 2001). Each compartment maintains its own 
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Figure 3. The pilosebaceous unit.   

The pilosebaceous unit is composed of the hair follicle, the hair shaft and the sebaceous gland. The hair 

follicle can be divided in three segments including Infundibulum, Isthmus and Bulb. The bulb is composed 

of seven concentric cell layers: the outer root sheath, three layers of inner root sheath (Henley’s, Huxley’s 

and cuticle) and three layers of hair shaft (hair cuticle, hair cortex and medulla) (David M. Owens et al. 

2009). 



discreet cell number however it can supplement each other’s cell population under 

particular conditions such as wound repair (M. Ito et al., 2005a). 

Over the years a number of models have been proposed to explain epidermal 

maintenance (reviewed in Schepeler, Page, and Jensen 2014). The classical 

hierarchical model proposes that slow cycling stem cells divide in the basal layer thus 

giving rise to progeny with limited proliferative potential so called Transit Amplifying 

Cells (TACs), amplify the number of cells and participate in epidermis replenishment. 

TACs undergo a finite number of cell divisions before becoming terminally 

differentiated as they transit upwards through the suprabasal layers. According to this 

model, SCs were described in the basal layer of adult epidermis and architecturally 

defined as Epidermal Proliferative Units (EPUs). Each EPU is made of one self-

renewing stem cell with 10 tightly packed basal cells yielding a stack of increasingly 

larger and flatter cells, the aforementioned TACs (Ghazizadeh & Taichman, 2001; 

Mackenzie, 1997; Paterson & Christie, 1974). More recent studies suggest that basal 

epidermal cells can divide asymmetrically, affording a different view of how one basal 

stem cell and one committed cell might arise (Clayton et al., 2007; Lechler & Fuchs, 

2005). 

The hair follicle (HF) is an epidermal mini-organ endowed with a unique structure 

and cyclic behaviour. HFs cycle throughout life between growth (anagen), regression 

(catagen) and resting (telogen) phases. The best-characterized stem cell population 

of HFs is located in the upper permanent region below the sebaceous glands 

commonly referred as the bulge or the niche (Fig.3). These cells have been 

thoroughly investigated because of their prominent location, highly quiescent nature 

(Cotsarelis, Sun, & Lavker, 1990), extensive clonogenic capacity in vitro (Oshima, 

Rochat, Kedzia, Kobayashi, & Barrandon, 2001) and their expression of a set of 

distinct markers (reviewed in Fuchs and Horsley 2008). Indeed, stem cells of the 

bulge area were shown to differentiate into hair-follicle matrix cells, sebaceous-gland 

basal cells, and epidermis. 

In addition to the bulge SCs other SC populations were identified in the HFs that 

differ on their expression markers. These include the isthmus region (Nijhof et al., 

2006; Snippert et al., 2010), the junctional zone (K. B. Jensen et al., 2009; U. B. 

Jensen et al., 2008), the lower bulge and hair germ (Jaks et al., 2008) and the 

sebaceous gland (Horsley et al., 2006) containing melanocytes with SC 

characteristics (Grichnik et al., 1996; Okamoto et al., 2014). However, the 
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interconnection among these cell populations as well as their contribution to skin 

homoeostasis are not yet fully understood. 

 

Under homeostatic conditions each stem cell population generally contributes 

only to the differentiation program that exists within its location. However, following 

injury, when the systemic and local environments change dramatically, these stem 

cell populations display remarkable plasticity. Even if their own niche is not perturbed, 

nearby stem cells respond to wound-induced stimuli by exiting their niche thus 

participating in re-epithelialization or protection of the damaged tissues (M. Ito & 

Cotsarelis, 2008; M. Ito et al., 2005b; P. J. Jensen, Taylor, Lavker, Lehrer, & Sun, 

2000). Interestingly, it has been demonstrated that after wounding or ultraviolet type 

B irradiation, Melanocyte Stem Cells (MSCs) in the HFs exit the stem cell niche 

before their initial cell division and migrate to the epidermis to differentiate into 

functional epidermal melanocytes, thus providing a pigmented protective barrier 

against ultraviolet irradiation over the damaged skin (Wei Chin Chou et al. 2013).  

Hence, HFs and sweat glands are recognized as reservoirs of MSCs. Whether 

these observations reflect the normal homoeostatic mechanism of melanocyte 

renewal, or unperturbed IFE can maintain a melanocyte population independently of 

the skin’s appendages is yet poorly understood. Nevertheless, regions of skin in 

patients with vitiligo that lack HFs can occasionally become repopulated by 

melanocytes thus suggesting that IFE is capable of long-term maintenance of 

melanocytes. Indeed, James D. Glover et al. showed that mouse tail skin lacking 

appendages maintains a stable melanocyte number throughout adult life via actively 

cycling differentiated and amelanotic melanocytes (Glover et al., 2015; Seleit, Bakry, 

Abdou, & Dawoud, 2014). 

 

B. Cellular origins of melanocytes 

Melanocytes arise from a group of migratory embryonic cells referred as the 

Neural Crest Cells (NCCs). NCCs derive from the embryonic germ layer named 

ectoderm at the interface between the neural plate and the adjacent non-neural 

ectoderm (Dupin, Creuzet, & Le Douarin, 2006) with the exception of retinal pigment 

epithelium melanocytes that arise from the neuroectoderm.  

NCCs are induced during gastrulation and initially reside in the neural plate border 

territory. During neurulation the neural plate invaginates so that the elevating neural 

24



folds containing neural crest precursors form the leading edges of the closing neural 

tube (Bronner, 2012). Then, NCCs undergo an Epithelial-Mesenchymal Transition 

(EMT) which enables them to acquire the motility and migratory properties required to 

detach from the dorsal neural tube and then colonize their different target sites in the 

organism. NCCs form a transient population of pluripotent progenitor cells that 

progressively give rise to several different lineages (Betters, Liu, Kjaeldgaard, 

Sundström, & García-Castro, 2010; Ernfors, 2010). Their migratory trajectory takes 

place along two major paths, dorsoventrally or dorsolaterally. Most NCCs migrate 

dorsoventrally to give rise to multiple cell types like Schwann cells, smooth muscle 

cells, peripheral neurons or adipocytes. While cells taking the dorsolateral path are 

thought to give rise to melanocytes precursors, the melanoblasts (Ernfors, 2010). 

However, there is strong evidence that a fraction of melanocytes arise from cells 

migrating first ventrally and then along the nerves (Adameyko et al., 2009; Cramer, 

1984), suggesting the double origin of melanocytes in the skin. Thus, melanocytes 

either derive directly from NCCs populating the skin via a dorsolateral migratory 

pathway or arise from ventrally migrating precursors (Sommer, 2011). 

Induction of the neural crest formation is dependent upon Bone-Morphogenetic 

Proteins (BMPs) (Bond, Bhalala, & Kessler, 2012) and induction of many signaling 

pathways including the Wnt (Wingless-type), FGF (Fibroblast Growth Factor) and 

Notch pathways (Ikeya, Lee, Johnson, McMahon, & Takada, 1997; LaBonne & 

Bronner-Fraser, 1998; Steventon, Araya, Linker, Kuriyama, & Mayor, 2009). In 

mammals, melanoblasts are specified from NCCs via expression of essential 

transcription factors (Fig.4A) such as SRY-BOX 10 (SOX10), MIcrophthalmia-

associated Transcription Factor (MITF), L-DopaChrome Tautomerase (DCT) and 

Mast/Stem Cell growth Factor Receptor (SCFR or KIT). SOX10 expression remains 

switched on in both melanocytes and glia lineage. Melanoblasts acquire MITF, DCT 

and KIT expression only when specified (Fig.4A). After colonizing the developing 

embryonic HFs some melanoblasts differentiate into melanocytes and produce 

melanin that pigments the first hair cycle. A subset of melanoblasts dedifferentiate 

(losing MITF and KIT expression but not DCT) to form melanocyte SCs in the HF 

bulge (Fig.4A-B) (Mort, Jackson, & Patton, 2015). 
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Figure 4. Melanocytes migration and specification from NCCs.   

(A) Melanoblasts are specified via a SOX10-positive melanoblast/glial bipotent progenitor and subsequently 

acquire MITF, DCT and KIT expression. Then, melanoblasts either differentiate into melanocytes to produce 

melanin or dedifferentiate (loosing MITF and KIT expression but not DCT) to form melanocyte stem cells in the 

hair follicle bulge (Mort, Jackson and Patton 2015). 

(B) The transgenic mouse embryo expressing lacZ under the control of the melanoblast promoter Dct reveals 

X-GAL blue-stained melanoblasts. By E13.5, melanoblasts begin to disperse ventrally and a significant 

proportion of the body and face is populated. By E14.5, melanoblasts are more numerous and colonize almost 

the entire embryo including the ventrum and the crown of the head. Finally, melanoblasts continue to increase 

in number and start to colonize hair follicles (E15.5-E16.5). Also, the telencephalon, the dorsal root ganglia 

(DRG) and the retinal pigmented epithelium of the eye are stained (Adapted from Wilkie et al. 2002). 

A) 

 

B) 

 



C. Function 

Melanocytes are dendritic cells capable of producing melanin. Melanin is the main 

contributor to pigmentation of skin and hair providing protection from damage by 

ultraviolet radiation (Bush & Simon, 2007; Costin & Hearing, 2007). Melanin 

containing granules are known as melanosomes, a lysosome-like structure where 

melanin is synthetized and exported from melanocytes to adjacent keratinocytes 

(Dell’Angelica, 2003; Schiaffino, 2010; Wasmeier, Hume, Bolasco, & Seabra, 2008). 

Melanosomes undergo a multistage maturation from immature endoplasmic vesicles 

to fully structured and pigmented organelles (Wasmeier et al., 2008).  

Skin color and ease of tanning determine the skin ‘phototype’ (Fitzpatrick, 1988), 

one of the most useful predictor of skin cancer risk within the population. Differences 

in skin phototypes arise mainly from variations in the number, size, shape, melanin 

content and distribution of melanosomes, while the number and spacing of 

melanocytes remain relatively constant. The melanin content can vary considering 

that two main types of melanin are synthesized during melanogenesis namely 

red/yellow pheomelanin or brown/black eumelanin (Kondo & Hearing, 2011). The 

observed phototype is the result of the ratio of the two, balanced by variables 

including pigment enzyme expression or availability of tyrosine and sulphydryl-

containing reducing agents in the cell (Land & Riley, 2000).  

Hence, several enzymes are involved into melanin synthesis such as 

TYRosinase (TYR), TYRosinase-related Protein 1 (TYRP1) and DCT (Fig.5). Both 

types of melanin derive from a tyrosinase-dependent biochemical pathway in which 

L-tyrosine is first hydroxylated to L-3,4-DihydrOxyPhenylAlanine (DOPA) and then 

oxidized to DOPAquinone in a process catalyzed by TYR. Thus, TYR is the crucial 

rate-limiting enzyme for the entire melanogenic process (Hearing and Jiménez 1987; 

Edward J.  Land, Christopher A.  Ramsden, and Riley. 2003).  

The eumelanin and pheomelanin pathways diverge from DOPAquinone 

(Hearing, 2011). In the eumelanin synthesis pathway DOPAquinone undergoes a 

redox reaction with another DOPAquinone molecule to generate DOPAchrome. 

Then, DOPAchrome undergoes tautomerisation resulting in 5,6-DiHydroxyIndole-2-

Carboxylic Acid (DHICA) in a process catalyzed by DCT or in 5,6-DiHydroxylIndole 

(DHI) in absence of DCT. Finally both compounds are further oxidized (DHI by TYR 

and DHICA by TYRP-1) and polymerized to produce brown to dark eumelanin. In the 
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Figure 5. Melanin synthesis pathway.  

Melanin is a large bioaggregate derived from the amino acid tyrosine. Epidermal melanins are present in two 

major forms: eumelanins and pheomelanins differing from their synthesis pathway being eumelanogenesis or 

pheomelanogenesis, respectively (Adapted from Nguyen and Fusher 2017). 

 



pheomelanin synthesis pathway, a cysteine, freely available or derived from 

glutathione is spontaneously conjugated to DOPAquinone to form cysteinylDOPA 

isomers (2S- and 5S-) that are further oxidized and polymerized into pheomelanin 

(Kondo & Hearing, 2011) (Fig.5).Pheomelanin and eumelanin differ not only in colour 

but also in size, shape and packaging of their granules (Slominski, Tobin, Shibahara, 

& Wortsman, 2004).  

Finally, melanin is packed into melanosomes transported through the 

melanocytic dendrites using the actin and tubulin fibers (Xufeng Wu, Bowers, Rao, 

Wei, & Hammer, 1998) and then delivered to the contacting keratinocytes. The 

formation, maturation and trafficking of melanosomes is crucial to pigmentation. 

Defects in this process lead to depigmented and dilutionary disorders (Wei, 2006). 

Thus, while melanocytes produce pigments, keratinocytes are the actual 

pigmented cells in the skin. Melanosome transfer is not completely understood yet 

and different models have been proposed, including melanin released by exocytosis 

prior to uptake by the keratinocyte, melanosome export over molecular bridges 

between the cells, or cytophagocytosis of whole dendritic extremities by the 

keratinocytes (Yamaguchi & Hearing, 2009). Recent research provides evidence for 

a shedding vesicle system whereby pigment globules containing melanosomes are 

transferred (Ando et al., 2012, 2011). Once in keratinocytes, melanosomes are 

distributed and in response to UVR, positioned strategically over the ‘sun-exposed’ 

side of nuclei to form cap-like structures resembling umbrellas (J. Y. Lin & Fisher, 

2007). 

Indeed, UVB exposure triggered melanogenesis by a variety of paracrine 

cytokines secreted by keratinocytes such as a-Melanocyte-Stimulating Hormone (a-

MSH) (Hachiya, Kobayashi, Ohuchi, Takema, & Imokawa, 2001; Hachiya et al., 

2004), Stem Cell Factor (SCF) (Abdel-Malek et al., 1995; I. Suzuki, Cone, Im, 

Nordlund, & Abdel-Malek, 1996), EndoThelin1 (ET-1) (Imokawa, Miyagishi, & Yada, 

1995), Nitric Oxide (NO), AdrenoCorTicotropic Hormone (ACTH) (Schauer et al., 

1994; THODY & GRAHAM, 1998), prostaglandins (Nordlund, Collins, & Rheins, 

1986), thymidine dinucleotide (Eller, Yaar, & Gilchrest, 1994) and histamine 

(Yoshida, Takahashi, & Inoue, 2000). These factors induce melanogenesis in 

neighboring melanocytes through activation of diverse signaling pathways including 

the Mitogen-Activated Protein Kinases (MAPK), the PhosphoInositide-3-Kinase–
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protein kinase B/Akt (PI3K/Akt) and the Wingless-int (Wnt)/B-catenin signaling 

pathway (reviewed in Pillaiyar, Manickam, and Jung 2017). Triggered melanogenesis 

through this factors enhances DNA repair and melanin production by activating 

pigment-related proteins such as MITF that induces the expression of the 

melanogenesis enzymes TYR, TRP-1 and TRP-2 (Vachtenheim & Borovanský, 

2010a).  

D.  Melanoma skin cancer 

Melanoma is a malignant tumor that results from uncontrolled proliferation of 

melanocytes. It is the most lethal form of skin cancer. In the past 50 years its 

incidence rose faster than that of any other cancer. While melanoma represents less 

than 5% of all cutaneous malignancies it accounts for the majority of skin cancer 

deaths. If melanoma is diagnosed in its early stages, resection of the lesion is 

associated with favorable survival rates. However, melanoma is an aggressive 

malignancy that tends to metastasize beyond its primary site. Once melanoma is 

advanced surgery is no longer sufficient and the disease becomes difficult to treat 

and thus is associated with poor long-term prognosis (W. H. Ward & Farma, 2017). 

1) Epidemiology

Worldwide incidence of melanoma steadily increased over the past decades 

(Erdmann et al., 2013; Whiteman, Green, & Olsen, 2016). Annual incidence rose  as 

rapidly as 4–6% in many fair-skinned populations predominately in regions like North 

America, Northern Europe, Australia, and New Zealand (Shen, Sakamoto, & Yang, 

2016). Increases in incidence rates vary considerably across populations of different 

ethnicity and geographical location and even within same population across age and 

gender. 

 Ethnicity: The variability of the incidence rates of melanoma across

various ethnic groups is higher than for most other cancers (“Global

Cancer Observatory,” 2017). Melanoma is disproportionally reported

among fair-skinned Caucasian populations (Chao et al., 2017;

Padovese et al., 2018). This is partly attributable to decreased

photoprotection from reduced melanin content in melanocytes (Brenner

& Hearing, 2008). Indeed, compared to fairer-skinned people, UVB
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radiation through the epidermis is diminished by approximately 50% in 

darker-skinned people (Brenner & Hearing, 2008; Everett, Yeargers, 

Sayre, & Olson, 1966).  

 Geography: Incidence differences as a function of geographical

location originate from variables that influence incident UV radiation

including atmospheric absorption, latitude, altitude, cloud cover and

season. In 1956, Lancaster proposed the “latitude gradient” theory

postulating that the increased melanoma mortality rates correlate with

the increased proximity to equator (Lancaster 1956; Oliveria et al. 2006;

Elwood et al. 1974). Similar trends were reported since then (Crombie

et al., 1979; Moan et al., 2015). Australia e.g. reported a higher

incidence of melanoma in relation to a higher degree of sun exposure

(Baade, Meng, Youlden, Aitken, & Youl, 2012). However, an inverse

latitude gradient was observed in Europe (Armstrong, 1988) with a 3 to

6 fold higher incidence in northern countries like Scandinavia than in

southern countries like Spain and Italy (Global Cancer Observatory,

2017). This paradox could partly be attributed to different pigmentation

characteristics of the populations of those regions. Indeed, the fairer-

skinned populations in Scandinavia and darker skinned populations in

southern Europe reflect patterns of melanoma incidence related to

ethnicity as discussed above (W. H. Ward & Farma, 2017).

 Age: Melanoma incidence ASRs (Age Standardized Rates) climbs

steadily and peaks in the seventh and eighth decades of life

(http://globocan.iarc.fr). However, while melanoma incidence is lower

among people below 40, it is one of the most commonly diagnosed

cancers among adolescents and young adults (Ballantine et al., 2017;

Garbe & Leiter, 2009; Watson, Geller, Tucker, Guy, & Weinstock,

2016). 

 Sex: Adolescent and young adult women are more susceptible to

melanoma than men in the same age range (Garbe & Leiter, 2009).

This may be partly due to the widespread use of indoor tanning by

women that is associated with an increased melanoma risk (Colantonio,

Bracken, & Beecker, 2014; Guy, Zhang, Ekwueme, Rim, & Watson,

2017; M. Zhang et al., 2012). However, beyond 40, melanoma
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incidence is higher in men than women (Garbe & Leiter, 2009; Watson 

et al., 2016), making men overall more susceptible than women to 

melanoma. 

 Anatomic distribution:  Among Caucasian populations melanoma is 

more frequently reported in men on backs and shoulders and in women 

on the lower limbs (Østerlind, Hou-Jensen, and Møller Jensen 1988; 

Magnus 1981; Popescu et al. 1990; Cho, Rosner, and Colditz 2005). 

Considering that these body sites are associated with lower sunlight 

exposure, these findings were used as a supportive evidence for the 

intermittent UV exposure theory, suggesting that intermittent and 

intense sun exposure increased risk for melanoma (Elder, 1989; 

Stierner, Augustsson, Rosdahl, & Suurküla, 1992). When considering 

age, melanomas that develop on the trunk occur more often in the fifth 

and sixth decades of life, whereas melanomas that develop in high UV-

exposed body regions like head and neck occur more frequently in the 

eighth decade (Lachiewicz, Berwick, Wiggins, & Thomas, 2008; Pérez-

Gómez et al., 2008; Stang, Stabenow, Eisinger, & Jöckel, 2003). 

 

2) Melanoma classifications 

Classification schemes for melanoma help clinicians to identify those patients 

who are at high risk of developing an advanced disease, to compare treatment 

results, to recommend the best therapy, and to offer prognostic information to 

patients and their family. 

Typically, melanoma lesions are incidentally discovered during routine skin 

examination using the “ABCDE” mnemonic that stands for Asymmetry, Border, Color, 

Diameter and Evolution or Elevation of the suspected lesion (Fig.6.1-2A). Primary 

tumors can have diverse anatomic distribution, histopathological features, biological 

and clinical behaviour. Additionally, melanoma primary tumors have a higher 

propensity to metastasize at an early stage in body locations such as lymph nodes, 

liver, lungs, bones and central nervous system (Hombuckle et al., 2003; Belhocine et 

al., 2006). Clark’s classification established in 1970s classified histologic subtypes of 

melanoma based on the tissues in which the primary tumour arises and included 
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Figure 6. Diagnosis and classification of melanoma 

1. ABCDE system for melanoma diagnosis. Dermatologists and clinicians use during routine skin

examination the “ABCDE” mnemonic method that stands for Asymmetry, Borders, Colors, Diameter and 

Evolution or Elevation of a suspected lesion (Ward and Farma 2017).  

2. Major melanoma subtypes. (A) Patient with multiple and recurrent cutaneous atypical lesions (Adapted

from Davidson et al. 2019). The primary histologic subtypes of cutaneous melanoma include (B) superficial 

spreading melanoma, (C) nodular melanoma, (D) acral lentiginous and (E) lentigo maligna melanoma 

(Adapted from Tsao et al. 2012). 

1) 

2) 

A 

E 



superficial spreading, lentigo maligna, nodular and acral lentiginous subtypes (Clark 

et al., 1969) (Fig.6.2).  

The superficial spreading subtype (70%) is the most common type and looks 

like a slowly growing flat patch of discolored skin (brown or black) and occasionally 

arise from existing nevus (Fig.6.2B). The lentigo maligna subtype (4-15%) 

frequently appears in sun-exposed areas of fair-skinned older individuals and grows 

slowly over 5-20 years (Fig.6.2E). The nodular melanoma subtype (15%) appears 

mostly de novo, grows rapidly over weeks to months and shows fast and high vertical 

growth (Fig.6.2C). The acral lentiginous melanoma subtype (5%) has a higher 

incidence in patients with darker skin pigmentation and frequently occurs on the 

palms, soles, and subungual spaces (Fig.6.2D) (W. H. Ward & Farma, 2017).  

Melanoma staging is then completed by a clinical and histological assessment 

using one of the following scaling approaches: 

 The Clark scale (I–IV) that categorizes the tumor by the invasion level of the

dermal skin layers and subcutaneous fat (Clark, From, Bernardino, & Mihm,

1969b).

 The Breslow scale that measures the thickness of the primary tumor in

millimeters from top to bottom.

 The TNM  staging system  (Tumour, Node, Metastases), that takes into

account the tumor thickness and ulceration (T), the lymph nodes status

including in-transit metastasis (N) and distant and systemic metastasis (M) (C.

J. Kim et al.2002). TNM was first introduced in 1992 by the American Joint

Committee on Cancer (AJCC) and is the most widely accepted staging system

for cutaneous melanoma.

Additionally, cutaneous melanomas could be subcategorized from their anatomic 

origin being or not Chronically Sun Damaged (CSD and non-CSD melanomas). CSD 

and non-CSD melanomas differ from their anatomical site of origin, degree of 

cumulative exposure to UV radiations, host age, mutation burden and type of 

oncogenic alterations (Curtin et al., 2005; Shain & Bastian, 2016). Indeed, 

melanomas in chronically sun-exposed skin usually appear in older individuals (>55), 

on chronically sun-exposed areas such as head and neck, as well as the dorsal 
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region of the upper extremities. Conversely, melanoma associated with intermittent 

sun-exposed skin cases arises in younger individuals, on intermittent sun-exposed 

area such as the trunk and proximal extremities. Thus, in their effort to integrate 

clinicopathological features with somatic genetic alterations, Boris Bastian et al. 

proposed a classification system that takes into account the multiple pathogenic 

mutations that affect genes in key signaling pathways governing proliferation (BRAF, 

NRAS and NF1), growth and metabolism (PTEN and KIT), cell identity (ARID2), 

resistance to apoptosis (TP53), cell cycle control (CDKN2A) and replicative lifespan 

(TERT) (Curtin et al., 2005).  

3) Melanomagenesis

i) Molecular genetic abnormalities associated with melanoma

Over the past decades, the knowledge of somatic genetic events related to 

melanoma pathogenesis made clear that genetic and epigenetic alterations are 

critical. Melanomas are thus associated with one of the highest burdens of somatic 

genetic alterations of all human tumors. The most frequent somatic mutations 

considered as driver alterations in melanoma development affect BRAF (45-50%, 

predominantly V600E), NRAS (30%, predominantly affecting codons G12 or Q61), 

NF1 (5-10%) and KIT (2-8%). Therefore, CSD melanomas have a high mutation 

burden and are associated with NF1, NRAS and BRAFnonV600E while non-CSD 

melanomas are associated with a moderate mutation burden and a predominance of 

BRAFV600E mutations (Birkeland et al., 2018; Curtin et al., 2005). These genomic 

alterations typically lead to the aberrant activation of the MAPK and the PI3K/AKT 

pathways (Chappell et al., 2011). 

Indeed, up to 90% of melanomas exhibit an aberrant MAPK pathway activation 

(Wellbrock, Karasarides, & Marais, 2004) mostly due to BRAF mutations, the most 

frequent genetic abnormalities. BRAF protein is a serine/threonine protein kinase 

organized in three domains: two domains with regulatory function and one catalytic 

domain responsible for MEK phosphorylation. The catalytic domain is also 

responsible for maintaining the protein in its inactive conformation through an 

hydrophobic interaction between the ‘so-called’ glycine-rich loop and the activation 

segment, making it non accessible to ATP binding (H. Davies et al., 2002). With 
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BRAFV600E mutation, the hydrophobic valine is replaced by polar hydrophilic glutamic 

acid resulting in an abnormal flip of the catalytic domain that generates a constitutive 

active conformation with a kinase activity 500-fold higher than that of the wild-type 

BRAF kinase (Richtig et al., 2017; Wan et al., 2004). 

The second most common cause of aberrant signaling through the MAPK 

pathway is represented by NRAS activating mutations. Mutations of codon Q61 lead 

to the prolongation of the NRAS-active GTP-bound state, thus abnormally 

maintaining NRAS signaling through both the MAPK and the PI3K pathways. 

Importantly, NRAS and BRAF mutations are considered mutually exclusive 

(Fedorenko, Gibney, & Smalley, 2013; Giehl, 2005; Hodis et al., 2012a). 

The NF1 (NeuroFibromin 1) is a GTPase-activating protein that regulates the 

RAS family by converting the active RAS-Guanosine TriPhosphate (RAS-GTP) into 

the inactive RAS-Guanosine DiPhosphate (RAS-GDP), thereby inhibiting 

downstream RAS signaling. Therefore, NF1 loss-of-function determines the 

hyperactivation of NRAS protein and subsequently an increased MAPK and PI3K 

pathways signaling (Krauthammer et al., 2015; Nissan et al., 2014). 

Additionally, the somatic activation of the receptor tyrosine kinase KIT by KIT 

amplification or mutation in the locus (most frequently in exons 11 (L576P) and 13 

(K642E)), is involved in melanoma proliferation and survival through these two 

pathways (Beadling et al., 2008; Handolias et al., 2010; Slipicevic & Herlyn, 2015).  

 

ii) Progress in the understanding of melanoma progression (Fig.7)  

From both clinical and histopathological observations of non-CSD melanomas, 

Clark et al. (1984) proposed a multi-step progression model. Subsequently, several 

models of the genetic basis of melanoma development and progression were based 

on such Clark’s model, which was universally recognized by the melanoma research 

community (Bennett, 2003; Michaloglou, Vredeveld, Mooi, & Peeper, 2008; A. J. 

Miller & Mihm, 2006). According to such models, the first phenotypic change in 

normal melanocytes is the development of a benign melanocytic nevus that 

frequently harbors activating BRAF mutations (Pollock et al., 2003) being thought to 

be the initial step in melanocytic neoplasia. However, the initial growth of melanocytic 

nevus is followed by stabilization of the size and loss of most proliferative activity due 

to oncogene-induced senescence (Michaloglou et al., 2008). The next step of 

melanoma evolution is dysplastic nevus that may arise from a preexisting 

33



Figure 7. Morphological, histological and molecular properties of melanoma progression.  

Top row: clinical images of melanoma progression from normal skin to in situ melanoma and invasive melanoma. 

Second row: photomicrographs illustrating the representative histopathological features of each type of lesion. 

Third row: schematics illustrating the architectural features of each type of lesion. 

Fourth row: adaptation of Clark’s model across melanoma progression. 

Bottom row: melanocytic neoplasms become more proliferative and accumulate point mutations caused by UV 

radiations. Copy number alterations increases once melanoma becomes invasive.  

(Adapted from Boris C. Bastian et al. 2016) 
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melanocytic nevus or as a new lesion. The molecular abnormality at this stage of 

progression may be the disruption of the p16INK4a-Retinoblastoma (Rb) pathway, 

mostly by the inactivation of CDKN2A (cyclin-dependent kinase Inhibitor 2A, p16), a 

gene encoding p16INK4a and p19ARF. The third step in progression is the Radial 

Growth Phase (RGP) of melanoma, which spreads progressively within or just 

beneath the epidermis. In this phase of progression, neoplastic melanocytes are 

immortal due to deficiency in the p16INK4a-Rb pathway as well as hTERT activation 

(Sviderskaya et al., 2003). The final stage in melanoma progression is the Vertical 

Growth Phase (VGP) in which the tumor grows deeply into the dermis and is 

metastasis competent. For progression to the vertical growth phase, mutations 

repressing apoptosis would be required including PTEN loss, over-expression of a 

number of protein kinases or RAS activation, and β-catenin activation, which allow 

cells to survive in the absence of keratinocytes. Progression from RGP to VGP 

required a pseudo-Epithelial-Mesenchymal Transition (pEMT) marked by the loss of 

E-cadherin as well as the aberrant expression of N-cadherin and aVb3 integrin 

(Fig.7) (A. J. Miller & Mihm, 2006). 

However, many questions and studies challenge the Clark’s model suggesting 

that alternative models are conceivable. Indeed, if the melanocytic nevus is a 

senescent clone of melanocytes that acquire a BRAF mutation, all cells  within the 

lesions should be BRAF mutants, that is not what is observed (Ichii-Nakato et al., 

2006; J. Lin et al., 2009). Additionally, most primary melanomas arise de novo from 

normal skin and thus are not associated with melanocytic nevus. This suggests 

therefore that melanoma development is not represented by a single evolutionary 

pattern, but from divergent precursor lesions, gene mutations and pathways, as well 

as stages of transformation (Rivers, 2004). 

Alternative models are thus necessary. Michaloglou et al. speculated that the 

first event in de novo melanoma development would be a yet unidentified hit which 

may enable melanocytes to escape from oncogene-induced senescence. When a 

melanocyte already suffering from this hit acquires a proliferative mutation such as 

BRAFV600E, it may fail to undergo oncogene induced senescence and thus clonally 

proliferates. It is therefore possible that the order of somatic genetic changes 

determines whether a melanoma originates from a nevus or de novo (Michaloglou et 

al., 2008). 
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More recently, the use of Whole-Exome Sequencing (WES) coupled with 

transcriptomic analysis notably single-cell RNA-seq technology led to a more 

comprehensive identification of the genomic events driving tumor progression. These 

studies offered insights on the chronological sequence of genomic alterations and 

their transcriptional consequences on pathways deregulation in tumor progression, 

from benign nevi and primary tumors to metastatic lesions (Birkeland et al., 2018; 

Sanborn et al., 2015; Shain et al., 2018a; Tirosh et al., 2016a).  

Importantly, these analysis revealed significant differential gene expression in 

the comparison of benign nevus to melanoma (Badal, Solovyov, Cecilia, et al., 2017) 

and varying degrees of inter- and intratumor heterogeneity conferred by the variable 

expression of distinct sets of genes in different primary tumors (Marie Ennen et al., 

2017; Tirosh et al., 2016a). 

These analyses also highlighted the genomic heterogeneity across metastasis 

and permitted assessment of ancestral relationships between primary tumors and 

metastases in order to build models of metastatic dissemination (Birkeland et al., 

2018; Sanborn et al., 2015; Shain et al., 2018a). Indeed, analysis demonstrated that 

genetic diversity among multiple metastasis is a late event and arises naturally while 

no mutations were specifically associated with metastatic progression (Shain et al., 

2018a, 2015). Birkeland et al. demonstrated little intermetastatic heterogeneity with 

low branch/trunk mutations ratio and driver mutations almost completely shared 

between lesions while branch mutations were consistent with UV damage suggesting 

that metastases may arise from different subclones of the primary tumor (Birkeland et 

al., 2018). Additionally, by analyzing primary melanomas and multiple matched 

metastases, Sanborn et al. highlighted that metastasis can arise from distinct cell 

populations or from a common parental subpopulation within the primary tumors. 

Thus, this study suggested that distinct primary tumor cell populations metastasized 

in parallel to different anatomic sites and not sequentially from one site to another 

(Sanborn et al., 2015). 

Finally, Boris Bastian’s group, by combination of genomic alterations 

identification with transcriptomic analysis, delineated the sequential order in which 

signaling pathways become perturbed by genetic alterations along melanoma 

progression. Interestingly, this study highlighted the sequential MAPK pathway 

activation, telomerase upregulation, chromatin landscape modulation, G1/S 
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checkpoint override, MAPK signaling ramp-up, p53 pathway disruption, and PI3K 

pathway activation during melanoma progression (Shain et al., 2018, 2015).  

 

E. Therapy strategies 

Cutaneous malignant melanomas represent the most aggressive and deadliest 

forms of skin cancers due to their ability to rapidly become metastatic. Therefore, 

early identification of this cancer is crucial for the success of patient treatment. Over 

the past years, several therapeutic options have been approved by the US Food and 

Drug Administration (FDA) taking in account the location, stage, and genetic profile of 

the tumor. 

Local surgical excision represents the treatment of choice that is indeed curative 

for the majority of patients with newly-diagnosed melanomas at early stages (Ross & 

Gershenwald, 2011). Furthermore, for patients with a solitary melanoma metastasis, 

metastasectomy is part of the standard of care while in some metastatic melanoma 

cases chemotherapy may also be considered (Batus et al., 2013) even if it is usually 

not as effective for melanoma as it is for some other types of cancer. Also, despite 

being rarely indicated for primary tumor treatment, radiotherapy has been considered 

for the treatment of skin, bone, and brain metastases (Garbe et al., 2016). 

In the past few years, with the development and the approval of highly effective 

targeted therapies and immunotherapy, a revolution for patients facing advanced-

stage melanomas occurred. Thus, both immunotherapy and targeted therapies are 

considered to be the backbone of systemic therapy while both chemotherapy and 

radiotherapy are now considered as second-line or even further treatment options 

(Domingues, Lopes, Soares, & Pópulo, 2018). 

 

1) Targeted Therapies 

As described above, the major melanoma driver alteration constitutively activates 

BRAF resulting in the activation of the MAPK pathway. This discovery led to the 

development of targeted inhibitors of the BRAF protein namely vemurafenib and 

dabrafenib (Fig.8A). The initial publication of the clinical trials in 2011 and 2012 

comparing the targeted inhibitors with standard chemotherapy agents demonstrated 

consistent results with single-agent BRAF inhibitors showing an excellent response 

rate of approx. 50%. However, such response was short lived with a median duration 
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Figure 8. Available therapies and potential mechanisms of resistance to BRAF inhibitors.  

(A) Therapies targeting either BRAF or MEK within the MAP kinase pathway (the critical driver pathway in 

melanoma) (B) Resistance mechanisms to BRAF inhibitors (shown in red) include upregulation or bypass of the 

MAPK pathway: (1) Upstream overexpression of receptor tyrosine kinases (RTKs), (2) RAS mutation, (3) MEK1 

downstream mutation, (4) RAF kinase switching and (5) COT kinase overexpression capable of MEK-dependent 

MAP-kinase activation, (6) Upregulation of Pi3k-AKT pathway (Adapted from Wood and Luke 2017). 
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of disease control of 6 to 7 months (Chapman et al., 2011; Hauschild et al., 2012). 

The lack of durability of response is due to the development of resistance partly 

explained by the reactivation or bypassing of the MAPK pathway (Fig.8B). Identified 

resistance mechanisms to BRAF inhibitor therapy are summarized in figure 8.B 

(Wood & Luke, 2017) and are still extensively explored.  

However, the response rates and the duration of disease control have been 

shown to be largely improved by the addition of inhibitors of the downstream kinase 

MEK (trametinib or cobimetinib) to dabrafenib blocking then the reactivation of the 

MAPK pathway induced by a single-agent (Fig.8A) (King et al., 2013; Su et al., 2012; 

Wood & Luke, 2017). Subsequently, several combination therapies with BRAF and 

MEK inhibitors became a worldwide standard of care for BRAF mutation-positive 

advanced or unresectable melanomas (Flaherty et al., 2012; Pavlick et al., 2015; 

Sullivan et al., 2015). 

Additionally, since cKIT mutations or amplifications in melanoma led to the 

constitutive ligand-independent activation and upregulation of the MAPK and 

PI3K/AKT pathways, this receptor was also considered for targeted therapies. 

However, only Imatinib as cKIT inhibitor revealed significant activity in patients with 

metastatic melanoma harboring cKIT aberrations. Other multikinase inhibitors such 

as sunitinib, dasatinib and nilotinib, potentially  efficient in patients with melanoma 

harboring cKIT mutations, are in clinical trials in combination with chemo- and 

immunotherapies (Hsueh & Gorantla, 2016). 

2) Immunotherapies

The concept that cancer and immune system are closely related is not new and 

was based on the frequent appearance of tumors at the sites of chronic inflammation 

and the presence of immune cells in tumor tissues (reviewed in Balkwill & Mantovani, 

2001). 

 In antitumoral responses, T-cells recognize tumor-specific antigens and then 

become activated, proliferate and differentiate to finally acquire the capacity to 

destroy targeted cells. T-cell activation begins with the binding of a specific T-Cell 

Receptor (TCR) to its cognate peptide-Major Histocompatibility Complex (MHC) 

presented on the surface of an Antigen-Presenting Cell (APC). Then, to reach a full 

T-cell activation co-stimulatory signals are required such as CD28 which interacts 

with  the B7  family  ligands  CD80  and  CD86  on  APCs,  promoting  enhanced  
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Figure 9. Activation and modulation of T-cell response. 

Schematic representation of the T-cell receptor and accessory molecule. T-cell activation results from their 

interaction with peptide-MHC on the APC together with co-stimulatory molecule CD28 with CD80 or CD86. 

Immune checkpoints CTLA-4 and PD-1 are expressed on T-cell surface after activation and serve to dampen 

T-cell response as well as Treg cells. CTLA-4 and PD-1 are considered as immunotherapeutic targets in 

melanoma therapy, their blockade thus increasing the antitumor T-cell response (Raush and Hastings, 2017). 



 

proliferation,  IL-2  production,  and  T-cell  survival (Fife & Bluestone, 2008). 

However, T-cell  activation  involves  the  integration  of  a  number  of  co-inhibitory  

signals delivered  by  immune  checkpoint  receptors to  turn  off  T-cell  response  

and  modulate inflammation. Some of the most studied immune checkpoint receptors 

are the Cytotoxic T-Lymphocyte-Associated protein-4 (CTLA-4) and the Programmed 

cell Death protein-1 (PD-1) (Fig.9).  

 

CTLA-4 inhibits T-cell activation via binding  to  the B7  ligands  CD80  and  CD86  

on  APCs with  a  much  higher  affinity than its homologue  and  does  not  deliver  a  

positive signal leading to attenuation of co-stimulatory signaling, inhibition of IL-2 

production and blockade of T-cells cycle progression (Fig.9) (Krummel & Allison, 

1995; Linsley et al., 1994; Walunas et al., 1994). Thus, blockade of CTLA-4 would 

enhance T-cell mediated antitumor immunity by removing the inhibitory feedback 

mechanism signal.  

The research undertaken to target the immune system did not revolutionize the 

treatment approaches of melanoma until 2010 when Hodi et al. (2010) reported on 

the survival benefit using a fully human monoclonal IgG1 antibody that blocks CTLA-

4, named ipilimumab, as a second line therapy. Since then several clinical trials 

support the use of ipilimumab or other CTLA-4 blocking antibodies in both first- and 

second-line therapies for advanced melanoma (Domingues et al., 2018; Widakowich, 

de Castro, de Azambuja, Dinh, & Awada, 2007). 

 

PD-1, another “immune checkpoint”, inhibits T-cell activity but instead of 

competitively inhibiting co-stimulation by interfering with CD28/B7 ligand interaction, 

PD-1 negatively regulates TCR-signaling events at a later stage in peripheral tissues. 

PD-1 has two ligands namely PD-L1 and PD-L2 (Fig.9). Elevated PD-L1 expression 

was observed on both tumor cells and immune cell infiltrates in many different 

cancers including melanoma (Kaunitz et al., 2017). Such observation suggests  that  

PD-1/PD-L1  functions  as  an  adaptive  tumor  immune  escape  mechanism, thus  

infiltrating  T-cells  may  induce  their  own  suppression through the production of 

pro-inflammatory cytokines (Freeman et al., 2000; Noguchi et al., 2017).  

Subsequently, the field of immune therapy moved quickly with the development of 

PD-1-based therapies. PD-1 therapies consist of a high-affinity anti-PD-1 monoclonal 

antibody such as nivolumab that blocks the interaction between PD-1 and PD-L1 
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leading to the release of the cytotoxic function of tumour-specific T cells and thus 

inducing immune antitumor activity that reduces tumor progression (Melero, Grimaldi, 

Perez-Gracia, & Ascierto, 2013; Specenier, 2016). In addition, pembrolizumab, 

another anti-PD-1 antibody, was approved for the treatment of advanced melanomas 

and may turn into a new standard for the treatment of ipilimumab refractory 

melanomas (Ribas et al., 2015; Robert et al., 2015).  Finally, several clinical trials are 

ongoing using anti-PD-1 antibodies in monotherapy or in combination with other 

checkpoint inhibitors, chemotherapy, radiotherapy, immunotherapies, and targeted 

therapies (Domingues et al., 2018). 

Unfortunately, only a subset of melanoma patients respond to immune checkpoint 

inhibitors for reasons still to be elucidated. In addition, severe immune-related 

Adverse Events (irAEs) appear in some patients, highlighting the necessity to identify 

predictive markers for treatment efficacy/safety and develop strategies to overcome 

such resistance.  

F. MITF is the “master” transcriptional regulator of 

melanocytes and melanoma 

1) Genomic organization and protein structure

In humans, the MIcrophthalmia-associated Transcription Factor (MITF) gene is 

located on the short arm of chromosome 3 and encodes a b-HLH-Zip (basic 

HelixLoop-Helix leucine zipper) transcription factor that belongs to the MYC 

superfamily. The locus contains at least nine alternative promoters each driving a 

specific 5’ exons that is spliced to the common remaining exons 2 to 9 encoding the 

major functional domains (Fig.10A) (Hershey & Fisher, 2005; Steingrmsson, 2008; 

Udono et al., 2000). While expression patterns of the different isoforms range from 

widely expressed to tissue specific, the M-isoform is expressed almost exclusively in 

melanocytes and melanoma (Hershey & Fisher, 2005).  

The largest functional domain of MITF consists of two α-helices separated by 

a loop (Fig.10B). The N-terminal part of the first helix is a basic domain that provides 

most of the specific DNA major groove contacts (Pogenberg et al., 2012). The 

following HLH domain is composed of the C-terminal part of the first helix and the N-
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Figure 10. MIcrophthalmia-associated Transcription Factor (MITF).  

(A) Schematic representation of the human MITF gene and protein isoforms containing the bhlh-zip domain. 

The MITF M-isoform is expressed in melanocytes and melanoma (Colin R. Goding and Heinz Arnheiter, 2019) 

(B) Crystal structure of MITF in the absence of DNA (adapted from Pogenberg et al.2012). (C) Microphthalmia 

and white coat seen with Mitfmi-vga-9 homozygous mice (Colin R. Goding and Heinz Arnheiter, 2019) (D) 

Phenotypes associated with human MITF mutations, e.g. the Waardenburg syndrome type II in a 10 year old 

child with light colored eyes, a patch of white hair, patched skin at the frontal area and congenitally deaf with 

sensorineural hearing loss (Gaikwad et al. 2019).  

C) 

B) 

D) 

A) 

 



terminal part of the second helix separated by a loop and is the core part of the 

protein dimerization interface in MITF followed by a leucine-zipper, also involved in 

protein interactions (C Murre et al., 1989; Cornelis Murre et al., 1994; Pogenberg et 

al., 2012). MITF and other related family members such as the transcription factor E3 

(TFE3), the transcription factor EB (TFEB) and TFEC, form the ‘MiT’ transcription 

factor family that regulates gene transcription through homo- or heterodimerization. 

MITF, TFE3, TFEB and TFEC bind to E-box and M-box motifs and dictate tissue-

specific gene expression of critical pigmentation enzymes (Bertolotto et al., 1998; 

Hemesath et al., 1994; Pogenberg et al., 2012). Of note, MITF does not form 

heterodimers with other bHLHZip proteins due the insertion of three residues in the 

N-terminal part of the zipper (Pogenberg et al., 2012).  

Also, MITF interacts with various cofactors to regulate gene expression. Thus, 

MITF was shown to associate with chromatin modifiers and remodellers such as 

CBP/p300 (Sato-Jin et al., 2008), NURF and SWI/SNF complexes containing BRG1 

(Laurette et al., 2015), and with essential transcription factors including β-catenin (A. 

Schepsky et al., 2006). 

The microphthalmia phenotype was first observed some 70 years ago in mice 

having significantly reduced eye size and a depigmentation phenotype due to the 

mutant locus mi (Hertwig, 1942). Nowadays, a variety of additional forward mutations 

at this locus, with more or less subtle effects on pigmentation, have been generated 

in mice (http://www.informatics.jax.org; Steingrímsson, Copeland, and Jenkins 

2004b; Hou and Pavan 2008). For instance, the Mitfmi-vga-9 mutant mice, harboring 

an insertion in the sequence of the MITF-M promoter gives rise to microphthalmic, 

deaf and completely white mice (Fig.10C) (Hodgkinson et al., 1993) reflecting the 

lack of melanocytes and demonstrating the key role of MITF-M in the development of 

the melanocyte lineage. As in mice, human germline mutations in bHLH-LZ domain 

are largely associated with pigmentary disturbances and deafness such as the 

Waardenburg syndrome IIa (Fig.10D), the Tietz syndrome and more recently the 

COMMAD syndrome (https://databases.lovd.nl/shared/genes/MITF,George et al., 

2016). 

The expression of MITF is finely regulated at a transcriptional level by the 

factor itself in a negative feedback loop (Louphrasitthiphol et al., 2019) or by various 
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activators and repressors, while the activity of MITF is regulated by diverse 

posttranslational modifications (reviewed in Colin R Goding & Arnheiter, 2019).  

 

2) Biological functions  

MITF plays a pivotal role in many aspects of melanocyte biology including 

melanocyte survival, proliferation and differentiation (Yann Cheli, Ohanna, Ballotti, & 

Bertolotto, 2010; Colin R Goding & Arnheiter, 2019; Hou & Pavan, 2008; 

Vachtenheim & Borovanský, 2010b). MITF controls survival of melanoblasts, skin 

and hair follicles melanocytes and MSCs through the anti-apoptotic proteins B Cell 

Leukemia/lymphoma 2 (BCL2) (McGill et al., 2002), Baculoviral IAP Repeat-

Containing protein 7 (BIRC7) (Dynek et al., 2008), Hypoxia-Inducible Factor 1-alpha 

(HIF1α) (Buscà et al., 2005) and MET proto-oncogene (Beuret et al., 2007). MITF is 

also an important regulator of proliferation in these cells as it activates the expression 

of cell cycle regulators such as Cyclin Dependent Kinase 2 (CDK2) (J. Du et al., 

2004), the cyclins CCNB1 and CCND1 (Strub et al., 2011) and T-BoX factor 2 (TBX2) 

(Prince, Carreira, Vance, Abrahams, & Goding, 2004). Genes implicated in mitosis 

are also regulated by MITF including Polo-Like Kinase 1 (PLK1) encoding a key 

regulator of M-phase progression, and components of the complexes connecting 

mitotic spindle microtubules to kinetochores (Strub et al., 2011). As described above 

MITF is also known to stimulate melanin synthesis by regulating transcription of 

pigmentation genes including TYR, TYRP1, DCT, PMEL, and MLANA and 

contributes to melanocytes differentiation (Yann Cheli et al., 2010). Results from our 

group and others have shown that MITF also regulates many other genes involved in 

melanin or melanosome biosynthesis and trafficking in both melanocytes and 

melanoma cells (J. Du et al., 2003; Laurette et al., 2015).  

 
In malignant melanoma, MITF was termed a lineage survival oncogene 

(Garraway et al., 2005). Indeed, immortalized primary melanocytes infected with viral 

constructs expressing BRAFV600E cannot form colonies without ectopic expression of 

MITF thus illustrating how MITF can function as a oncogene (Garraway et al., 2005). 

 Genomic amplifications of the MITF locus were described in about 5–20% of 

human melanomas and correlated with decreased overall patient survival (Akbani et 

al., 2015; Garraway et al., 2005) while mutations of MITF are rather rare since they 
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were recorded in only 8 % of the melanoma samples analyzed (Bertolotto et al., 

2011; Julia C. Cronin et al., 2009; Garraway & Sellers, 2006; Garraway et al., 2005; 

Gast et al., 2010; Levy, Khaled, & Fisher, 2006; Newton Bishop et al., 2000). 

Additionally, the germline missense substitution MITFE318K was demonstrated to 

encode for a familial melanoma gene increasing the risk for both melanoma and renal 

cell carcinoma (Bertolotto et al., 2011; Bonet et al., 2017; Yokoyama et al., 2011) by 

affecting an MITF sumoylation normally suppressing MITF transcriptional functions 

(Ballotti & Bertolotto, 2017; A. J. Miller, Levy, Davis, Razin, & Fisher, 2005).  

In addition to functioning as a melanoma oncogene, MITF also regulates the 

metabolic landscape of melanoma cells. Indeed, BRAF inhibition induces oxidative 

phosphorylation and increased the expression of PGC1α (PPRGC1A) the master 

regulator of mitochondrial biogenesis. PGC1α was shown among the MITF regulated 

target genes suggesting the impact of MAPK-mediated MITF regulation on metabolic 

state in melanoma and permitted Haq et al. group (2013) to better understand the 

adaptive program limiting the efficiency of BRAF inhibitors. Also, MITF controls 

melanoma metabolism by regulation of the SIRT1 gene encoding a key NAD-

dependent deacetylase, important in promoting proliferation and suppression of 

melanoma cells senescence (Ohanna et al., 2014). Recently, MITF was shown to 

control the TCA cycle by regulating the expression of the Succinate DeHydrogenase 

(SDH) complex that catalyzes the conversion of succinate to fumarate 

(Louphrasitthiphol et al., 2019). 

Finally, MITF regulates a broad range of cellular functions, acting both as an 

activator and a repressor in a promoter-specific manner (Yann Cheli et al., 2010; 

Giuliano et al., 2010; Colin R Goding & Arnheiter, 2019; Strub et al., 2011), thus 

suggesting a complex role of MITF in melanoma tumorigenesis. 

3) Heterogeneous expression of MITF in melanoma

Bioinformatic analyses of melanoma gene expression datasets revealed that a 

subset of melanomas expresses a low level of MITF while another subset expresses 

a high level of MITF. MITF-low melanomas are associated with invasiveness 

properties while MITF-high melanomas are described more proliferative (less 

invasive) with distinct gene expression programs. The “proliferative” or “melanocytic” 
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state displays not only high levels of MITF but also SOX10, and functional pathways 

associated with the lineage such as pigmentation. Conversely, the “invasive” or 

“mesenchymal” state shows both SOX9 expression and AP-1 activity (Hoek et al., 

2006; Verfaillie et al., 2015).  

 

Thus, the level of functional MITF determines many biological properties of 

melanoma cells and can be represented by a so called ‘rheostat model’ (Carreira et 

al., 2006; Goding, 2011; Hoek & Goding, 2010). The ‘rheostat model’ postulates that 

high MITF levels lead to terminal differentiation and cell cycle exit, intermediate levels 

to proliferation while lower levels result in slow cycling, invasive (Carreira et al., 

2006), tumor‐initiating (Y Cheli et al., 2011), and drug‐ and immunotherapy‐resistant 

phenotypes (Müller et al., 2014; Tirosh et al., 2016; Wellbrock & Arozarena, 2015). In 

contrast, very low levels of MITF or its rapid and sustained depletion as achieved in 

siRNA experiments trigger cellular senescence and eventually cell death  (Giuliano et 

al., 2010; Strub et al., 2011).  

However, Hoek et al (2008) showed that when MITF-high or MITF-low cells are 

used to make xenografts the resulting tumors comprise heterogeneous type of cells 

with both high and low MITF expression levels.  Additionally, single-cell analysis 

revealed that the MITF expression level is heterogeneous in human melanoma cells, 

with high-, intermediate-, and low-MITF subpopulations of melanoma cells (Marie 

Ennen et al., 2015; Marie Ennen et al., 2017). Increasing evidence also suggests the 

existence of additional intermediate state(s) (Rambow et al., 2018; Tsoi et al., 2018). 

These observations support the so-called ‘phenotype switching’ model predicting that 

the two melanoma cell subpopulations are only temporarily distinct and that these 

cells can reversibly and dynamically switch transcriptional programs between the 

proliferative/melanocytic and invasive/mesenchymal states regulated by local 

microenvironmental conditions (Y. Cheli et al., 2011; Hoek & Goding, 2010; Quintana 

et al., 2010; Roesch et al., 2010). 
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CHAPTER 2 Epigenetic regulation and the NuRD complex 

 

The term ‘epigenetics’, originally defined as changes in phenotype without 

changes in genotype, already emerged some 80 years ago (Waddington, 1942). We 

know nowadays that epigenetics relates to the mechanisms of inheritance of gene 

expression patterns without alteration of the underlying DNA sequence through 

adapting chromatin. Genome wide technological and analysis advances such as 

chromatin immunoprecipitation or ATAC (Assay for Transposase-

Accessible Chromatin) assays followed by next-generation sequencing and variations 

have enabled the analysis of the epigenome in cells and tissues.  

These recent technological advances identified various epigenetics alterations 

leading to the disruption of gene functions contributing to cancer initiation and 

progression. Importantly, epigenome deregulation in combination with genetic 

alterations are described in high-risk melanomas with poor survival characteristics 

(Badal et al., 2017; Sarkar et al., 2015). 

 

A. Chromatin: structure, organization, modifications and 

transcriptional dynamics 

In eukaryotic cells, the genetic material is organized into a complex structure 

composed of DNA and proteins called chromatin, localized in a specialized 

compartment, the nucleus. The repeating structural unit of chromatin is the 

nucleosome which consists of a histone octamer comprising two copies of each core 

histone H2A, H2B, H3 or H4 wrapped with 147 base pairs of DNA (Hayes & Wolffe, 

1995; Luger, Mäder, Richmond, Sargent, & Richmond, 1997). A subset of 

nucleosomes associates with the linker histone H1 (Suganuma & Workman, 2011). 

Each histone forms a structure consisting of a three-helix domain termed the histone 

fold that form a “handshake” structure connecting the histone heterodimers H2A-H2B 

and H3-H4 (Arents et al., 1991; Harp et al., 2000; Khorasanizadeh, 2004; Zlatanova 

et al., 2009).  

 

 In proliferative cells, the DNA replication process requires the temporary removal 

and subsequent reassembly of the parental nucleosomal histones along with a full 

complement of newly synthesized histones (Smith & Stillman, 1991). To enable 
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propagation of chromatin, cells developed efficient nucleosome assembly 

machineries including components of the replication machinery, nucleosome 

remodellers and a diverse class of proteins known as histone chaperones (Gurard-

Levin, Quivy, & Almouzni, 2014; Hammond, Strømme, Huang, Patel, & Groth, 2017; 

T. C. Miller & Costa, 2017; Yadav & Whitehouse, 2016). Histone chaperones are 

negatively charged proteins that mostly associate either with H3-H4 dimers or 

tetramers, or with H2A-H2B dimers for histones and DNA assembly into the 

nucleosome structure (Das, Tyler, & Churchill, 2010).  

Aside from the so-called ‘canonical’ histones, evolution drove the emergence of 

histone variants. With respect to the core histones, eight variants of H2A (H2A.X, 

H2A.Z.1, H2A.Z.2.1, H2A.Z.2.2, H2A Barr body deficient (H2A.Bbd), macroH2A1.1, 

macroH2A1.2 and macroH2A2) and six variants of H3 (H3.3, histone H3-like 

centromeric protein A (CENP-A), H3.1T, H3.5, H3.X and H3.Y) have been identified 

in human somatic cells while two testis-specific variants of H2B (histone H2B type 

WT (H2BFWT) and testis-specific histone H2B (TSH2B)) have been found. Each 

histone variant has a unique temporal expression accounting for specific cellular 

functions regulating essential processes such as cell fate decisions and development 

(Buschbeck & Hake, 2017). 

1) Post-Translational Modifications on DNA bases

Epigenetic diversity in regulating gene expression is accomplished in part by

DNA modifications such as the methylation of the fifth carbon of Cytosine in CpG 

dinucleotides (5mC). 5mC is the most common modified bases in the genome and 

hence is considered as the fifth base of DNA (Breiling and Lyko, 2015). This 

modification represses gene expression by altering nucleosome positioning and 

stability and by recruiting chromatin-modifying complexes with subunits capable of 

binding methylated DNA (Bartke et al., 2010). While mammalian genomes are 

globally CpG-depleted, 60–80% of the remaining CpGs are generally methylated and 

less than 10% of CpGs occur in CG dense regions termed CpG islands, prevalent at 

transcription start sites of housekeeping and developmental regulator genes, and 

resistant to DNA methylation (Deaton & Bird, 2011). Interestingly, Genome-wide 

single-base-resolution maps of methylated cytosines in mammalian genome revealed 
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how enhancer and promoter regions are differentially methylated in a cell-type-

specific manner (Lister et al., 2009) underscoring the critical function of DNA 

methylation in development and diseases. 

 

For note, other DNA modifications such as oxidation of 5mC to 5-

hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC), 5-carboxylcytosine (5-caC), 

and methylation of adenine (A) to N6-methyladenine (6-mA) were also identified as 

important epigenetic regulators (Klungland & Robertson, 2017). 

 

2) Post-Translational Modifications on histone proteins 

Each core histone contains an N-terminal extension that projects from the 

nucleosome called the histone tail subject to Post-Translational Modifications (PTMs) 

(Fig.11A). Those histone tails PTMs constitute the main features of the so-called 

“histone code” (Fig.11A) (Jenuwein & Allis, 2001) and provide a mechanism to 

modulate chromatin structure affecting the accessibility of transcription factors and 

chromatin modifiers to their binding sites (Clapier & Cairns, 2009; Juan, Utley, 

Adams, Vettese-Dadey, & Workman, 1994; Swinstead, Paakinaho, Presman, & 

Hager, 2016; Vettese-Dadey et al., 1996). Indeed, this code influences all DNA-

based processes including chromatin compaction, nucleosome dynamics and 

transcription. PTMs may affect higher-order chromatin structures by altering the 

contact between different histones in adjacent nucleosomes or the interaction of 

histones with DNA (Bannister & Kouzarides, 2011). Such PTMs include acetylation, 

methylation, phosphorylation, ubiquitylation, sumoylation and GlcNAcylation. More 

recently, emerging modifications were described such as propionylation, butyrylation 

or deimination (also called citrullination) (Kebede, Schneider, & Daujat, 2015; 

Kouzarides, 2007) (Fig.11A). 

 

As well as the tails, also the central globular domains of the histones contains 

a large number of modification sites including acetylation, methylation, 

phosphorylation and ubiquitination (Cosgrove, Boeke, & Wolberger, 2004; 

Tropberger & Schneider, 2013). Overall, recent work showed that histone core 

modifications not only can directly regulate transcription but also influence processes 

such as DNA repair, replication, stemness and changes in cell state (reviewed in 

Lawrence, Daujat, and Schneider 2016). 
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Figure 11. Post-translational modifications of histone tails. 

(A) Schematic representation of post-translational modifications of  histone tails including citrullination (Adapted 

from Schneider et al.2016) (B) Citrulline is generated from the side-chain conversion of peptidylarginine into 

peptidylcitrulline in a calcium-dependent process known as citrullination (or deimination) catalyzed by PADI 

enzymes. (C) 3D structure of Ca2+-bound PADI4 (C645A) with Ca2+ ions and the histone peptide illustrated 

as yellow and green sticks, respectively. The N-terminal subdomains 1 (residues 1–118) and 2 (residues 119–

300) and the C-terminal domain (residues 301–663) are reported in green, blue and red, respectively. The 

Nuclear Localization Signal (NLS) region is shown as a dotted line (Arita et al. 2005). 

B) 

A) 

C)



3) Epigenetic tools and biological relevance

Modifications of DNA and histone proteins occur through the addition of

various chemical groups utilizing numerous enzymes. The protein machinery that 

adds, removes, or recognizes these PTMs are categorized as “writers”, “erasers”, 

and “readers” respectively (Gillette & Hill, 2015). They are divided into classes on the 

basis of the specific PTM and residue they affect.  

Thus, the two most widely studied PTMs, methylation and acetylation are 

accomplished by “writers” including DNA MethylTransferases (DNMTs), Histone 

Lysine MethylTransferases (KMTs), Protein arginine methyltransferases (PRMTs) 

and Histone AcetylTransferases (HATs). Methylation and acetylation are removed by 

“erasers” including Lysine Specific DeMethylases (LSDs/KDMs) and Histone 

DeACetylases (HDACs) (Biswas & Rao, 2018). PTMs govern DNA transcription by 

the mediation of “readers” containing domains with a high affinity for PTMs. These 

domains are located within the chromatin modifying proteins themselves but are also 

found in chromatin remodellers, as detailed further. 

While most of PTMs are catalyzed or removed by large groups of clearly identified 

enzymes, demethylating and “decitrullinating” (citrulline eraser) activities for arginine 

methylation and citrullination, thought to be dynamic (Cuthbert et al., 2004), have not 

yet been described.  

Interestingly, the process of deimination was demonstrated to correlate with the 

disappearance of methylarginine suggesting that deimination has the potential to 

antagonize arginine methylation (Cuthbert et al., 2004). However, further studies 

report that methylation of the guanidinium group may prevent and inhibit PADs 

capabilities of generating peptidyl citrulline or peptidyl methylcitrulline from either 

mono- or dimethylated peptidyl arginine (Hidaka, Hagiwara, & Yamada, 2005; 

Raijmakers et al., 2007). Finally, while the dynamic nature of citrulline marks could be 

caused by histone tail clipping, epitope occlusion, or nucleosome displacement, the 

existence of a decitrullinase remains a possibility unresolved so far (Fuhrmann, 

Clancy, & Thompson, 2015).  

Therefore, the dynamics of the chromatin organization and the diverse 

combinatorial alterations of chromatin structures and DNA lead to fine regulation of 
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gene expression and other chromatin functions. These epigenetic processes play an 

essential role in many biological activities including development. Thus, epigenetic 

reprograming in mammalian development allows establishment of tissue- and 

temporal-specific transcriptional programs from a single genome sequence. 

Pluripotent stem cells express genes that encode a set of core transcription factors, 

while genes that are required later in development are repressed by histone marks 

and DNA methylation conferring flexible epigenetic silencing (Reik, 2007).  

Thus, epigenetics processes are part of an intense field of research especially 

since aberrant regulation of DNA modifications and histone PTMs were linked to a 

number of diseases including cancers (Dawson & Kouzarides, 2012). 

B. Citrullination is an emerging post-translational 
modification 

The nonessential amino acid Citrulline (Cit, C6H13N3O3) was isolated from the 

juice of the watermelon Citrullus vulgaris by Koga and Ohtake (1914). The structure 

of citrulline was established in 1930 and first evidence that this amino acid can be 

found in proteins was provided (Wada M. et al.1930; Wada M. et al. 1933). Further 

studies demonstrated that citrulline is enzymatically generated by side-chain 

conversion of peptidylarginine to peptidylcitrulline in a calcium-dependent process 

known as deimination or citrullination (Fig.11B) (Rogers and Simmonds 1958; Rogers 

Ge 1962; Rogers, Harding, and Llewellyn-Smith 1977). The discovery of citrullination 

generated interest in different areas of research notably since citrullinated proteins 

were shown to play an essential role in the progression of Rheumatoid Arthritis (RA) 

through generation of autoantibodies and exacerbation of the inflammatory response 

(Schellekens, de Jong, van den Hoogen, van de Putte, & van Venrooij, 1998).  

The enzyme responsible for this reaction named PeptidylArginine DeIminase 

(PADI) was partially purified by Fujisaki and Sugawara (1981). Since then, 5 PADIs 

were identified in humans (PADI1–4 and 6) sharing 70% to 95% sequence homology 

and being expressed in a wide range of tissues and organs (Chavanas et al., 2004; 

Guerrin et al., 2003; Ishigami et al., 2002; Kanno et al., 2000; Nakashima et al., 1999; 

Jiayi Zhang et al., 2004). PADIs typically exist as homodimeric proteins (in a head-to-

tail fashion) that contain a catalytic α/β propeller domain located on the C-terminal 
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half (Fig.11C) (Arita et al., 2004; Shirai, Mokrab, & Mizuguchi, 2006). The N-terminal 

domain can be subdivided into two Immunoglobulin-like (Ig) subdomains that were 

suggested to be important for protein−protein interactions and to facilitate substrate 

selection (Arita et al., 2004). 

 PADIs hydrolyze a guanidino group of arginine into urea group, resulting in 1 Da 

change in molecular mass and converting a positively charged arginine into the 

electrically neutral citrulline (Fig.11B). Such modification affects hydrogen bond 

formation and protein folding ultimately resulting in altered hydrophobicity, altered 

protein–protein interactions or even causing protein denaturation. The most frequent 

PADI substrates identified are keratin, filaggrin, vimentin, actin, collagen, myelin 

basic protein and histones (Lee et al., 2018a; Tilvawala et al., 2018; Witalison, 

Thompson, & Hofseth, 2015), all having a high arginine content clearly essential to 

their function. Recently, citrullinated proteins and sites mapped in human (Lee et al., 

2018a) and mice (Fert-Bober et al., 2019) revealed a tissue dependent subcellular 

distribution and citrullinated targets involved in various fundamental physiological 

processes. 

PADI proteins and/or activity are/is detected in various cellular compartments 

including cytoplasm and mitochondria. Only PADI4 was shown to translocate to the 

nucleus thanks to a canonical nuclear localization sequence (Fig.11C) (Nakashima, 

Hagiwara, & Yamada, 2002; Vossenaar, Zendman, van Venrooij, & Pruijn, 2003). 

Nevertheless, emerging evidence indicates that other PADI isozymes such as PADI1 

(Xiaoqian Zhang et al., 2016) or PADI2 (Cherrington, Morency, Struble, Coonrod, & 

Wakshlag, 2010) could localize to the nucleus as well. 

Citrullinated histones account for approximately 10% of all histones emphasizing 

the significance of this posttranslational modification in many nucleus-associated 

processes. Thus, similar to acetylation and methylation histone citrullination either 

activates or represses gene expression thus contributing to the increasingly complex 

histone code. Indeed, it was shown that citrullination of a single arginine residue 

within the DNA-binding site of H1 results to its displacement from chromatin and 

global chromatin decondensation (Christophorou et al., 2014). Moreover, PADI4 was 

shown to mediate gene expression by regulating H3 and H4 arginine methylation and 

citrullination. PADI1 was shown to citrullinate H4R3 and H3R2/8/17 during embryonic 

development in mouse embryo (Xiaoqian Zhang et al., 2016) while PADI2 was shown 
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to citrullinate H3R2/8/17 and H3R26 specifically leading to local chromatin 

decondensation and transcriptional activation (Fig.11A) (Christophorou et al., 2014; 

Yanming Wang; Joanna Wysocka, 2004).  

In addition to direct histone citrullination PADIs can also affect gene expression by 

regulating the activity of transcription factors. Indeed, PADI4 was shown to associate 

with several transcriptionally active promoters functioning  as an activator of c-Fos 

(Xuesen Zhang et al., 2011).  

Finally, in addition to the citrullination of histones, transcription factors, and a large 

number of other proteins, PADIs are also capable of auto-citrullination. For example, 

PADI4 is known to autocitrullinate at numerous sites in vitro and in vivo (Andrade et 

al., 2010; Fuhrmann et al., 2015) while the function of such process still remains 

elusive. 

C. ATP-dependent chromatin remodelling 

Chromatin remodelling is a process established by both ATP-dependent and 

ATP-independent mechanisms that modify the position, occupancy or the histone 

composition of nucleosomes within the chromatin (Aalfs & Kingston, 2000). ATP-

independent mechanisms can occur by the action of some histone chaperones 

dedicated to the deposition of specific histone variants (De Koning et al. 2007; 

Workman and Kingston 1992). In contrast, ATP-dependent mechanisms are of 

enzymatic nature and represent the majority of the remodelling activities in the cell 

(Z. Zhang et al., 2011). 

ATP-dependent remodellers are multisubunit complexes containing an 

ATPase subunit involved in chromatin binding and ATP hydrolysis. Based on the 

nature of additional functional domains the catalytic ATPase subunits are organized 

in SWI/SNF (SWIching/Sucrose Non-Fermenting), ISWI (Imitation SWItch), CHD 

(Chromodomain Helicase DNA binding) and INO80 (INOsitol requiring 80) families 

(Fig.12A) (Boyer, Latek, and Peterson 2004; Eberharter and Becker 2004; Marfella 

and Imbalzano 2007; Sif 2004). 

Moreover, chromatin remodellers can also be classified by their identified 

functions. Indeed, ISWI and CHD subfamily remodellers participate in nucleosome 

assembly by histones deposition, nucleosomes maturation and spacing. SWI/SNF, 

ISWI and CHD subfamily remodellers alter chromatin access by repositioning 
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nucleosomes. Only SWI/SNF subfamily remodellers were shown to alter chromatin 

access by evicting histone dimers while INO80 subfamily remodelers change 

nucleosome composition by exchanging canonical and variant histones (Fig.12B) 

(Clapier, Iwasa, Cairns, & Peterson, 2017). 

 

1) The SWI/SNF subfamily 

The SWI/SNF family was the first chromatin remodelling complex identified. It 

is conserved from yeast to humans. Founding members were identified in yeast 

screens for mutants affecting mating-type SWItching (SWI) and sucrose fermentation 

(“Sucrose Non-Fermenting”, SNF) (Breeden L 1987; Neigeborn and Carlson 1984; 

Stern, Jensen, and Herskowitz 1984). The ATPase subunit of the SWI/SNF family of 

proteins contains a bromodomain which preferentially binds acetylated histones 

(Muchardt & Yaniv, 1993). The SWI/SNF family is composed of large multisubunit 

complexes including BAF, PBAF and WINAC complexes which function as 

coregulators of transcription and are also implicated in the repair of DNA damages 

(W. Wang et al., 1996). Remodelling reactions catalyzed by SWI/SNF family 

members include simple nucleosome sliding reactions but also more dramatic 

reactions such as creating DNA loops on the surface of nucleosomes or evicting 

histones such H2A/H2B dimers from chromatin (Bowman, 2010).  

The mammalian BRG1/BRM Associated Factor/ Polybromo-associated BAF 

(BAF/PBAF) complexes consist of the two paralogue ATPase subunits namely 

Brahma-Related Gene-1 (BRG1) and BRahMa (BRM) and a collection of BAFs 

(Muchardt & Yaniv, 1993). BRG1 and BRM share over 70% sequence identity and 

display similar biochemical activities in vitro (Khavari, Peterson, Tamkun, Mendel, & 

Crabtree, 1993; Phelan, Sif, Narlikar, & Kingston, 1999; Randazzo, Khavari, 

Crabtree, Tamkun, & Rossant, 1994). The functional contribution of each BAF to the 

overall complex activity has not yet been clearly determined. It is clear however that 

combinatorial assembly mechanisms result in specific interactions with various 

transcriptional activators and repressors and thus specific targeting (Belandia, Orford, 

Hurst, & Parker, 2002; Hsiao, Fryer, Trotter, Wang, & Archer, 2003; T. Ito et al., 

2001; Pal et al., 2003; Phelan et al., 1999). SWI-SNF-family complexes consist of 

several related complexes with many shared and specific subunits. Human SWI/SNF 

can be subdivided into the BAF complex which uniquely contains BAF250A (ARID1A) 

or BAF250B (ARID1B) and the PBAF complex which specifically contains BAF200 
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Figure 12. Structural and functional classification of remodellers.  

(A) Schematic representation showing the domain organization of remodeller subfamilies. (B) Schematic 

representation of remodellers functions in chromatin landscape remodelling. ISWI and CHD subfamily remodellers 

participate in nucleosome assembly by histones deposition, nucleosomes maturation and spacing. SWI/SNF, 

ISWI and CHD subfamilies remodellers alter chromatin access by repositioning nucleosomes. Only SWI/SNF 

subfamily remodellers alter chromatin access by evicting histone dimers. INO80 subfamily remodellers change 

nucleosome composition by exchanging canonical and variant histones, and, for example, installing H2A.Z 

variants (yellow). (Adapted from Clapier et al.2017). 

A) 

 

 

B) 

 



(ARID2) and BAF180 (PBRM1) (Laurette et al., 2015; Lemon, Inouye, King, & Tjian, 

2001; Nie et al., 2000; Yan et al., 2005).  

Interestingly, the PBAF complex was shown to play an essential role in 

melanocyte specific gene expression and melanocyte differentiation notably through 

BRG1. BRG1 is recruited by both MITF and SOX10 to establish the epigenetic 

landscape of melanocytes and proliferative melanoma cells (de la Serna et al., 2006; 

Keenen, Qi, et al., 2010; Laurette et al., 2019, 2015). Furthermore, PBAF remodelling 

is required for SOX10 expression (Keenen et al., 2010; Laurette et al., 2015; 

Ondrušová, Vachtenheim et al., 2013) and SOX10 target genes expression during 

schwann cell differentiation (Limpert et al., 2013; Marathe et al., 2013, 2017).  

Similarly, the expression of MITF is completely dependent on the functional 

SWI/SNF complex (Laurette et al., 2015; Vachtenheim, Ondrušová, & Borovanský, 

2010). However, the role of BAF/PBAF complexes in SOX10/MITF low 

“mesenchymal” melanoma cells state still remains unclear. 

Generally, BAF subunits are highly expressed in melanoma cell lines while 

there is increasing evidence suggesting that some SWI/SNF subunits are 

deregulated or mutated in melanoma and cooperate with MITF to promote melanoma 

tumorigenicity (T. M. Becker et al., 2009; Hodis et al., 2012b; Keenen et al., 2010; 

Krauthammer et al., 2012; H. Lin, Wong, Martinka, & Li, 2010; Nikolaev et al., 2012). 

BRG1 levels were shown to be elevated in the later stages of melanoma metastasis 

while BRM levels decreased suggesting the critical role of the BAF/PBAF complexes 

in melanoma tumorigenesis (T. M. Becker et al., 2009; Saladi et al., 2010). In 

addition, the SWI/SNF complex is known to antagonize Polycomb Repressive 

Complex 2 (PRC2) which silences gene expression by tri-methylation of H3K27 and 

modulates the expression of target genes (Wilson et al., 2010). Interestingly, it has 

been recently shown that the balance of chromatin-remodelling activity shifts in favor 

of PRC2 over SWI/SNF complex when pre-malignant lesions progress to melanoma 

(Shain et al., 2018).  
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2) The ISWI subfamily

The ISWI subfamily of chromatin remodellers includes NURF (NUcleosome 

Remodelling Factor), CHRAC, RSF and ACF complexes. They are characterized by 

the presence of the SLIDE and SANT domains which help in the preferential 

interaction with nucleosomes containing linker DNA over core nucleosomes (Längst, 

Bonte, Corona, & Becker, 1999). Mammals contain two isoforms of the ISWI ATPase 

encoded by two related genes Snf2L/SMARCA1 and Snf2H/SMARCA5. These 

ATPases show intrinsic chromatin remodelling activity. They were purified from cells 

as complexes that contain at least one additional accessory subunit (Clapier & 

Cairns, 2009b). Those complexes are recruited to chromatin through a variety of 

mechanisms including modified histones, DNA binding proteins or specific DNA 

sequences. Once recruited they modulate accessibility to DNA by sliding or 

exchanging histone octamer subunits to ultimately regulate DNA dependent 

processes (P. B. Becker & Workman, 2013). Additionally, the ISWI family has 

recently emerged as one of the major ATP-dependent chromatin remodelling 

complex families that functions in the response to DNA damage since implicated in 

homologous recombination, non-homologous end-joining and nucleotide excision 

repair (Aydin, Vermeulen, and Lans 2014). 

In mammals, the NURF complex is the major ISWI chromatin remodelling 

complex involved in the regulation of gene expression. NURF was first identified in 

Drosophila Melanogaster (Tsukiyama, Daniel, Tamkun, & Wu, 1995; Tsukiyama & 

Wu, 1995) and comprises NURF301 (in mammals, BPTF, Bromodomain, PHD-finger 

Transcription Factor), the ISWI-related SNF2L (SMARCA1) ATPase subunit, 

NURF55 (RbAp46, RBBP7) and NURF38 (Alkhatib & Landry, 2011; Koludrovic et al., 

2015; Wysocka et al., 2006; Hua Xiao et al., 2001). BPTF contains multiple highly 

conserved domains essential for NURF interactions with a variety of transcription 

factors, thus promoting NURF recruitment to specific DNA sequences (Jones, 

Hamana, & Shimane, 2000; H Xiao et al., 2001). BPTF can also interact with 

H3K4me3 and H4K16ac modified histones through the C-terminal PHD finger and 

the bromodomain, respectively (Ruthenburg et al., 2011; Wysocka et al., 2006). It 

was recently shown that BPTF preferentially localizes to gene bodies but is also 

found in promoters, enhancers and terminators. However, its chromatin remodelling 

activity is constrained to the promoters while BPTF is required for exon splicing and 
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intron removal suggesting thus  additional and functional roles within the gene bodies 

in mRNA processing (Alhazmi et al., 2018). 

 

Compared to BRG1, BPTF is not required for melanoblast development in 

mice but for the generation of melanocytes from the adult melanocyte stem cell 

population (Koludrovic et al., 2015).  

In human melanoma, the gene encoding BPTF is amplified in around 5–7% 

(Akbani et al., 2015) and BPTF expression can be upregulated during tumor 

progression, an event associated with poor prognosis and resistance to BRAF 

inhibitors (Dar et al., 2015). Additionally, BPTF/NURF was shown to associate 

physically and functionally with MITF to co-regulate genes involved in the proliferation 

of melanoma cells (Koludrovic et al., 2015).  

 

3) The CHD subfamily 

The CHD family contains nine different ATPases (CHD1–9). CHD family 

members share CHROMatin Organizing (CHROMO) domains (Fig12A) that bind 

specifically modified histones and a SNF2-like ATP-dependent helicase domain that 

facilitates nucleosome mobilization (Marfella & Imbalzano, 2007). CHD family 

members are classified into 3 subfamilies based on structural features and sequence 

homology. Subfamily I includes human CHD1 and CHD2 and is based on members 

having a DNA-binding motif domain (Delmas, Stokes, & Perry, 1993). Subfamily II 

includes CHD3, CHD4 and CHD5 and contains additional PHD (Plant 

HomeoDomain), zinc finger domains and DUFs (Domains of Unknown Function). 

Subfamily III includes CHD6, CHD7, CHD8 and CHD9 and contains a SANT (for 

switching-defective protein 3 (Swi3), Adaptor 2 (Ada2), Nuclear receptor Co-

Repressor (N-CoR), transcription factor (TF)IIIB')) and a BRK  (BRahma and 

Kismet) domain (Fig.13A) (Kolla, Zhuang, Higashi, Naraparaju, & Brodeur, 2014). 

CHD proteins affect chromatin compaction and therefore the cellular 

machinery’s access to DNA. Thus, these enzymes control fundamental biological 

processes including transcription, cellular proliferation and DNA damage repair. 

The Nucleosome Remodelling and Deacetylase (NuRD) multicomponent 

complex is the best characterized chromatin remodelling complex of the CHD family. 
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i) The mammalian NuRD complex

The NuRD complex, a 1 MDa multi-subunit protein complex, is one of the 4 major 

ATP-dependent chromatin remodelling complexes (Clapier & Cairns, 2009). The 

NuRD complex was first purified in cells from different species (Tong, Hassig, 

Schnitzler, Kingston, & Schreiber, 1998; Wade, Jones, Vermaak, & Wolffe, 1998; Xue 

et al., 1998; Y Zhang, LeRoy, Seelig, Lane, & Reinberg, 1998). This complex is 

unique as it contains at least two subunits with enzymatic functions. Indeed, the 

CHD3 (also known as Mi-2α) or CHD4 (Mi-2β) subunits show ATP-dependent 

chromatin remodelling activity with HDAC1 or HDAC2 catalyzing protein 

deacetylation. Thus NuRD is, along with Tip60/p400, one of the two known 

complexes coupling two independent chromatin-regulating activities (Bowen, Fujita, 

Kajita, & Wade, 2004; Torchy et al., 2015).  A potential reason is that ATP-

remodelling activity is necessary for the HDACs subunits to access their target 

(Pegoraro & Misteli, 2009). More recently, it has been shown that the lysine specific 

histone demethylase 1A (LSD1/KDM1A) can also be associated with the NuRD 

complex in some cell types (Yan Wang et al., 2009) suggesting an additional catalytic 

activity within a particular context.  

NuRD comprises many other subunits among which the specific DNA-binding 

MTA1/2/3 (MeTastasis Associated), the CpG-binding proteins MBD2/3 (Methylated 

CpG-Binding Domain), the histone chaperones RbAp46/48 (Retinoblastoma 

Associated protein), the GATAD2a (p66a) and/or GATAD2b (p66b) proteins and 

DOC-1 (Deleted in Oral Cancer, also named CDK2AP1 (Cyclin-Dependent Kinase 2 

Associated Protein 1)) protein (Fig.13B) (Kloet et al., 2015; Mohd-Sarip et al., 2017a). 

With the exception of the HDAC proteins and RbAp46/48, these proteins were only 

found within the NuRD complex. For note, the CHD4 remodelling subunit is capable 

of functioning independently of intact NuRD (O’Shaughnessy-Kirwan, Signolet, 

Costello, Gharbi, & Hendrich, 2015; O’Shaughnessy & Hendrich, 2013; Ostapcuk et 

al., 2018). Interestingly, a complex lacking CHDs with an HDAC activity but without 

remodelling capacity was identified as a stable species and named the NuDe 

(Nucleosome Deacetylase) complex (Low et al., 2016).  

The NuRD complex, highly conserved among higher eukaryotes, is expressed 

in a large variety of tissues. It forms a large macromolecular assembly with a 
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stoichiometry of the different subunits that still remains elusive. Different studies 

suggested that NuRD complexes may be composed of one CHD3, CHD4 or CHD5 

(Hoffmeister et al., 2017; Quan & Yusufzai, 2014), one HDAC1 or HDAC2, 3 

MTA1/2/3, 1 MBD2 or MBD3, 6 RbAp46/48, 2 GATAD2b (p66a) or GATAD2a (p66b) 

and 2 DOC-1 (Fig.13B) (Smits, Jansen, Poser, Hyman, & Vermeulen, 2013). These 

data are nevertheless in contradiction with another structural analysis of the 

HDAC1/MTA1 complex that shows a dimerization of MTA1 thus suggesting a NuRD 

model with two MTA1/2/3 and two HDAC1 or HDAC2 (Millard et al., 2013). Recently, 

an additional model of the NuRD complex based on all the interaction maps available 

and the structures of NuRD subcomplexes was proposed (Torrado et al., 2017) and 

reported in Fig.13C. 

 

 Different homologs and isoforms were described for each of the NuRD 

subunits among which some were found to be mutually exclusive. This is particularly 

the case for the CHD, MBD and MTA proteins thus leading to a variety of coexisting 

NuRD complexes (N. Fujita et al., 2003; Hoffmeister et al., 2017; Le Guezennec et 

al., 2006) involved in various biological processes (Hoffmeister et al., 2017; Nitarska 

et al., 2016) depending on the cellular, physiological or pathological context. 

Illustrating this, a surprisingly sequential functional switch of CHDs within the 

complex resulting in combinatorial assembly of NuRD complexes was recently shown 

to regulate the transcription of genes involved in cortical development (Nitarska et al., 

2016). Additionally, NuRD containing either CHD3 or CHD4 ATPase was shown to 

exhibit distinct nuclear localization patterns in unperturbed cells and distinct 

nucleosome remodelling and positioning behavior in vitro (Hoffmeister et al., 2017).  

 

Since several of the core subunits are associated with transcriptional 

repression, the NuRD complex was mainly defined as a transcriptional repressor 

(Tong et al., 1998; Xue et al., 1998). NuRD may create a chromatin environment that 

facilitates subsequent Polycomb repression since its activity results in loss of H3K27 

acetylation thus providing a substrate for PRC2-mediated trimethylation (Bracken, 

Brien, & Verrijzer, 2019b; Morey et al., 2008; Reynolds et al., 2012). Moreover, the 

nucleosome remodelling activity of CHD4 was shown to increase nucleosome density 

at target sites thus facilitating lineage commitment through control of gene expression 
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Figure 13. Structure of the CHD superfamily and mammalian Nucleosome Remodelling and 

Deacetylase complex (NuRD) architecture.  

(A) CHD families are defined based upon structural features and sequence homology. All CHD proteins contain 

two tandem CHRomatin Organization MOdifier (CHROMO) domains and two Sucrose NonFermentable2 

(SNF2)-like ATP-dependent helicase domains. CHD3, CHD4, and CHD5 lack DNA-binding domains and 

contain two tandem Plant HomeoDomains (PHDs). In addition to the chromodomain and helicase domains, 

CHD6–9 proteins also contain tandem BRahma Kismet (BRK) and SANT domains (for switching-defective 

protein 3 (Swi3), Adaptor 2 (Ada2), Nuclear receptor Co-Repressor (N-CoR), transcription factor (TF)IIIB')) 

(Kolla et al. 2014). (B) Schematic representation of the NuRD multisubunit complex (Morgan P.Torchy et al. 

2015) (C) Hypothetical recent model of the NuRD complex generated using the previously resolved 

subcomplex and positioning MBD3, GATAD2A and CHD4 in agreement with the observed protein–protein 

interactions. MBD3 (blue) bridges MTA1 and GATAD2A (orange) while GATAD2A is in contact with the C-

terminal third part of CHD4 (green). MBD3 is represented by the MBD2:GATAD2A structure and a MBD 

domain. A density envelope derived from a disordered polypeptide chain was used to depict GATAD2A 

(Torrado et al. 2017). 

A) B) 
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(de Dieuleveult et al., 2016; Z. Liang et al., 2017; Morris et al., 2014a; Moshkin et al., 

2012; O’Shaughnessy & Hendrich, 2013).  

Genome-wide mapping of chromatin binding patterns of NuRD components 

showed, in a variety of cell types, occupancy at active enhancers and promoters (de 

Dieuleveult et al., 2016; Günther et al., 2013; A. Miller et al., 2016; Shimbo et al., 

2013; Stevens et al., 2017). Such global localization suggests that NuRD may have a 

general affinity for open chromatin or possibly for the transcription machinery rather 

than being recruited to every active enhancer or promoter by individual sequence-

specific transcription factors. These transcription factors might then act to locally 

increase NuRD concentrations at individual target loci (Bornelö et al., 2018). Affinity 

for open chromatin was recently confirmed in prostate cancer cells and led to the 

classification of CHD3 and CHD4/NuRD in a functional group of remodellers with a 

clear preference for binding at ‘actively marked’ chromatin along with BRG1 and 

SNF2H/SMARCA5 (Giles et al., 2019). 

Additionally, NuRD activity was recently shown to influence the association of 

RNA polymerase II at transcription start sites and subsequent nascent transcript 

production by restricting access to regulatory sequences thereby guiding the 

establishment of lineage-appropriate transcriptional programs in embryonic stem 

cells and in B-cell progenitors (Bornelö et al., 2018; Z. Liang et al., 2017). 

 

ii) Biological functions of CHD3, CHD4 or CHD5 NuRD subunits 

 
ATP-dependent chromatin-remodelling functions are ensured by CHD3, CHD4 or 

CHD5 proteins. These enzymes utilize the energy from ATP hydrolysis to destabilize 

interactions between DNA and histones. The chromatin structure is thus altered by 

displacement of nucleosomes along the DNA (Torchy et al., 2015). CHD3, CHD4 and 

CHD5, highly preserved among all eukaryotes, contain two PHD domains able to 

bind two distinct H3 tails within a single nucleosome or on adjacent nucleosomes. 

Thus, H3K9 trimethylation promotes enzyme binding while H3K4 methylation 

abolishes it (C. A. Musselman et al., 2012; Catherine A. Musselman et al., 2009).  

 

CHD3 and CHD4 were initially identified as autoantigens in dermatopolymyositis 

(Ge, Nilasena, O’Brien, Frank, & Targoff, 1995; Seelig et al., 1995). Additionally to its 

role in transcriptional regulation CHD4 was shown to be implicated in DNA damage 
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response (McKenzie et al., 2019a; W. Qi et al., 2016; Stanley, Moore, & Goodarzi, 

2013a), cell cycle progression (O’Shaughnessy & Hendrich, 2013), cell stemness 

(Nio et al., 2015), organogenesis and postnatal organ/tissue differentiation (Gómez-

del Arco et al., 2016; Wilczewski et al., 2018). CHD3 is also implicated in DNA 

damage repair response by regulating heterochromatin formation and stimulating 

ATM-induced double-strand break repair (Klement et al., 2014; McKenzie et al., 

2019b; Stanley, Moore, & Goodarzi, 2013b).  

In cancer, in vivo genetic screens of patient-derived metastatic melanomas 

highlighted CHD4 as a critical factor in tumor growth (Bossi et al., 2016). CHD4 was 

identified as an essential regulator of breast cancer growth in murine and Patient 

Derived Xenograft (PDX) breast cancers. Indeed, CHD4 depletion impairs cell 

proliferation and migration of a triple negative breast cancer cell line and decreases 

the tumor mass in vivo (D’Alesio et al., 2016). CHD4 depletion in ERBB2+ cell lines 

(an oncogenic driver in 20-30% of breast cancer) also strongly inhibits proliferation 

and prevents in vitro cancer cell resistance to the anti-ERBB2 antibody Trastuzumab 

(D’alesio et al., 2019). In addition, CHD4 was shown to couple HDAC activity to 

promoter hypermethylation in colorectal cancer (Cai et al., 2014). CHD4 inhibits E-

cadherin thereby inhibiting EMT and metastasis in vitro in lung cancer cells (J. Fu et 

al., 2011). Also CHD4 maintains tumor-initiating cells in glioblastoma (Chudnovsky et 

al., 2014). 

Finally, aberrations in expression levels or mutations of NuRD components 

including CHD3 or CHD4 were associated in humans with cancer progression (Lai & 

Wade, 2011; Mohd-Sarip et al., 2017b), chemoresistance, EMT, metastasis (J. Wang 

et al., 2011; Xiao Wu et al., 2012) and overall poor patient survival (X. Du et al., 

2013; Garcia et al., 2010a; Hall et al., 2014; Nio et al., 2015; Wong et al., 2011; Xiao 

Wu et al., 2012; C.-R. Xie et al., 2015a). 

CHD5 differs from CHD3 and CHD4 at the carboxyl terminus. CHD5 showed a 

unique capability of nucleosome “unwrapping” in vitro that is not seen with CHD3 or 

CHD4 suggesting a specific role for CHD5.  In addition, CHD5 was demonstrated to 

play a dynamic role in the remodelling of the genome during maturation of the male 

germline (W. Li & Mills, 2014; Zhuang et al., 2014) that is another specificity of 

CHD5. 
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In diverse human cancer, CHD5 is considered as a tumor suppressor that is 

frequently lost or inactivated by different mechanisms such as compromised 

expression, promoter hypermethylation, deletion, and/or mutation in many types of 

human cancers among them glioma (Bagchi et al., 2007; Mulero-Navarro & Esteller, 

n.d.; L. Wang et al., 2013a), neuroblastoma (T. Fujita et al., 2008; Garcia et al.,

2010b; Koyama et al., 2012; LI et al., 2012), lung cancer (R. Zhao et al., 2012), 

prostate cancer (Robbins et al., 2011), breast cancer (Mulero-Navarro & Esteller, 

2008; Xiao Wu et al., 2012) and melanoma (Lang, Tobias, & MacKie, 2011). In 

addition, CHD5 expression directly correlates with overall patient survival for several 

cancers such as glioma (L. Wang et al., 2013b), neuroblastoma (Garcia et al., 

2010b), liver (C.-R. Xie et al., 2015b) and breast cancer (Xiao Wu et al., 2012). 

Therefore, a growing body of evidence implicates CHD remodelling proteins in 

human cancer, notably CHD3, CHD4 and CHD5, underscoring the importance of this 

class of enzymes. 
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CHAPTER 3 

An overview of central carbon 

metabolic pathways and cancer 
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CHAPTER 3 

An overview of central carbon metabolic pathways and 

cancer 

 
A. Glucose metabolism 

The metabolism of glucose, the essential macronutrient, allows for energy to 

be generated in the form of ATP through the oxidation of its carbon bonds. In 

mammals, the end product is either lactate or CO2 upon full oxidation of glucose 

via respiration in the mitochondria. The aerobic glycolysis process is carried out in 

the cytoplasm and only generates 2 ATP molecules per molecule of glucose. 

While the much more efficient mitochondrial OXidative PHOSphorylation 

(OXPHOS) pathway theoretically generates 36 ATP molecules per molecule of 

glucose. In mammals, energy production is a response to energy demand in the 

cell and relies primarily on both processes but the ratio of glycolysis versus 

OXPHOS for the total ATP yield varies in different type of cells depending on 

growth state and microenvironment (J. Zheng, 2012). 

 

The first observations that cancer cells rewire their metabolism to promote 

growth, survival, proliferation and long-term maintenance were made nearly a 

century ago by Otto Warburg, a German physiologist. He indeed first described  

the unique metabolic features of cancer cells namely the dramatic increase in 

glucose uptake/consumption resulting in increased lactate production even in the 

presence of oxygen and fully functioning mitochondria (O Warburg, Wind, & 

Negelein, 1927; Otto Warburg, 1924). These features were confirmed in a number 

of tumor contexts and shown to correlate with poor tumor prognosis (Som et al., 

1980). Thus, the Positron Emission Tomography (PET) scan of radiolabeled 

glucose analogs, technique currently used in clinics for tumor imaging and 

detection as well as monitoring responsiveness to treatment, was derived from 

such biological observations (Almuhaideb, Papathanasiou, & Bomanji, 2011). 

Those peculiar characteristics of tumor and other proliferative cells relate to the 

so-called “Warburg effect”. A major axis of research is still ongoing to understand 
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how such metabolic shift benefits to cell growth and survival particularly for cancer 

cells, and its potential exploitation in the clinic. 

1) Glycolysis

Glycolysis is the initial step of glucose metabolism and is divided in ten steps 

of chemical reactions, converting glucose into pyruvate to ultimately produce ATP. 

Each reaction is catalyzed by a specific enzyme including HexoKinase (HK), 

Glucose-6-Phosphate Isomerase (GPI), PhosphoFructokinase 1 (PFK1), ALDOlase 

(ALDO), Triose-Phosphate Isomerase (TPI), GlycerAldehyde 3 Phosphate 

DeHydrogenase (GAPDH), PhosphoGlycerate Kinase 1 (PGK1), PhosphoGlycerate 

Mutase 1 (PGM1), ENOlase (ENO) and Pyruvate Kinase (PK) (Fig.14). 

i) Steps of glycolysis (Figure 14)

 Glucose uptake is regulated and facilitated by the GLUcose Transporter

(GLUT) family proteins of which 14 tissue dependent members were identified.

GLUTs enable the entry of glucose into the cell and are increasingly found to

be deregulated in numerous cancer types as a result of modified gene

expression, protein relocalization or stabilization.

In hepatocellular carcinomas GLUT2 is overexpressed with respect to 

other GLUTs and correlates with poor survival (Y. H. Kim et al., 2017). In 

bladder cancers, GLUT3 is overexpressed in muscle-invasive compared to 

noninvasive tumors (Han et al., 2017). In glioblastomas, GLUT3 expression is 

elevated in aggressive compared to lower grade lesions and is associated with 

poorer survival (Flavahan et al., 2013). Overall, considering all publicly 

available gene expression datasets high expression of GLUT1 and/or GLUT3 

is associated with poor survival in most cancer types including colorectal 

carcinoma, breast carcinoma, lung adenocarcinoma, squamous cell 

carcinoma, ovarian carcinoma and glioblastoma (Chai et al., 2017). 

Interestingly,  the expression of GLUT-1 while very rare in benign melanocytic 

nevi was shown to be a common feature of malignant melanoma and 

correlates with decreased survival (Důra et al., 2019). 
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Figure 14. Chemical reactions and related enzymes involved in glycolytic metabolism. 

Glycolysis, the initial step in glucose metabolism, involves 10 subsequent chemical reactions that convert in 

the cytoplasm glucose into pyruvate to finally produce ATP. The enzymes that catalyze those reactions 

include HexoKinase (HK), Glucose-6-Phosphate Isomerase (GPI), PhosphoFructoKinase 1 (PFK1), 

ALDOlase (ALDO), Triose-Phosphate Isomerase (TPI), GlycerAldehyde 3 Phosphate DeHydrogenase 

(GAPDH), PhosphoGlycerate Kinase 1 (PGK1), PhosphoGlycerate Mutase 1 (PGM1), ENOlase (ENO) and 

Pyruvate Kinase (PK) (Adapted from Tilvawal et al. 2018). 



 HexoKinases (HKs) catalyze the first committed step of glucose metabolism

that is phosphorylation of glucose to glucose-6-phosphate (G-6P) using ATP.

There are four isoforms of HK (I-IV) in mammals with different tissues 

and organ distribution. The G-6P produced can serve as precursor for one or 

more of subsequent alternative pathways or for inhibition of HKs activity 

providing thus a feedback inhibition mechanism (John E. Wilson, 2003).  

Interestingly, Rose and Warms (1967) described significant quantities of 

HK-I and HK-II binding to the outer mitochondrial membrane via a 

mitochondrial binding motif located at the N-terminal domain (Sui & Wilson, 

1997). With a direct access to ATP derived from OXPHOS bound HKs can 

thus efficiently phosphorylate glucose. The ADP generated by mitochondrial 

HK catalytic activity is then shuttled back into mitochondria for 

rephosphorylation conferring a metabolic advantage (Dean Nelson et al. 

1986). 

HK-I or HK-II overexpression in tumors is thought to provide both a 

metabolic benefit and an anti-apoptotic capacity that give the cancer cells a 

growth advantage. Indeed, HK-II expression levels were shown to closely 

associate with tumor grade and mortality in hepatocellular carcinomas (Kwee, 

Hernandez, Chan, & Wong, 2012). Although in normal brain and low-grade 

gliomas HK-I is the predominant form while HK-II is highly upregulated in 

human multiform glioblastomas (Wolf et al., 2011). Poor prognosis is 

associated with upregulation of HK-II in human brain metastases of breast 

cancer (Palmieri et al., 2009). However, the functional role of both HK-I and 

HK-II in the malignant progression of cancers is not yet fully understood, 

especially considering that for decreased or low expression HK levels, an 

inverse correlation was shown e.g. in human cervical carcinoma cells. In these 

cells HK-I but not HK-II knockdown alters energy metabolism and induces an 

EMT phenotype which enhances tumor malignancy both in vitro and in vivo 

(Tseng et al., 2018). 

For note, 2-Deoxyglucose (2-DG), a glucose derivative without the 2-

hydroxyl group that is taken up into cells and phosphorylated by HK, acts as a 

competitive glucose inhibitor that cannot follow the glycolytic pathway. 

Because of its glycolytic blocking ability 2-DG was considered as a potential 

clinical candidate but showed poor efficacy when administered alone in solid 
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tumors (L. Sun, Liu, Fu, Zhou, & Zhong, 2016). In addition, the clinical use of 

2-DG is greatly limited by toxicity as the dual metabolic flux of glycolysis and 

oxidative Pentose Phosphate Pathway (PPP) is inhibited. 

 

 Glucose-6-Phosphate Isomerase (GPI) also known as phosphohexose 

isomerase is the second enzyme in the glycolytic pathway that catalyzes the 

interconversion of glucose-6-phosphate into fructose-6-phosphate.  

Genetic disruption of GPI in both human colon adenocarcinoma and 

mouse B16 melanoma cells suppresses the aerobic glycolytic flux. However, 

cell growth is minimally affected due to a reprogrammed metabolic oxidative 

phenotype. Thus, the growth of those GPI-KO mutant cancer cells become 

oxygen-dependent and therefore is extremely sensitive to respiratory chain 

inhibitors (Cunha De Padua et al., 2017). In addition, GPI was linked to the 

proliferation and motility of cancer cells via its control on glucose-6-phosphate 

levels. Moreover, GPI was shown to induce the expression of a matrix 

metalloproteinase-3 protein in some cancer cells that subsequently increases 

tumor invasiveness (Cairns, Harris, & Mak, 2011).  

 

 PhosphoFructokinase 1 (PFK1) is one of the most prominent 

rate-limiting enzymes as it catalyzes the first glycolysis committed step. This 

enzyme converts the fructose-6-phosphate into fructose-1,6-bisphosphate by 

catalyzing the transfer of a phosphate from ATP, adenosine diphosphate 

(ADP) or PyroPhosphate (PPi) to the 1 position of the fructose-6-phosphate. 

For note, Fructose 1,6-BisPhosphatase (FBPase1), a rate-limiting enzyme, 

catalyzes the opposite reaction to that of PFK1 (Mcgilvery R, 1956). 

In mammalian cells, PFK1 has 3 isoforms: platelet (PFKP), muscle 

(PFKM), and liver (PFKL). PFKL is the most abundant in liver and kidney, 

whereas PFKM and PFKP are the only forms present in adult muscle and 

platelet, respectively. In contrast, all 3 isoforms are present in the brain and 

other tissues (Dunaway & Kasten, 1987; Dunaway et al., 1979; Moreno-

Sánchez et al., 2007a). 

The protein is synthesized as unstable inactive monomers (Zancan, 

Almeida, Faber-Barata, Dellias, & Sola-Penna, 2007b) that rapidly associate to 

form minimally active dimers while full enzymatic activity is only reached by 
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formation of tetramers (Moreno-Sánchez, Rodríguez-Enríquez, Marín-

Hernández, & Saavedra, 2007b). Higher oligomeric complexes could also be 

functional (Ferreras, Hernández, Martínez-Costa, & Aragón, 2009). Thus, the 

equilibrium between active tetramers and inactive dimers appears to be highly 

relevant for enzyme regulation.  

The regulation of PFK1 activity is important not only for glycolytic flux 

and cellular energy production but also affects carbon distribution, redox 

balance, cell cycle, tumor formation and adaption of cells to oxidative stress 

(Katherine R. Mattaini and Matthew G. Vander Heiden, 2012). Several 

mechanisms of regulation of PFK1 activity were proposed including regulation 

of its expression by oncogenes, allosteric regulation and posttranslational 

modifications. PFK1 activity that can be inhibited by its own substrate is also 

regulated by intracellular concentrations of ATP thus being activated at 1 mM 

ATP and inhibited at higher ATP concentrations (Zancan, Marinho‐Carvalho, 

Faber‐Barata, Dellias, & Sola‐Penna, 2008). PFK1 activity is also modulated 

by AMP, ADP, cAMP and Fructose-2,6-Biphosphate (F2,6B) that stabilize 

tetramers whereas ATP, citrate and lactate favor dimer formation (Costa Leite 

et al., 2007; Marinho-Carvalho, Costa-Mattos et al., 2009; Zancan et al., 

2007a; Zancan et al., 2008) thus coordinating PFK1 activity to the energy 

status of the cell. F2,6B is catalyzed by dual kinase/phosphatase family of 

enzymes: 6-PhosphoFructo-2-Kinase (PFK2) /Fructose2,6-BisPhosphatase  

(FBPase2) (PFKFB1-4) (Bartrons et al., 2018; Okar & Lange, 1999; Pilkis, 

Claus, Kurland, & Lange, 1995). The balance between the activity of PFK-2 

and FBPase-2 determines the concentration of F2,6B and therefore modulates 

PFK1 activity.  

In human lymphomas and gliomas, PFK1 is less sensitive to inhibition 

by ATP and citrate, and more sensitive to activation by F2,6B and AMP 

(Colomer, Vives-Corrons, Pujades, & Bartrons, 1987; Staal, Kalff, Heesbeen, 

van Veelen, & Rijksen, 1987). F2,6B concentration was shown to be 

significantly higher in tumor than in normal cells (Colomer et al., 1987; Rider et 

al., 2004; Riera, Manzano, Navarro-Sabaté, Perales, & Bartrons, 2002) while 

FBPase1 overexpression suppresses cancer cell growth (B. Li et al., 2014) 

and its loss correlates with advanced tumor stage and poor prognosis (Juan 

Zhang et al., 2016). Additionally, FBPase1 that catalyzes the opposite reaction 
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of PFK1 has been reported to be lost in several human cancers (Dai et al., 

2017).  

 

 ALDOlase (ALDO) is involved in the conversion of the Fructose 1,6-

BisPhosphate (F1,6BP) into Glyceraldehyde 3-Phosphate (G3P) and 

DiHydroxyAcetone Phosphate (DHAP). Considering the 3 ALDO isoforms: 

ALDOA is expressed in embryos and is abundantly available in adult muscle 

tissues (Mamczur & Dzugaj, 2008; D. C. Yao et al., 2004); ALDOB is 

expressed in liver and kidneys (Mukai, Joh, Arai, Yatsuki, & Hori, 1986) while 

ALDOC is abundant in the central nervous system (Mukai et al., 1986; Xu et 

al., 2017). Aldolases are differentially expressed in normal human tissues but 

aberrant expression or translocation was observed in several cancer types 

including oral squamous cell carcinoma, osteosarcoma, hepatocellular cell 

carcinoma, and lung cancer (Chang et al., 2017; Ji et al., 2016; Yamamoto et 

al., 2016). Moreover, ALDOA expression levels are associated with poor 

overall survival in lung adenocarcinoma, pancreatic ductal adenocarcinoma, 

clear cell renal carcinoma, breast cancer and gastric cancer. ALDOB was 

reported to correlate with the hazard ratio of liver and gastrointestinal tract 

related cancer types (He et al., 2016; Peng, Lai, Pan, Hsiao, & Hsu, 2008). 

Recent studies confirmed the overexpression of aldolase family members in 

tumorigenesis that was shown to promote several phenotypes in cancer cells 

through transcriptomic and proteomic models (X. Chen et al., 2014; 

Yamamoto et al., 2016; F. Ye, Chen, Xia, Lian, & Yang, 2018). 

 

 TriosePhosphate Isomerase (TPI) is a homodimeric enzyme that operates in 

a non-linear step of glycolysis by catalyzing the fast interconversion of 

DiHydroxyAcetone Phosphate (DHAP) into Glyceraldehyde 3-Phosphate 

(G3P) both DHAP and G3P resulting from F1,6B catabolism by  aldolase 

(Wierenga, Kapetaniou, and Venkatesan 2010). However, only G3P can be 

utilized in the remaining glycolysis steps. TPI was reported as upregulated in 

many types of cancers including esophageal (Y.-J. Qi et al., 2008), lung (J. E. 

Kim, Koo, Kim, Sohn, & Park, 2008) and prostate cancers (W.-Z. Chen, Pang, 

Yang, Zhou, & Sun, 2011). In addition, Linge et al.(2012) found that TPI 

expression in uveal melanoma tissues was higher in patients who have 
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subsequently developed metastasis than those who have not, while TPI 

silencing was associated with a decreased invasion and metastasis 

suggesting thus the important role of TPI in tumor development and 

progression. Moreover, TPI was shown to play an oncogenic role in gastric 

cancer cells (T. Chen, Huang, Tian, Lin, et al., 2017; T. Chen, Huang, Tian, 

Wang, et al., 2017) while TPI might function as a tumor suppressor in 

hepatocellular carcinoma cells (H. Jiang et al., 2017).  

 GlycerAldehyde 3 Phosphate DeHydrogenase (GAPDH) catalyzes the

conversion of G3P into 1,3-biphosphoglycerate in the presence of NAD+ and

inorganic phosphate thus mediating the formation of NADH.  In addition to

glycolysis GAPDH is involved in cellular processes such as DNA repair

(Kosova, Khodyreva, & Lavrik, 2017; Meyer-Siegler et al., 1991), tRNA export

(Singh & Green, 1993), membrane fusion and transport (Glaser & Gross,

1995; Tisdale, 2001), cytoskeletal dynamics (Kumagai & Sakai, 1983), cell

death (Hara et al., 2005) and apoptosis (Tarze et al., 2007). The

multifunctional properties of GAPDH are likely to be regulated by its

oligomerization, posttranslational modification and subcellular localization (J.-

Y. Zhang et al., 2015).

GAPDH is frequently upregulated in cancer cells to meet their energy 

requirements such as in breast cancer cells (Révillion, Pawlowski, Hornez, & 

Peyrat, 2000), lung cancer cells (Tokunaga et al., 1987), colorectal cancer 

cells (Tarrado-Castellarnau et al., 2017) and pancreatic adenocarcinomas 

(Schek, Hall, & Finn, 1988). Clearly, these cells expressing elevated GAPDH 

persist and profusely proliferate despite the established role of GAPDH as a 

potent apoptosis inducer. Therefore, GAPDH can both positively and 

negatively regulate cell survival and proliferation (J.-Y. Zhang et al., 2015).  

 PhosphoGlycerate Kinase 1 (PGK1) is the first ATP-generating enzyme that

catalyzes the transfer of high-energy phosphate from the 1 position of 1,3-

DiPhospho-Glycerate (1,3-DPG) to ADP thus leading to 3-PhosphoGlycerate

(3-PG) and ATP. PGK1 expression is upregulated in human breast cancer

(Zhanget al., 2005), pancreatic ductal adenocarcinoma (Hwang et al.,2006),

radioresistant astrocytoma (Yan et al., 2012) and multi-drug-resistant ovarian
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cancer cells (Duan et al., 2002) as well as in metastatic gastric cancer, colon 

cancer and hepatocellular carcinoma cells (Ahmad et al., 2013; Ai et al., 2011; 

Ziekeret al., 2010). However, the mechanisms underlying the PGK1-promoted 

tumor development remain largely unclear.  

Surprisingly, in addition to its glycolytic role PGK1 can act as a protein 

kinase to coordinate glycolysis and the TriCarboxylic Acid (TCA) cycle. 

Indeed, Li et al. (2016) showed that conditions such as hypoxia and oncogenic 

mutations that activate ERK signaling can induce the mitochondrial 

translocation of PGK1. Mitochondrial PGK1 then acting as a protein kinase 

phosphorylates and activates Pyruvate DeHydrogenase Kinase 1 (PDHK1) 

that inhibits mitochondrial pyruvate metabolism and ROS production and 

enhances lactate production, thereby promoting the Warburg effect and thus 

tumor development (X. Li et al., 2016). 

 

 PhosphoGlycerate Mutase 1 (PGM1) catalyzes the conversion of 

3-PhosphoGlycerate (3-PG) into 2-PhosphoGlycerate (2-PG). Several studies 

showed that PGM1 is upregulated in a variety of human cancers such as 

hepatocellular carcinoma, lung cancer, breast cancer, colorectal cancer, 

prostate cancer and renal clear cell carcinoma and that its enzymatic activity 

was increased in cancerous tissues compared to adjacent normal tissues 

(Bührens, Amelung, Reymond, & Beshay, 2009; Cortesi et al., 2009; C. Li et 

al., 2015; Ren et al., 2010; Wen et al., 2018). Conversely, silencing of PGM1 

reduces lung and breast cancer cell growth in nude mouse xenograft models 

(Cortesi et al., 2009; Hitosugi et al., 2012; Ren et al., 2010). More recently, 

PGM1 silencing was shown to inhibit prostate cancer cell proliferation, 

migration and  invasion as well as to enhance cancer cell apoptosis in vitro 

and to suppress xenograft tumor growth in vivo (Wen et al., 2018).  

 

 ENOlase (ENO) is a metalloenzyme that requires Mg2+ to catalyze the 

dehydration of 2-phosphoglycerate into phosphoenolpyruvate in the last steps 

of the glycolytic pathway. Three  isoforms were described and include α-

ENOlase (ENO1) found in almost all human tissues, β-ENOlase (ENO3) 

predominantly found in muscles and γ-ENOlase (ENO2) only found in neurons 

and neuroendocrine tissues (Marangos, Parma, & Goodwin, 1978). Those 
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ENO isoforms share high-sequence identity and kinetic properties (Feo et al., 

1990; Fletcher L, Rider CC, 1976; Giallongo et al., 1986). The enzymatically 

active enolase exists as homodimer or heterodimer and is composed of two 

subunits facing each other in an antiparallel fashion (Fletcher L, Rider CC, 

1976; Kato et al., 1983). 

ENO1 was shown to be upregulated in several tumors and correlates 

with shorter overall survival in cancer patients (Capello, Ferri-Borgogno, 

Cappello, & Novelli, 2011; Ceruti, Principe, Capello, Cappello, & Novelli, 

2013). ENO1-silenced cells from breast, lung and pancreatic cancers display 

increased glucose uptake that consequently leads to an excess of intracellular 

glucose which is then forced towards alternative pathways such as the PPP 

and the polyol pathway thus resulting in decreased lactate levels (Capello et 

al., 2016). Similar results in terms of glycolysis inhibition are obtained after 

ENO1 silencing in endometrial carcinoma cells (M. Zhao et al., 2015). Finally, 

overexpression of ENO1 has been correlated with size, disease stage, 

metastasis and prognosis for many tumors (Ceruti et al., 2013). 

ENO1 mainly acts as an enzyme but can also act as a plasminogen 

receptor at the surface of cancer cells thus promoting cancer cell proliferation, 

metastasis and spreading (Capello et al., 2011; Pancholi, 2001). Indeed, 

ENO1 induces the activation of plasminogen into plasmin (a serine protease 

involved in extracellular matrix degradation) thus favoring cell invasion and 

metastasis (Ceruti et al., 2013; Pancholi, 2001). Thus ENO1 silencing in tumor 

cells reduces not only glycolysis but also migration and invasion in vitro and 

tumorigenesis and metastasis in vivo (Capello et al., 2016; Q.-F. Fu et al., 

2015; M. Zhao et al., 2015) that may be partly explained by ENO1 association 

with the cytoskeleton system (K.-J. Liu et al., 2007; Walsh, Keith, & Knull, 

1989). 

 Pyruvate Kinase (PK) is the final rate-limiting glycolytic enzyme that catalyzes

the irreversible transphosphorylation between PhosphoEnolPyruvate (PEP)

and ADP which results in pyruvate and ATP. In mammals, the PK family

consists of four isoforms: Liver-type PK (PKL), Red blood cell PK (PKR) and

PK Muscle isozymes M1 and M2 (PKM1 and PKM2). The two latter are

produced via a splicing mechanism including exons 9 and 10 into PKM1 and
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PKM2 mRNA, respectively (Fig.15A) (Takenaka et al. 1991). The non-

allosteric isoform PKM1 is constitutively active and expressed in terminally 

differentiated tissues including muscles and brain that require a large supply of 

ATP. By contrast, PKM2 is expressed in tissues with anabolic functions. 

Indeed, PKM2 is highly expressed during development but reduced in a 

number of adult tissues while being reactivated in tumors (Christofk, Vander 

Heiden, Harris, et al., 2008; Mazurek, 2011).  

Both PKM1 and PKM2 are tetrameric proteins formed by four identical 

subunits. Each subunit (or monomer) contains 4 structural domains namely A, 

B, C and a N-terminal domain (Fig.15B). The monomer first dimerizes then 

two dimers interact via the dimer-dimer interface orchestrated by the C 

domains of the monomers to form a tetramer. Because PKM1 and PKM2 

include different exons in their mRNAs the encoded amino acids differ in the C 

domain and alter tetramer stability. Under physiological conditions PKM1 

constitutively organizes as a tetramer while PKM2 alternates between high-

activity tetramer and low-activity dimer forms (Yuan et al., 2018). 

 A switch from the PKM1 to the PKM2 isoform was shown in various 

types of cancers (Hacker, Steinberg, & Bannasch, 1998; Iqbal, Gupta, 

Gopinath, Mazurek, & Bamezai, 2014). Thus, PKM2 expression is increased in 

lung, breast, prostate, blood, cervix, kidney, bladder, papillary thyroid and 

colon cancer cells (Bluemlein et al., 2011; C. Feng et al., 2013). Interestingly, 

the change of mRNA splicing from PKM1 to PKM2 was shown to be enhanced 

by the c-Myc oncogene suggesting that cancer cells actively engage in such 

switch to fit their requirements for proliferation and metabolism (David, Chen, 

Assanah, Canoll, & Manley, 2010). These findings partly explain why PKM2 

caught more researchers’ attention than PKM1 thus leading to extensive 

studies on the potential role of PKM2 in tumorigenesis.  

PKM2 activity is regulated by post-translational modifications, such as 

phosphorylation, acetylation, succinylation and oxidation which favor the low 

activity of dimeric PKM2 (Anastasiou et al., 2011; Lv et al., 2013; Park et al., 

2016; Xiangyun et al., 2017) (Fig.16).  

In addition to post-translational modifications, PKM2 but not PKM1 

activity is tightly regulated by various allosteric modulators that affect tumor 

growth in vitro (Fig15C, Fig.16) (Anastasiou et al., 2012; Porporato, Dhup, 
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Figure 15. Pyruvate kinase, from gene and protein structure to allosteric regulation. 

(A) PKM1 and PKM2 are alternatively spliced forms of the PKM gene. They differ by the presence of either 

exon 9 (in green) in PKM1 or exon 10 (in orange) in PKM2 (Barbara Chaneton and Eyal Gottlieb, 2012). 

(B) Structure of monomeric PKM2 shown with the A, B, C and N-terminal domains depicted in green, 

magenta, cyan and yellow, respectively. Bound ligands are shown as black spheres: the catalytic active 

site is occupied by K+, Mg2+ and oxalate (a PEP mimetic), and FBP is bound at its allosteric pocket 

(Israelsen et al. 2015). (C) Effect of amino acids and FBP on PKM1 (in white) and PKM2 activity (in grey).  

Phenylalanine, alanine, tryptophan, methionine, valine and proline are strong inhibitors of PKM2 activity 

(99–65%) whereas the inhibition by isoleucine, threonine and cysteine is more modest (50–20%). Serine 

and histidine were identified as activators (higher than 120%) of PKM2 activity (Yuan et al. 2018). 

A) B) 

C)



Dadhich, Copetti, & Sonveaux, 2011; Yuan et al., 2018). Indeed, PKM2 is 

allosterically activated by the upstream glycolytic metabolite F1,6BP (FBP) in a 

feed-forward regulatory loop to promote its tetramerization (Fig.15C, Fig.16) 

(J. Yang et al., 2016). This glycolytic intermediate directly binds to PKM2 that 

increases the PKM2 affinity for its substrate PEP (Jurica et al., 1998). Also, 

tyrosine-phosphorylated peptides bind directly to PKM2 which results in the 

release of the allosteric activator FBP leading to the inhibition of the PKM2 

enzymatic activity (Fig.15C, Fig.16) (Anastasiou et al., 2011; Christofk, Vander 

Heiden, Wu, Asara, & Cantley, 2008b). Succinyl-5-AminoImidazole-4-

CarboxAmide-1-Ribose-5’-phosphate (SAICAR), an intermediate of the de 

novo purine nucleotide synthesis pathway, specifically stimulates PKM2 

(Fig.16). Upon glucose starvation cellular SAICAR concentration increases in 

an oscillatory manner and stimulates PKM2 activity in cancer cells for more 

energy production (Keller, Doctor, Dwyer, & Lee, 2014b; Kirstie E. Keller, 

2012). Among the allosteric activators serine is a natural ligand that highly 

activates PKM2 in the absence of FBP (Chaneton et al., 2012; Labuschagne, 

van den Broek, Mackay, Vousden, & Maddocks, 2014; Vousden et al., 2012; 

Yuan et al., 2018). Several amino acids regulate PKM2 activity by stabilizing 

the tetrameric form (Fig.15C, Fig.16). Thus, such competition between 

allosteric activatory and inhibitory amino acids at a single allosteric site 

provides a finely tuned regulatory mechanism of PKM2 activity. 

Also on top of its role as a pyruvate kinase, PKM2 functions as a protein 

kinase and transcriptional coactivator of genes involved in cell proliferation 

migration and apoptosis. Indeed, studies showed PKM2 tetramer as an active 

pyruvate kinase but PKM2 dimer as an active protein kinase (X. Gao, Wang, 

Yang, Liu, & Liu, 2012). Thus, PKM2 is translocated to the nucleus and 

transactivates β-catenin upon Epidermal Growth Factor Receptor (EGFR) 

activation promoting thus cell proliferation and tumorigenesis (X. Gao et al., 

2012; W. Yang et al., 2011). Also, nuclear PKM2 translocation was shown to 

activate transcription of the Mitogen-activated protein Kinase 5 (MEK5) by 

phosphorylation of Signal Transducer and Activator of Transcription 3 (STAT3) 

enhancing cell proliferation (X. Gao et al., 2012). Additionally, PKM2 binds and 

forms a complex with the Octamer-binding transcription factor 4 (Oct4) leading 
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Figure 16. Dynamic regulation of PKM2 activity and functions. 

The activity of the critical glycolytic enzyme PKM2 is regulated by both allosteric modulators and post-

translational modifications. The potential roles of PKM2 in transcriptional regulation (in the nucleus) and 

apoptosis regulation (in the mitochondria) are shown in pink. 



to Oct4-mediated transcription inhibition and promoting differentiation of 

glioma stem cells (Morfouace et al., 2014). 

Besides transcription factors, PKM2 was shown to phosphorylate 

Myosin Light Chain 2 (MLC2), enhanced by EGF stimulation or oncogenic 

EGFR, K-Ras and B-Raf (EGFRvIII, K-RasG12V and B-RafV600E respectively), 

playing a pivotal role in cytokinesis, cell proliferation and brain tumor 

development (Y. Jiang, Wang, et al., 2014). PKM2 binds and phosphorylates 

the spindle checkpoint protein Bub3 (Budding uninhibited by benzimidazole 3) 

regulating the fidelity of chromosome segregation, cell-cycle progression and 

tumorigenesis (Y. Jiang, Li, et al., 2014). Importantly, EGFR-activated ERK2 

binds and phosphorylates PKM2 leading to PKM2 translocation, co-activation 

of β-catenin inducing c-MYC expression and upregulation of GLUT1 and 

LDHA (W. Yang, Zheng, et al., 2012). Also, PKM2 was shown to bind the 

abundant metabolite in cancer cells SAICAR, leading to phosphorylation of 

100 human proteins, mostly protein kinases. PKM2-SAICAR phosphorylates 

and activates ERK1/2 inducing MAPK signaling activation and cell proliferation 

(Keller et al., 2014b). Additionally, PKM2 regulates transcription through 

histone modifications. Indeed, PKM2 was shown to bind and phosphorylate 

specifically Histone 3 at Threonine 11 (H3T11) upon EGFR activation, thus 

regulating gene expression and tumorigenesis through epigenetic 

modifications (W. Yang, Xia, et al., 2012). 

Also, PKM2 translocates to mitochondria (Fig.16) and phosphorylates 

the regulator of apoptosis B-cell lymphoma 2 (Bcl2) correlating with both 

grades and prognosis of glioma malignancy. Bcl2 phosphorylation prevents its 

degradation and leads to inhibition of glioma cells apoptosis under oxidative 

stress (J. Liang et al., 2017).  

ii) Lactate metabolism

During the last step of glycolysis pyruvate is reversibly reduced in the 

cytoplasm into lactate by Lactate DeHydrogenase (LDH) while NADH is oxidized to 

NAD+ (Fig.14). Cytosolic regeneration of NAD+ by LDH is mandatory for glycolysis to 

continue since NAD+ is required by the glycolytic reaction that converts 

glyceraldehyde-3-phosphate into 1,3-bisphosphoglycerate (Lemire, Mailloux, & 

Appanna, 2008). 
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Active LDH is a homo- or a heterotetramer which is made of two major 

subunits LDH-A and LDH-B that can assemble into five different isoenzymes (LDH1-

5). LDH-A is the predominant form in skeletal muscle and has a higher affinity for 

pyruvate. Thus, the LDH5 tetramer that only contains LDH-A subunits favors the 

conversion of pyruvate to lactate with production of NAD+. In contrast, LDHB is 

mainly found in heart and muscle and converts lactate  into pyruvate that can be 

further oxidized in mitochondria (Dawson, Goodfriend, and Kaplan 1964). 

Lactate (2-hydroxypropanoate) is a hydroxycarboxylic acid that may exist in 

the human body as two stereoisomers L- and D-lactate, the L-form being the 

predominant physiological enantiomer (Connor, Woods, & Ledingham, 1983; 

Talasniemi, Pennanen, Savolainen, Niskanen, & Liesivuori, 2008). In humans, the 

main sources of intracellular L-lactate are glucose (approx. 65%) and alanine 

(approx. 20%) through their conversion into pyruvate and to a lesser extent serine, 

threonine, and cysteine (Perriello et al., 1995).  

High concentrations of lactate act as a poison to the cell. Lactate production is 

also a contributor to tumor acidity alongside CO2 production (Marchiq & Pouysségur, 

2016). As cancer cells take in more glucose more lactate is secreted (Y.-J. Chen et 

al., 2014). Additionally, lactate inhibits PFK1 activity (Costa Leite, Da Silva, 

Guimarães Coelho, Zancan, & Sola-Penna, 2007). Hence, to allow for the second 

committed step of glycolysis, lactate intracellular accumulation is prevented by 

MonoCarboxylate Transporters 1−4 (MCT1−4) that efficiently secreted lactate out of 

the cell.  

For a long period of time lactate was considered as an inert end-product of 

glycolysis. However, accumulating evidence suggests that lactate governs multiple 

regulatory functions in cellular processes including energy regulation, immune 

tolerance, wound healing or cancer growth (S. Sun et al., 2017). 

Elevated LDH is a well-established negative prognostic biomarker in many 

cancer types that directly correlates with tumor growth, proliferation, maintenance, 

metastasis and tumor survival. Indeed, LDH-A silencing in human hepatocellular 

carcinoma cells results in a significant reduction of tumor growth and metastasis 

(Sheng et al., 2012). In breast cancer cells LDH-A silencing results in an 

inhibited cancer cell proliferation, elevated intracellular oxidative stress and induction 

of mitochondrial pathway apoptosis (Z.-Y. Wang et al., 2012). Interestingly, it was 

shown that loss of LDH-B expression is an early frequent event in human breast and 
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prostate cancer due to promoter methylation and is likely to contribute to enhanced 

glycolysis in cancer cells under hypoxia (Brown et al., 2013; Leiblich et al., 2006). 

Triple negative breast tumor LDH-A expression and plasma LDH levels are two 

metabolic predictors for brain metastasis (Dong et al., 2017). Inactivation of LDH-A in 

mouse model of non-small cell lung cancer results in reprogramming of pyruvate 

metabolism and reactivation of mitochondrial function thus inhibiting tumorigenesis 

and tumor progression (H. Xie et al., 2014). Moreover, LDH-A is overexpressed in 

pancreatic cancer and is required for tumorigenicity of esophageal squamous cell 

carcinoma and pancreatic cancer cells (Rong et al., 2013; F. Yao, Zhao, Zhong, Zhu, 

& Zhao, 2013). In addition to the effect of LDH on tumorigenicity it was recently 

shown that LDH-A also regulates the tumor microenvironment via HIF-signaling and 

modulates the immune response (Serganova et al., 2018). 

2) Oxidative metabolism

The oxidation of pyruvate into carbon dioxide to generate energy requires the 

collaboration of the Pyruvate DeHydrogenase complex (PDHc), the tri-carboxylic acid 

(TCA) cycle and the mitochondrial respiratory chain to ultimately produce ATP in an 

oxygen consuming reaction named OXidative PHOSphorylation (OXPHOS) of ADP 

(Fig.17). 

i) Pyruvate DeHydrogenase complex (PDHc)

The role of the multi-subunit PDHc located in the mitochondrial matrix is to 

insert pyruvate into the TCA cycle by catalyzing the rate-limiting oxidative 

decarboxylation of pyruvate into acetyl-CoA. Since this step interconnects both the 

glycolysis and the TCA cycle it represents a key regulatory step in glucose 

metabolism. Thus, PDHc activity is highly regulated by reversible phosphorylations 

through Pyruvate Dehydrogenase Kinases (PDKs) and Pyruvate Dehydrogenase 

Phosphatases (PDPs) (Fig.17A).  

 PDKs form a family of mitochondrial protein kinases responsible for

phosphorylation of PDHc leading to its inhibition. These are serine-specific

protein kinases which consist of a catalytically active α-subunit and a

regulatory β-subunit. Four PDK isoenzymes (PDK1-4) were identified in

mammalian tissues whose activity was shown to be efficiently regulated by
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pyruvate and ATP/ADP, NADH/NAD+ and acetyl-SCoA/CoA-SH ratios. 

However, individual recombinant PDK isoforms differently respond to each of 

these factors (Fig.17A) (Bowker-Kinley, Davis, Wu, Harris, & Popov, 1998).  

 PDPs, a mammalian family of phosphatases, are responsible for

dephosphorylation and thus reactivation of PDHc. PDPs are dimeric enzymes

consisting of catalytic and regulatory subunits (G. Chen, Wang, Liu, Chuang, &

Roche, 1996). There are two isoforms of PDP (PDP1 and PDP2) capable of

dephosphorylating all the 3 phosphorylation sites of PDHc (Fig.17A).

Accumulating evidence suggests that the metabolic changes observed in cancer 

cells may partly relate to a reduced mitochondrial function as a result from PDHc 

inhibition via an increased PDK1, PDK2 and PDK4 expression (McFate et al., 2008; 

Vander Heiden, Cantley, & Thompson, 2009).  

In cutaneous melanoma both PDK1 and 2 isoforms are overexpressed compared 

to nevi. Their expression is associated with that of the mammalian Target Of 

Rapamycin (mTOR) pathway effectors and is independent of the BRAF mutational 

status. Indeed, the treatment of melanoma cells with a pan-PDK inhibitor shows a 

shift in metabolism, downregulation of proliferation, increase of apoptosis and 

reduced mTOR pathway activation (Pópulo et al., 2015). Interestingly, it was shown 

that PDHc is a crucial mediator of senescence induced by BRAFV600E, the commonly 

mutated oncogene in melanoma and other cancers. Indeed, BRAFV600E-induced 

senescence is accompanied by simultaneous PDK1 depletion and PDP2 induction 

thus enhancing the use of pyruvate in the TCA cycle with increased respiration and 

redox stress. Therefore, PDK1 depletion was shown to eradicate melanoma 

subpopulations resistant to targeted BRAF inhibition that results in regression of 

established melanomas (Kaplon et al., 2013). In a similar way, a recent study showed 

that the increased production of ROS upon inhibition of the MAP kinase pathway is 

responsible for activation of PDKs which in turn phosphorylates and inactivates PDHc 

reducing OXPHOS and ROS. Thus, small molecule PDK inhibitors might represent 

promising drugs for combination therapy in melanoma patients with activating MAP 

kinase pathway mutations (Cesi, Walbrecq, Zimmer, Kreis, & Haan, 2017). 

For sake of completeness, it is worth mentioning a PHDc independent 

pathway involving Pyruvate Carboxylase (PC) that catalyzes the HCO3-- and Mg-
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Figure 17. General overview of oxidative metabolism.  

(A) PDHc catalyzes the decarboxylation of pyruvate into acetyl-CoA in mitochondria. This reaction is tightly 

regulated by PDHc phosphorylation modulated by PDKs and PDPs. (B) TCA cycle occurs in the mitochondrial 

matrix and provides electron acceptors that are needed downstream in the ETC reactions. (C) ETC is composed 

of four  protein complexes coupling the energy-yielding reactions of electron transport to ATP synthesis. 



ATP-dependent carboxylation of pyruvate into oxaloacetate thus replenishing the 

TCA cycle (Fig.17B) (reviewed in Jitrapakdee et al. 2008). 

ii) Tri-Carboxylic Acid (TCA) Cycle

The TCA cycle that occurs in the mitochondrial matrix is a central hub for 

energy metabolism, macromolecule synthesis and redox balance. The TCA cycle 

allows aerobic organisms to oxidize cell fuel sources thus providing energy, 

macromolecules and electron acceptors that are utilized in downstream cellular 

processes such as the Electron Transport Chain (ETC) reactions.  The TCA cycle is 

composed of a series of biochemical reactions briefly described below (Fig.17B). 

1. In a 1st step acetyl CoA reacts with oxaloacetate (a 4-carbon molecule) to form

citrate (a 6-carbon molecule) catalyzed by citrate synthase with release of a CoA 

group. 

2. In a 2nd step citrate is converted by aconitase into its isomer isocitrate. This is a

two-step process involving sequentially the removal and the addition of a water 

molecule. 

3. In a 3rd step isocitrate is oxidized into α-ketoglutarate (a 5-carbon molecule) with

release of a carbon dioxide molecule. In parallel NAD+ is reduced into NADH. The 

enzyme that catalyzes this step namely isocitrate dehydrogenase plays a crucial role 

in regulating the speed of the TCA cycle. 

4. In the 4th step, similarly to the 3rd step, α-ketoglutarate is further oxidized by α-

ketoglutarate dehydrogenase into a 4-carbon molecule that picks up Coenzyme A to 

form succinyl CoA. Also NAD+ is reduced into NADH and carbon dioxide is released. 

5. In the 5th step the CoA moiety within the unstable succinyl CoA is replaced by a

phosphate group (catalyzed by succinyl-CoA synthetase or succinate thiokinase) to 

form succinate (a 4-carbon molecule). CoA is then transferred to ADP to form ATP. In 

cells in which Guanosine DiPhosphate (GDP) is used instead of ADP, Guanosine 

TriPhosphate (GTP) is formed instead of ATP. 

6. In the 6th step succinate is oxidized into fumarate (another 4-carbon molecule). In

parallel two hydrogen atoms are transferred to FAD to produce FADH2. Succinate 

DeHydrogenase (SDH) that carries out this step is embedded in the inner membrane 

of the mitochondrion so that FADH2 can transfer its electrons directly into the 

Electron Transport Chain (ETC). Indeed, the electron carriers NADH and FADH2 
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connect with the last portion of cellular respiration depositing their electrons into ETC 

to drive synthesis of ATP through OXPHOS. 

7. In the 7th step, catalyzed by fumarase, water is added to convert fumarate into

malate (another 4-carbon molecule). 

8. In the 8th and last step of the TCA cycle, oxaloacetate (the initial 4-carbon

compound) is regenerated with oxidation of malate by Malate DeHydrogenase 

(MDH). Another molecule of NAD+ is reduced into NADH in the process. 

Overall, each round of the TCA cycle produces 3 NADH, one FADH2 and one ATP 

or GTP, with the release of 2 carbon dioxide molecules. The TCA cycle runs around 

twice for each molecule of glucose that enters cellular respiration as glycolysis 

produces 2 pyruvates per glucose molecule. 

 While glucose represents the main source of pyruvate entering the TCA cycle 

in normal cells, cancer cells often shunt the TCA cycle for catabolism through 

anaerobic glycolysis being thus more dependent on other strategies to replenish TCA 

cycle intermediates. To feed the TCA cycle glucose can also be provided through 

gluconeogenesis, an essential process that leads to the synthesis of glucose from 

pyruvate and other non-carbohydrate precursors reciprocally regulated compared to 

glycolysis in order to maintain cell metabolism efficient (Berg, Tymoczko, Stryer, & 

Stryer, 2002). Amino acids can also fuel the TCA cycle but they enter after being 

converted into either acetyl-CoA or intermediates like pyruvate, oxaloacetate or 

succinyl-CoA (Berg et al., 2002).  

The third type of fuel source for cancer cells is fatty acids which enter the TCA 

cycle after undergoing β-oxidation to generate acetyl-CoA. Acetyl-CoA is the 

substrate for both the fatty acid synthesis pathway and the TCA cycle thus making 

lipogenesis an important convergence point for TCA cycle flux and cellular 

biosynthesis. This process generates more acetyl-CoA per molecule than from either 

glucose or glutamine (Berg et al., 2002). While enzymes regulating lipid synthesis are 

often expressed at low levels in most normal tissues (Clarke, 1993) they are 

overexpressed in multiple types of cancers such as among others non-small cell lung 

cancer, breast cancer and cervical cancer (Migita et al., 2008; D. Wang, Yin, Wei, 

Yang, & Jiang, 2017; Xin et al., 2016) to meet tumor cell needs. Such enzyme 

activation or overexpression in tumors correlates with disease progression, poor 

prognosis and is being investigated as a potential biomarker of metastasis (Xin et al., 

2016). 
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iii) Electron Transport Chain (ETC)

OXPHOS is the process that leads to ATP as the result of electron transfer 

from NADH or FADH2 to O2 by a series of electron carriers. These carriers are 

organized in the inner mitochondrial membrane into 4 complexes (complex I-IV). An 

additional protein complex then serves to couple the energy-yielding reactions of 

electron transport to ATP synthesis (Fig.17C). 

Briefly, NADH and FADH2 shuttle high energy molecules to the ETC. NADH 

transfers electrons to protein complex I while FADH2 transfers electrons to protein 

complex II. The shuttling of high energy molecules induce oxidation of NADH and 

FADH2. NADH oxidation leads to the pumping of protons through protein complex I 

from the matrix to the intermembrane space. The electrons received by protein 

complex I or protein complex II are given to another membrane-bound electron 

carrier called ubiquinone or coenzyme Q. Coenzyme Q is a small lipid-soluble 

molecule that carries electrons through the membrane to complex III. The transfer of 

electrons from FADH2 to coenzyme Q is not associated with a significant decrease in 

free energy and, therefore, is not coupled to ATP synthesis. Consequently, the 

passage of electrons derived from FADH2 through the ETC yields free energy only at 

complexes III and IV and donates protons to the intermembrane space. Electrons 

reaching the protein complex III are picked up by cytochrome C (cyt C) a peripheral

membrane protein bound to the outer face of the inner membrane, then carries 

electrons to complex IV where they are finally transferred to the final electron 

acceptor O2 that causes again protons to be pumped into the intermembrane space. 

Thus, the oxidation of NADH and FADH2 leads to a high concentration of protons on 

the outside part of the mitochondrial membrane creating an electrochemical gradient. 

This gradient causes movement of ATP synthase that binds ADP and Pi then 

producing the final ATP (Fig.17C). 

Alterations in respiratory activity and mitochondrial DNA (mtDNA) appear to be 

common features of malignant cells. Indeed, the complex I polymorphism correlates 

with breast cancer incidence (Czarnecka, Klemba, et al. 2010a; Czarnecka, 

Krawczyk, et al. 2010b). Complexes III−IV were also implicated in cancer 

pathogenicity. The UbiQuinol-Cytochrome C Reductase Hinge protein (UQCRH), a 

protein within complex III, was shown to be downregulated in clear cell renal cell 
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carcinomas as compared to other renal cell carcinomas raising its potential as a 

biomarker (W.-S. Liu et al., 2016). Also, recent studies revealed that cancerous cells 

inhibit cyt C mediated apoptosis through supplying sufficient glutathione to keep cyt C 

in a reduced inactive state. In addition, it was shown that silencing of complex IV 

increases cancer aggressiveness and has specifically been implicated in esophageal 

tumor progression (Srinivasan et al., 2016). 

 

Additional metabolic pathways essential for proliferation and maintenance of 

normal and cancer cells connected with glycolysis and OXPHOS are well described 

and include amino acid metabolism, one-carbon metabolism, PPP metabolism and 

fatty acid metabolism. They participate in protein and nucleotide synthesis, cell 

membrane structure and function maintenance, energy storage and signaling 

mediation (Counihan, Grossman, & Nomura, 2018; DeBerardinis & Chandel, 2016).   

 

B. Glutamine metabolism and cancer cell addiction 

Amino acids are essential nutrients for proliferation and maintenance of all living 

cells. In humans, some essential amino acids including histidine, isoleucine, leucine, 

lysine, methionine, phenylalanine, threonine, tryptophan and valine cannot be 

synthesized de novo and thus must be supplied exogenously. Conversely, non-

essential amino acids including arginine, glutamine, tyrosine, cysteine, glycine, 

proline, serine, ornithine, alanine, asparagine and aspartate are generated within the 

body. Obviously, tumor cells have higher amino acid demand than normal cells since 

they proliferate more rapidly. Thus, additional supply is needed to meet such demand 

even for non-essential amino acids (Bhutia, Babu, Ramachandran, & Ganapathy, 

2015a). Although the primary function of amino acids is to serve as building blocks 

for protein synthesis some amino acids such as glutamine play specific biologic 

functions in energetic and cellular homeostasis pathways.  

 

H. Eagle (1955) observed that the development of mammalian cell lines in culture 

depends on an abundant exogenous supply of the non-essential amino acid 

glutamine. He showed that the optimal growth of cultured HeLa cells requires a 10- to 

100-fold molar excess of glutamine in culture medium relative to other amino acids. 

Glutamine is the second (after glucose) most rapidly consumed nutrient by many 
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human cancer cell lines grown in culture (Hosios et al., 2016; Mohit Jain, 2012). 

However, glutamine requirements are very heterogeneous among different cancer 

cell lines ranging from those that are glutamine auxotroph to those that can survive 

and proliferate in the absence of an exogenous glutamine supply (Son et al., 2013; 

Timmerman et al., 2013). 

In mammals, glutamine is synthesized in a number of tissues and transported 

into cells through various amino acid transporters described in the literature (Bhutia, 

Babu, Ramachandran, & Ganapathy, 2015b). Glutamine can then be used for 

biosynthesis of proteins or exported back out of the cell by antiporters in exchange 

for other amino acids (Wise & Thompson, 2010).  

In addition, cancer cells can acquire glutamine through the breakdown of 

macromolecules under nutrient-deprived conditions. Macropinocytosis e.g. that plays 

a role in supplying proteins to most non-cancerous cells (Kerr & Teasdale, 2009) can 

be stimulated by oncogenic RAS (Bar-Sagi & Feramisco, 1986) thus enabling cancer 

cells to scavenge extracellular proteins. Proteins are then degraded into amino acids 

including glutamine essential for cell survival (Commisso et al., 2013; Kamphorst et 

al., 2015). 

Upon entry into the cell, glutamine can serve as an important source of 

reduced nitrogen for the biosynthesis of purine and pyrimidine nucleotides as well as 

Uridine DiPhosphate N-Acetylglucosamine (UDP-GlcNAc) to support protein folding 

and trafficking (Wellen et al., 2010). Alternatively, glutamine can be converted into 

glutamate by glutaminase (GLS1 or GLS2) (Curthoys & Watford, 1995). Glutamate is 

subsequently converted into α-ketoglutarate (α-KG) through GLUtamate 

Dehydrogenase (GLUD1 or GLUD2) or aminotransferases (Moreadith & Lehninger, 

1984) then enters the TCA cycle to provide energy for the cell. For note, α-KG can 

proceed backwards through the TCA cycle in a process called Reductive 

Carboxylation (RC) to produce citrate which supports the synthesis of acetyl-CoA and 

lipids (Fig.18) (P. S. Ward et al., 2010). 

The expression of the enzymes involved in glutamine metabolism is highly 

variable in cancer cells and depends on tissue of origin and oncogenotypes. Indeed, 

GLS1 is broadly expressed in normal tissues and is thought to play a crucial role in 

many cancers whereas GLS2 expression is restricted primarily to the liver, brain, 

pituitary gland and pancreas (Ardlie et al., 2015). GLS1 and GLS2 are controlled 

through post-translational modifications and allosteric regulation. GLS1 but not GLS2 
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Figure 18. Glutamine metabolism.  

Upon entry into the cell glutamine serves as an important source of reduced nitrogen for 

biosynthesis of nucleotides and UDP-GlcNAc synthesis or is converted to glutamate by GLS or 

GLS2. Glutamate is converted to α-KG through GLUD1/GLUD2 or aminotransferases and then 

enters the TCA cycle to provide cellular energy (Adapted from Altman et al. 2016). 

 



is inhibited by its product glutamate whereas GLS2 but not GLS1 is activated by its 

final product ammonia in vitro (Curthoys & Watford, 1995; Krebs, 1935). Additionally, 

it was shown that GLS1 is regulated through transcription (L. Zhao, Huang, & Zheng, 

2013), RNA-binding protein regulation of alternative splicing (Ince-Dunn et al., 2012; 

Masamha et al., 2014; Redis et al., 2016; Xia et al., 2014), post-transcriptional 

regulation by microRNAs (miRNAs), pH stabilization of the GLS mRNA (P. Gao et al., 

2009; Hansen, Barsic-Tress, Taylor, & Curthoys, 1996) and protein degradation 

(Colombo et al., 2011, 2010).  By contrast, the role of GLS2 in cancer seems to be 

more complex. Silenced by promoter methylation in liver cancer, colorectal cancer 

and glioblastoma, reexpression of GLS2 was shown to exhibit tumor suppressor 

activities in colony formation assays (J. Liu et al., 2014; S. Suzuki et al., 2010; 

Szeliga, Bogacińska-Karaś, Kuźmicz, Rola, & Albrecht, 2016).  

As aforementioned, once produced via glutaminase, glutamate is deaminated to 

α-KG by GLUD, tightly regulated through post-translational modifications, allosteric 

regulators, ADP, GTP, palmitoyl-CoA and SIRT4-dependent ADP ribosylation (Csibi 

et al., 2013; Erecińska & Nelson, 1990; Fahien & Kmiotek, 1981; Haigis et al., 2006; 

M. Li, Li, Allen, Stanley, & Smith, 2012).  

C. Metabolic states and adaptive strategies of melanoma 

cells 

Similar to the majority of cancer cells, melanoma cells display high glycolytic 

phenotypes independently of their oncogenic background. However, their metabolism 

is not strictly glycolytic since the TCA cycle is still functional even under hypoxia 

(Scott et al., 2011).  

Glycolysis in melanoma cells is partly driven by the activation of the MAPK 

pathway that induces the transcription and stabilization of the Hypoxia-Inducible 

Factor 1α (HIF1α) (Kumar et al., 2007) thus promoting glycolysis via transcription of 

LDH, aldolase and ENO1 (Semenza et al., 1996). Furthermore, HIF1α activates PDK 

that prevents pyruvate synthesis and thus OXPHOS (J. Kim, Tchernyshyov, 

Semenza, & Dang, 2006). Besides HIF1α, MAPK pathway activation also induces the 

transcription of MYC (Parmenter et al., 2014) which promotes glucose uptake and 
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increases glycolytic activity by activating glucose and glutamine transporters as well 

as LDH and HKs (Stine et al., 2015). Additionally, MAPK pathway activation also 

promotes glycolysis through negative regulation of MITF expression and activity 

(Wellbrock & Marais, 2005; Wellbrock et al., 2008) which is involved (as detailed 

earlier) in the regulation of PGC1α expression and mitochondrial respiration (Haq et 

al., 2013a). 

In addition to the MAPK pathway, the PI3K/AKT/mTOR signaling pathway is also 

activated in melanoma cells (M. A. Davies et al., 2008; Kwong & Davies, 2013; 

Omholt, Kröckel, Ringborg, & Hansson, 2006). Activation of this pathway also 

promotes glycolysis by phosphorylation and activation of AKT that drives mTOR 

signaling, which can promote transcription and activity of HIF1α and MYC, thereby 

driving the metabolic regulation described above (Hudson et al., 2002; Land & Tee,   

2007). 

 

In melanoma, MAPK and PI3AKT pathways also regulate the expression of the 

Fatty Acid Synthase (FASN) that catalyzes the rate-limiting step of the endogenous 

synthesis of fatty acids. Thus FASN was shown to be strongly expressed in 

melanomas and associated with Breslow thickness (Innocenzi et al., 2003). 

Increased FASN ensures an adequate concentration of phospholipids that represent 

the structural foundation of cell and organelle membranes thus providing a survival 

benefit to proliferative cells (Menendez & Lupu, 2007). Indeed, FASN expression 

levels correlate with tumor invasion and poor prognosis in cutaneous melanoma 

(Innocenzi et al., 2003; Zecchin et al., 2011). For note, experimental evidence 

suggests that not only fatty acid synthesis but also Fatty Acid Oxidation (FAO) plays 

a role in melanoma. However, how exactly FAO promotes melanoma progression still 

remains unresolved (Fischer et al., 2018). 

 

Moreover, melanoma cells exhibit an altered serine biosynthetic pathway. Indeed, 

the first enzyme involved in this pathway namely the PHosphoGlycerate 

DeHydrogenase (PHGDH) is frequently amplified in melanoma (Beroukhim et al., 

2010; Mullarky, Mattaini, Vander Heiden, Cantley, & Locasale, 2011). Therefore, 

considering that the serine biosynthetic pathway is involved in glycine, purine and 

pyrimidine synthesis and also modulates the activity of the critical glycolytic enzyme 

PKM2 (as previously described) any alteration of this pathway affects cancer cell 
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proliferation (Amelio, Cutruzzolá, Antonov, Agostini, & Melino, 2014; Labuschagne et 

al., 2014; Locasale, 2013; J. Ye et al., 2014)  

Besides the Warburg phenotype OXPHOS plays a crucial role in melanoma. 

OXPHOS is indeed much more efficient at generating ATP than glycolysis as 

previously detailed. While only 7% of the available pyruvate accesses the TCA cycle 

in hypoxic cells, OXPHOS still contributes to a significant extent to provide ATP to 

tumor cells (Scott et al., 2011). It is a matter of fact that a significant proportion of cell 

lines (BRAF mutant or wildtype) and patient samples can be characterized as “High-

OXPHOS” a phenotype predominantly driven by the highly expressed PGC1α 

(Vazquez, Markert, & Oltvai, 2011) that regulates multiple mitochondrial genes 

(Gopal et al., 2014; Haq et al., 2013a; G. Zhang et al., 2016).  

The treatment of BRAFV600E melanoma cells with a BRAF inhibitor results in an 

increased expression of several genes associated with the TCA cycle and OXPHOS 

thus increasing mitochondrial density, ROS production and decreasing glucose 

conversion to lactate. This is partly explained by the activation of MAPK pathway in 

melanoma cells downregulating PGC1a expression thus reducing mitochondrial 

biogenesis and oxidative phosphorylation (Haq et al., 2013a; Puigserver & 

Spiegelman, 2003). Indeed, mutations in PGC1a have been detected in whole-

genome melanoma analysis and elevated MITF and PGC1α levels were observed in 

patients treated with BRAF/MEK inhibitors highlighting thus the dynamic energetic 

adaptation of melanoma cells (Haq et al., 2013b; Prickett et al., 2009; Stark et al., 

2012). 

D. Crosstalk between metabolism and epigenetic regulation 

of chromatin 

Alterations in cellular metabolism and transcriptional programs are hallmarks of 

cancer cells. Both processes support cell growth, proliferation, migration, 

differentiation and apoptosis. The interconnection between epigenetic regulation and 

metabolism is crucial to adapt the cell metabolic needs at the gene expression level. 
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How cell metabolism influences chromatin modifications and gene expression is 

briefly described below. 

 

1) Metabolite-mediated modulation of chromatin 
 

Metabolites serve as important cofactors and regulators of various enzymes 

implicated in DNA and histones modifications influencing thus gene expression (X. Li, 

Egervari, Wang, Berger, & Lu, 2018).  

One of the key chromatin modifications that is strongly interconnected with 

metabolism is methylation. A number of methyltransferases are involved in epigenetic 

gene regulation (Berger, 2007; Cheng, 2014). Methylation is regulated by the 

abundance of S-AdenosylMethionine (SAM) whereby SAM serves as a universal 

methyl donor that is synthesized from methionine and ATP (Grillo & Colombatto, 

2008). Methylation produces S-AdenosylHomocysteine (SAH) a potent inhibitor of all 

methyltransferases. Thus, the intracellular SAM:SAH ratio that is itself tightly 

regulated by the metabolism of methionine, threonine and serine regulates in turn the 

methyltransferase activity (Etchegaray & Mostoslavsky, 2016; Mentch et al., 2015).

 Histone and DNA methylation can be removed by demethylases LSD1 or 

LSD2 that require α-KG. Indeed, high levels of α-KG maintained through glucose and 

glutamine catabolism promote demethylation of target histones (Carey, Finley, Cross, 

Allis, & Thompson, 2015; Hwang et al., 2016). 

In addition, histone acetylation is also regulated by the activity of enzymes (still  

strongly correlated with metabolites) including Histone AcetylTransferases (HATs) 

and HDACs that are inhibited by products of the fatty acid hydrolysis (Shimazu et al., 

2013). Nuclear enzymes that deacetylate histones including SIRT1 and SIRT2 

require NAD+ for their activity. Such enzymes are activated by high NAD+ levels and 

inhibited by NicotinAMide (NAM) a precursor of NAD+ (Cantó, Menzies, & Auwerx, 

2015).  

 

2) Metabolic enzyme-mediated modulation of chromatin 
 

As described before for PKM2, various metabolic enzymes which typically localize 

to the cytoplasm or mitochondria can also translocate into the nucleus.  
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Indeed, PFK1 migrates to the nucleus in response to aerobic glycolysis where it 

binds to the TEAD transcription factor thus regulating YAP-TAZ signaling (Enzo et al., 

2015). 

Additionally, PFKFB4 that catalyzes both the synthesis and the degradation of 

F2,6B and is required for the activation of the Steroid Receptor Co-activator protein 3 

(SRC3), a transcription co-activator that contains several nuclear receptor interacting 

domains and intrinsic HAT activity. PFKFB4 phosphorylates SRC3 leading to 

increased interaction between SRC3 and Activating Transcription Factor 4 (ATF4) at 

gene promoters, thus inducing gene expression of metabolic enzymes (Dasgupta et 

al., 2018). 

In addition, GAPDH is selectively recruited to the H2B promoter in S phase and is 

essential for S phase-specific H2B gene transcription in vivo and in vitro underscoring 

the nuclear role of GAPDH in coupling histone gene expression and DNA replication 

(L. Zheng, Roeder, & Luo, 2003).  

Moreover, not only glycolytic enzymes are found in the nucleus but also TCA 

enzymes such as α-KG dehydrogenase and fumarase (X. Li et al., 2018).  

In glioblastoma cells, a fraction of α- KGDH is distributed in the nucleus and 

interacts with the histone acetyltransferase KAT2A at gene promoters and locally 

supplies succinyl-CoA, which is then bound by KAT2A with high affinity. The high 

binding affinity of succinyl-CoA as well as its high local concentration facilitate histone 

succinylation on K79 in the promoter regions of more than 7’000 genes. Inhibition of 

nuclear entrance of the α- KGDH complex or expression of the KAT2A mutant with 

low binding affinity for succinyl-CoA reduces gene expression and inhibits tumor cell 

proliferation and glioma growth in mice (Yugang Wang et al., 2017). 

Also, fumarase was shown to translocate from the cytosol into the nucleus upon 

ionizing radiation-induced DNA damage (Yogev et al., 2010). In the nucleus, DNA-

dependent Protein Kinase (DNA-PK) phosphorylates fumarase thus promoting its 

binding to histone H2A.Z leading to the enrichment of fumarase at irradiation-induced 

double-strand break regions and subsequent localized fumarate production. Such 

locally accumulated fumarate inhibits α-KG-Dependent lysine-specific DeMethylase 

2B (KDM2B) activity and increases dimethylation of histone H3K36 and accumulation 

of the DNA-PK complex at DNA damaged regions for subsequent Non Homologous 

End Joining (NHEJ), DNA repair and cell survival (Y. Jiang et al., 2015). Chromatin-
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associated fumarase also directly participates in gene transcription. Under glucose 

deprivation conditions, fumarase is phosphorylated by the ATP sensor AMPactivated 

Protein Kinase (AMPK) leading to its binding to the transcription factor ATF2 and 

translocation to ATF2-regulated gene promoter regions. There, Fumarase catalyzed 

fumarate inhibits KDM2A thereby promoting histone H3K36 methylation and 

expression of genes mediating cell growth arrest (T. Wang et al., 2017). 

Therefore, in response to nutrient availability and physiological or pathological 

stimuli, the altered activity and localization of metabolic enzymes or metabolites 

regulate many essential biological functions by reprogramming gene expression.  
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Context and aims of research 

 

Cutaneous malignant melanoma is an aggressive form of skin cancer resulting 

from oncogenic transformation of melanocytes. Several recurrent somatic mutations 

were described in epidermal melanoma, the most frequent of which being BRAFV600E, 

an activating mutation found in 50-60% of tumors (Hodis et al., 2012a). Two other 

frequent alterations are activating mutations in NRAS (≈20%) and loss of function 

mutations in NF1 (≈10%). All these mutations lead to constitutive activation of the 

MAP kinase signaling pathway and melanocyte proliferation. Current models propose 

that founder BRAFV600E or NRAS mutations are first detected in benign precursor 

lesions that give rise to melanoma by accumulation of additional mutations that allow 

bypass of oncogene-induced senescence (Shain et al., 2015). Such stepwise model 

for tumor development is derived from the analyses of lesions at different stages in 

separate individuals or different regions within the same lesions. This approach was 

supported by the analyses of larger numbers of matched primary and metastatic 

lesions (Birkeland et al., 2018; Shain et al., 2018). Whole exome sequencing 

approaches allowed us to follow the dynamic clonal evolution composition and to 

identify a rare combination of driver mutations in an atypical case of epidermotropic 

metastatic melanoma. 

 

Transcription factors MITF and SOX10 play important roles in melanoma by 

driving cell proliferation (J. C. Cronin et al., 2013; Giuliano et al., 2010; Shakhova et 

al., 2012; Strub et al., 2011). MITF and SOX10 bind together at a large number of 

cis-regulatory elements, enhancers and promoters, to regulate not only genes 

involved in pigmentation, but also genes involved in DNA replication and repair as 

well as mitosis (Laurette et al., 2015). Consequently, silencing of either factor leads 

to arrested proliferation and senescence (Giuliano et al., 2010; Strub et al., 2011).   

The results of this study are described in Annexe 1 related to the following manuscript:  

 

Guillaume DAVIDSON, Sebastien COASSOLO et al. (2019) Dynamic evolution of clonal 

composition and neoantigen landscape in recurrent metastatic melanoma with a rare 

combination of driver mutations. Journal of Investigative Dermatology. 
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We show that MITF associates and coregulates a gene expression program 

with the NURF chromatin-remodelling factor whose catalytic ATPase subunit BPTF is 

essential for differentiation of adult melanocyte stem cells. ShRNA-mediated BPTF 

silencing suppresses the proliferative capacity and metastatic potential of melanoma 

cells (Dar et al., 2016; 2015; Koludrovic et al., 2015) while BPTF overexpression 

predicts poor survival in melanoma patients and promotes resistance to BRAF 

inhibitors in melanoma cell lines (Dar et al., 2015).   

Also, MITF and SOX10 interact with the PBAF chromatin remodelling complex 

whose catalytic ATPase subunit BRG1 is recruited to the nucleosomes surrounding 

the MITF and SOX10 bound cis-regulatory elements. BRG1 is essential for 

melanoma cell proliferation, and somatic Brg1 inactivation of the melanocyte lineage 

in mouse leads to loss of developing melanoblasts and the resulting animals lack 

pigmentation (Laurette et al., 2015; Marathe et al., 2017).  Given the essential but 

differing roles of BRG1/PBAF and BPTF/NuRF in human melanoma cells in vitro and 

in the normal physiology of mouse melanocytes in vivo, we addressed their 

implication in melanoma in vivo using a genetically modified mouse model. 

Further evidence for the importance of BRG1 in melanoma comes from an 

shRNA dropout screen performed by Bossi et al. where BRG1 was shown to be 

essential for the growth of Patient Derived melanoma Xenograft (PDX) (Bossi et al., 

2016). Interestingly, this screen also identified CHD3 and CHD4, the catalytic 

ATPase subunits of the NuRD complex, as essential genes for PDX growth. Our 

previous analysis of the MITF interactome in 501Mel melanoma cells also identified 

peptides for the CHD4, MTA1, MTA2 and HDAC1/2 subunits of the transcriptional 

repressor NuRD. NuRD is an epigenetic regulator of gene expression acting in many 

contexts as a co-repressor that remodels chromatin through its ATPase subunits and 

deacetylates nucleosomes through its HDAC1 and HDAC2 subunits (Bracken, Brien, 

& Verrijzer, 2019a; Laugesen & Helin, 2014; McDonel, Costello, & Hendrich, 2009). 

The results of this study are described in Annexe 2 related to the following manuscript: 

Patrick Laurette*, Sebastien COASSOLO* et al. (2019) Chromatin remodellers Brg1 and Bptf 

are required for normal gene expression and progression of oncogenic Braf-driven mouse 

melanoma. Cell Death & Differentiation.  
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Thus we investigated how CHD3 and CHD4 define chromatin organization of 

melanoma cells. 

 

The dramatic effect of CHD4 silencing on the clonogenic capacity, the 

proliferation and the morphology of melanoma cells prompted us to investigate how 

CHD4 regulates such essential functions in cancer cells.  

 

 

The results of this study are described in Article 1 related to the following manuscript:  

 

Sebastien COASSOLO, Patrick LAURETTE et al. (Unpublished) CHD3 and CHD4-containing 

NuRD complexes are essential in melanoma cells and act as co-factors for SOX10 and 

RREB1-regulated transcription.  

The results of this study are described in Article 2 related to the following manuscript:  

 

Sebastien COASSOLO, Guillaume DAVIDSON et al. (Submitted) CHD4 regulates PADI1 and 

PADI3 expression linking pyruvate kinase M2 citrullination to glycolysis and proliferation. 

 

The original submitted version is available in Annexe 3 
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ARTICLE 1 

Unpublished 

CHD3 and CHD4-containing NuRD complexes are essential in 

melanoma cells and act as co-factors for SOX10 and RREB1-

regulated transcription.  

Sebastien Coassolo, Patrick Laurette, Guillaume Davidson and Irwin Davidson. 
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Results 

 

Defining the SOX10 interactome.   

We  had previously noted the presence of CHD4 and other NuRD subunits in 

the MITF interactome (Laurette et al., 2015). Considering that much of the essential 

role of BRG1 in melanoma can be ascribed to its activity as a cofactor for MITF and 

SOX10, we further investigated the SOX10 interactome. To identify proteins 

interacting with SOX10 we performed tandem affinity purification and mass-

spectrometry as previously described for the MITF interactome (Strub et al., 2011) 

using a 501Mel cell line stably expressing Flag-HA-tagged (F-H-)SOX10. Tandem 

immunopurification of the cytoplasmic, soluble nuclear and chromatin associated 

fractions was performed along with the equivalent fractions from native 501Mel cells. 

The immunoprecipitates (IP) from the F-H-SOX10 cells comprised a complex mix of 

proteins (Fig. S1A). Mass-spectrometry identified sets of proteins specifically present 

in these fractions (Dataset S1).    

Multiple subunits of the BAF and PBAF complexes associated with SOX10 in 

the soluble nuclear and chromatin-associated fractions (Fig. S1B) including both the 

BRG1 and BRM catalytic subunits, PBAF-specific subunits, PBRM1 and ARID2, as 

well as BAF-specific subunits, ARID1A and ARID1B. Mass-spectrometry also 

identified the BPTF, SMARCA1, SMARCA5, RBBP7 and RBBP4 subunits of the 

NURF complex (Fig. S1B). The interaction of SOX10 with the BAF, PBAF and NURF 

complexes was confirmed by immunoblot of an independent tandem IP where co-

precipitation of BRM, BRG1, ARID1A, ARID2, SMARCB1, SMARCD2, SMARCE1 

and SMARCA5 with F-H-SOX10 was seen in the soluble nuclear and chromatin 

fractions (Fig. S1C). 

Many of the additional proteins interacting with SOX10 were also previously 

shown to interact with MITF (Strub et al., 2011). For example, SOX10 associated with 

CTNNB1 both in the cytoplasm and on chromatin suggesting that like MITF 

(Alexander Schepsky et al., 2006), SOX10 may use β-catenin as a cofactor as 

described in hepatocellular carcinoma (Zhou et al., 2014). Similarly, multiple proteins 

involved in DNA repair and the ubiquitin cycle such as USP7, the Pol III, the 

transcription factor TFIIIC, cohesion complex subunits or the Mini-Chromosome 

Maintenance (MCM) complex also associated with SOX10. In contrast, several 
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potential cofactors were shown to selectively associate with SOX10 such as the 

NONO-SFPQ complex (Chaoui et al., 2015), subunits of the Five Friends of 

Methylated Chtop (5FMC) complex (Fanis et al., 2012), the ILF2-ILF3 complex, and 

SON (J.-H. Kim et al., 2016). We therefore defined a SOX10 interactome in 

melanoma cells comprising a variety of chromatin remodelling complexes and 

potential co-factors. 

MITF and SOX10 interact with the NuRD complex. 

In addition to the above, multiple subunits of the NuRD chromatin remodelling 

and co-repressor complex were also detected in the F-H-SOX10 fractions. The 

ATPase subunits CHD3 and CHD4 were detected along with MTA1/2, RBBP4/7, 

HDAC1/2, MBD2/3 and GATAD2A/B (Fig. 1A). In our previous analysis of the MITF-

interactome (Laurette et al., 2015), we noted the presence of peptides for CHD4, 

MTA1/2 and HDAC1/2, while no peptides for CHD3 or the MBD subunits were 

observed and only a single peptide for GATAD2B was seen (Fig. 1A). Nevertheless, 

we examined more closely the potential interactions of MITF and SOX10 with NuRD.  

IP of CHD4 from 501Mel cell extracts precipitated CHD4, MTA1, MBD2 and 

MITF, but not CHD3 (Fig. 1B). IP of CHD3 precipitated CHD3, but not CHD4 or MITF 

(Fig. 1B and C). However, SOX10 was precipitated in both CHD3 and CHD4 IPs, but 

not in control IP (Fig. 1C). CHD3 and CHD4 were not co-precipitated and therefore 

are mutually exclusive in distinct NuRD complexes. Both complexes associate with 

SOX10 whereas MITF associates only with CHD4/NuRD complex in agreement with 

the mass-spectrometry datasets (Fig. 1A).  

To confirm the MITF-CHD4 interaction, 501Mel cells were transfected with 

vectors encoding GST-tagged MITF or GST. Cell extracts were prepared and 

captured on glutathione agarose. Using this approach, endogenous CHD4 but not 

CHD3 were captured by GST-MITF (Fig. 1D). The association was optimal at 300 

mM KCL but remained stable at higher ionic strength (Fig. 1E). These experiments 

confirmed a selective interaction of MITF with CHD4.  

Further evidence for the implication of NuRD and in particular the CHD4 

subunit came from mining of public data sets.  Examination of the TCGA melanoma 

datasets showed that both CHD3 and CHD4 are expressed at comparable levels in 

melanomas with different mutation status with a lower expression of CHD3 only seen 

in oncogenic NRAS melanomas (Fig. S2A).  In the Badal dataset (Badal, Solovyov, 
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Di Cecilia, et al., 2017) CHD4 but not CHD3 is up-regulated upon the transition from 

benign nevi to metastatic melanoma (Fig. S2B). Analyses of single cell data from 

Tirosh (Tirosh et al., 2016) showed that while CHD3 expression was weaker in 

melanoma tumour cells compared to the infiltrating B and T lymphocytes, CHD4 

expression was higher in melanoma tumours (Fig. S2C).  Those data show that both 

CHD3 and CHD4 are expressed in melanoma with CHD4 showing the highest 

expression and up-regulation during tumour progression.  Surprisingly in vitro, both 

CHD3 and CHD4 expressions are strongly downregulated in melanoma cells bearing 

a so called “mesenchymal” gene signature while both ATPases are normally 

expressed in “melanocytic” cells (Fig S2D). 

 

Genomic co-localisation of CHD4 with MITF and SOX10.   

Given the physical association of SOX10 and MITF with CHD3 and/or CHD4, 

we performed CHD3 and CHD4 ChIP-seq to define where they localize on the 

501Mel cell genome and whether they co-localize with MITF and SOX10.  We were 

unable to ChIP CHD3, but CHD4 ChIP-seq allowed us to identify more than 60’000 

binding sites distributed over the genome with enrichment at the proximal promoter 

and transcription start sites (TSS) (Fig. 2A). A large proportion of CHD4 binding sites 

also overlapped with those bound by BRG1 (Fig. 2B, Laurette et al., 2015). Extensive 

SOX10, MITF and BRG1 genomic co-localization was previously shown (Laurette et 

al., 2015). Read density heat maps aligned on the 16’000 MITF-occupied sites 

indicated that CHD4 flanked the subset of MITF binding sites that co-localized with 

SOX10 but not the other MITF sites (Fig. 2C). Read density heat maps aligned on the 

6’000 SOX10 sites as reference indicated that the vast majority of SOX10 binding 

sites were flanked by CHD4 either strongly (clusters A-C), less strongly (cluster D) or 

with only trace signal (cluster E) (Fig. 2D). Clusters A and C also showed strong 

H3K27 acetylation indicating they were active SOX10/MITF bound regulatory 

elements as previously described (Laurette et al., 2019). It is also striking to note that 

a majority of CHD4 bound nucleosomes were also bound by BRG1. We therefore 

identified a set of SOX10 binding sites with or without strong MITF occupancy that 

were flanked by nucleosomes bound by BRG1 or CHD4, a subset of which were also 

strongly labelled by H3K27ac. As CHD4 localized only at sites with SOX10 and not at 

sites where only MITF was bound we could conclude that SOX10 is determinant in 

CHD4 recruitment.  
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CHD3 and CHD4 are required for normal melanoma cell proliferation, but 

regulate distinct gene expression programs.  

To address CHD3 and CHD4 functions we performed RNA silencing in a 

collection of melanoma cell lines. Silencing was specific for each subunit as 

measured by RT-qPCR and confirmed by immunoblot (Fig. 3A-B). CHD4 silencing 

led to an upregulation of CHD3 protein levels suggesting that both subunits compete 

for assembly in NuRD. Loss of CHD3 also mildly reduced MITF expression whereas 

SOX10 expression remained unchanged (Fig. 3B). Either of the CHD3 and CHD4 

silencing led to a strong reduction of the clonogenic capacity of 501Mel and MM117 

cells (Fig. 3C). Similar effect was observed in 3 different melanoma cells lines with a 

marked increase in the number of slow or non-proliferating cells. Although the effects 

were less dramatic than seen upon MITF silencing that induces cell cycle arrest and 

senescence (Fig. 3D). Silenced cells displayed a pronounced change in morphology 

with CHD3 silencing leading to a rounder and more flattened shape in 501Mel and 

MM117 cells (Fig. 3E and Fig. S3) and a more bipolar shape with cytoplasmic 

projections in Sk-Mel-28 cells (Fig. S3). CHD4 silencing led to cytoskeleton 

reorganisation with multiple cytoplasmic projections in 501Mel cells and to frequent 

bi-nucleate cells indicative of defective mitosis together with morphological changes 

in MM117 and Sk-Mel-28 cells. Nevertheless, CHD3 and CHD4 silencing did not 

induce apoptosis nor senescence (Fig. 3F). These data showed that both CHD3 and 

CHD4 are required for normal melanoma cell proliferation with their silencing leading 

to reorganised cell morphology and appearance of defective mitoses.  

To identify the CHD3 and CHD4 regulated genes, we performed RNA-seq 

following their silencing in 501Mel cells. Consistent with the idea that CHD4/NuRD is 

a transcriptional repressor, CHD4 silencing up-regulated more than 1’000 genes with 

down-regulation of 364 genes (Fig. 4A-B and Dataset S2). In contrast, a similar 

number of genes were up or down-regulated by CHD3 silencing (Fig. 4A-B). 

Importantly, no statistically significant overlap of the two genes sets was observed. 

Ontology analyses (GSEA and David functional annotation and KEGG pathway, 

Dataset S2) of the genes de-regulated following CHD3 silencing revealed down-

regulation of genes involved in cytokine signaling, PI3K/AKT signaling as well as a 

set of glycoproteins involved in cell adhesion (Fig. 4D). Up-regulated genes were 
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involved in Notch signaling, fatty acid metabolism, cell junction and pathways in 

cancer involving protein kinase signaling (Fig.4D). In contrast, the genes up-

regulated by siCHD4 silencing revealed several highly enriched pathways. Indeed, a 

large set of cell membrane and extracellular proteins grouped under the terms apical 

surface, transmembrane and glycoprotein, and a collection of genes involved in 

RAS/MAP kinase signaling and genes regulated by STAT3 signaling are up-

regulated after siCHD4 (Fig. 4C).  In addition, CHD4 silencing up-regulated several 

cytokines and receptor tyrosine kinases (cytokine/cytokine receptor, adrenergic 

signaling), also under the later term a group of genes involved in calcium signaling 

and several ATPases including ATPases 1A3 and 1A4 (Fig. 4E). However, the down-

regulated genes did not led to any significant enrichment in functional annotation of 

KEGG pathway, with only the term MYC targets, involved in cell cycle control, 

enriched in GSEA. The de-regulated expression of several genes was confirmed by 

RT-qPCR on independent RNA samples in both 501Mel and MM117 cells (Fig. 4F-

G).  

 

CHD3/4 co-regulate a subset of SOX10 repressed genes.  

As CHD3/4 associate with MITF and/or SOX10 and at least CHD4 co-localizes 

with both on the genome, we investigated whether CHD3/4 act as co-repressors by 

comparing the genes de-regulated by the silencing of CHD3 and CHD4 with those 

regulated by MITF and SOX10. The genes regulated by MITF silencing in 501Mel 

cells were reported previously (Laurette et al., 2015; Strub et al., 2011). We did not 

find any significant overlap neither between genes regulated by MITF and those 

regulated by CHD4 with which it interacts, nor between genes regulated by both 

CHD3 and CHD4 (Fig. 5A). CHD3 and CHD4 do not therefore appear to act as co-

repressors for MITF.  

To make analogous comparisons with SOX10 regulated genes, we first 

performed RNA-seq following SOX10 silencing in 501Mel cells. As previously 

reported (J. C. Cronin et al., 2013; Shakhova et al., 2012) SOX10 silencing 

dramatically reduced cell proliferation, clonogenic capacity and strongly induced 

senescence in melanoma cells (Fig. 5B).  RNA-seq data showed that SOX10 

regulates positively or negatively more than 2’000 genes (Fig. 5D and Dataset S3).  

Ontology analyses showed that the down-regulated genes were strongly enriched in 

terms reflecting control of cell cycle and mitosis, whereas the upregulated genes 
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comprised many membrane-associated genes as well as multiple signaling pathways 

such as Wnt and Hippo (Fig. 5C). Many MITF regulated genes were similarly up- or 

downregulated by SOX10 silencing (Fig. 5D) reflecting the fact that MITF and SOX10 

bind together to a large number of regulatory elements, and that SOX10 silencing 

also leads to loss of MITF expression (Laurette et al., 2015). In contrast, a large 

number of genes were only regulated by SOX10 and not by MITF. Further 

comparison of the SOX10 and the CHD3/4 up-regulated genes allowed to identify 

274 co-regulated genes indicating that they act as co-repressors for a subset of 

SOX10-regulated genes, in particular genes that are not co-regulated by MITF (Fig. 

5E). All together, these data indicate that despite their association CHD4 does not act 

as a cofactor for MITF. Moreover, CHD3/4 only co-regulate a small subset of SOX10 

regulated genes.  

CHD3 and CHD4 associate with the transcriptional repressor RREB1 and co-

regulate a subset of its target genes.  

The above data suggested that the major functions of CHD3/4 could not be 

ascribed to their function as co-factors for MITF or SOX10. To identify other 

transcription factors that may use CHD3/4 as cofactors, we analyzed the DNA-

sequence motifs at the top 800 CHD4 bound sites. De novo motif discovery with 

MEME identified a sequence motif for transcription factor RREB1 (Ras Responsive 

Element Binding factor 1) enriched at these sites (Fig. 6A). We analyzed the same 

800 sites with a previously described motif enrichment tool (S. Joshi et al., 2017) that 

allowed to identify more than 1’000 occurrences of the RREB1 binding motif, by far 

the most enriched motif at the 800 CHD4 bound sites (Fig. 6A). Further analyses of 

all CHD4 bound sites with FIMO identified around 75’000 occurrences of the RREB1 

motif.  RREB1 is a Kruppel-like zinc-finger transcription factor that positively or 

negatively regulates gene expression downstream of RAS and other signaling 

pathways (Flajollet, Poras, Carosella, & Moreau, 2009; Kent, Fox-Talbot, & Halushka, 

2013; H. Liu et al., 2009; Melani, Simpson, Brugge, & Montell, 2008; Thiagalingam et 

al., 1996). The RREB1 locus is frequently amplified in melanoma and Fluorescence 

In Situ Hybridization (FISH) for this locus is used as part of a diagnostic tool for 

melanoma (Ferrara & De Vanna, 2016). Moreover, RREB1 was identified in a 

proteomics screen for HDAC interactors as a protein interacting with the NuRD 

subunits HDAC1 and HDAC2 (P. Joshi et al., 2014). Indeed, we co-precipitated 
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RREB1 with both CHD3 and CHD4 from melanoma cell extracts (Fig. 6B). The data 

we obtained indicate that RREB1 associates with CHD3 and CHD4 and likely recruits 

them to its binding sites in the genome although we could not fully confirm it, as the 

RREB1 antibodies were not ChIP-grade. 

RREB1 silencing in melanoma cells resulted into strongly reduced cell 

proliferation with a consequent increase of senescent cells (Fig. 6C). In addition, this 

silencing led to altered flattened and spread cell morphology characteristic of 

senescence with multiple bi-nucleate cells (Fig. 6D).  RREB1 looks therefore 

essential for normal melanoma cell proliferation. RNA-seq following RREB1 silencing 

identified 995 de-regulated genes a majority of which were up-regulated (Fig. 6F and 

Dataset S4). Up-regulated genes were enriched in several signaling pathways and in 

the apical junction category seen above in the CHD4 up-regulated genes (Fig. 6E 

and Dataset S4).  Consistent with their association, a consequent subset of CHD3/4 

regulated genes were also regulated by RREB1 particularly the CHD3 regulated 

genes (Fig. 6F).  

All together, these data showed that CHD3/4 physically associates with 

RREB1 and co-regulates a subset of RREB1 target genes.   

 

Methods 

Cell culture, siRNA silencing and expression vector transfection. 

Melanoma cell lines 501Mel and SK-Mel-28 were grown in RPMI 1640 

medium supplemented with 10% foetal calf serum (FCS). MM074 and MM117 were 

grown in HAM-F10 medium supplemented with 10% FCS, 5.2 mM glutamax and 25 

mM Hepes. Hermes-3A cell line was grown in RPMI 1640 medium (Sigma) 

supplemented with 10% FCS, 200 nM TPA, 200 pM cholera toxin, 10 ng/ml human 

stem cell factor (Invitrogen) and 10 nM endothelin-1 (Bachem).  

SiRNA knockdown experiments were performed with the corresponding ON-

TARGET-plus SMARTpools purchased from Dharmacon Inc. (Chicago, Il., USA). 

SiRNAs were transfected using Lipofectamine RNAiMax (Invitrogen, La Jolla, CA, 

USA) and cells were harvested after 72 hours. PADI1 and PADI3 expression vectors 

were transfected using X-tremeGENE™ 9 DNA Transfection Reagent (Sigma) for 48 

hours. To assess clonogenic capacity cells were counted and seeded in 6 well plates 

for 7 to 15 days.  
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Generation of 501Mel cells stably expressing F-H-SOX10. 

501Mel melanoma cells cultured in RPMI 1640 medium (Sigma, St Louis, MO, 

USA) supplemented with 10% FCS were transfected with a pCDH vector expressing 

Flag-HA-tagged human SOX10 and selected with puromycin (3 μg/ml) for several 

passages. 

Proliferation, viability and senescence analyses by flow cytometry. 

To assess proliferation after siRNA treatment cells were stained with Cell Trace 

Violet (Invitrogen) on the day of transfection. To assess cell viability cells were 

harvested 72 hours after siRNA transfection and stained with Annexin-V (Biolegend) 

following manufacturer instructions.  To assess senescence cells were treated with 

Bafilomycin A (Sigma) for 1 hour and then with C12FDG (Invitrogen) for 2 hours. Cells 

were analyzed on a LSRII Fortessa (BD Biosciences) and data were analyzed using 

Flowjo software.  

Tandem immunoaffinity purification and mass-spectrometry. 

For tandem immunoaffinity purification cells were lysed in hypotonic buffer (10 

mM Tris-HCl at pH 7.65, 1.5 mM MgCl2, 10 mM KCl) and disrupted by dounce 

homogenisation. The cytosolic fraction was separated from the nuclei pellet by 

centrifugation at 4°C. The nuclear soluble fraction was obtained by incubation of the 

pellet in high salt buffer (final NaCl concentration of 300 mM) and then separated by 

centrifugation at 4°C. To obtain the chromatin fraction, the remaining pellet was 

digested with micrococcal nuclease and sonicated. Tagged-SOX10 was 

immunoprecipitated with anti-Flag M2-agarose (Sigma), washed and eluted with Flag 

peptide (0.5 mg/mL), further purified with anti-HA antibody-conjugated agarose 

(Sigma), washed and eluted with HA peptide (1 mg/mL). Samples were concentrated 

on Amicon Ultra 0.5 mL columns (cutoff: 10 kDa, Millipore), resolved by SDS-PAGE 

and stained using the Silver 7 Quest kit (Invitrogen). Mass-spectrometry was 

performed at the Taplin Biological Mass Spectrometry Facility (Harvard Medical 

School, Boston, MA, USA). 
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Protein extraction and Western blotting. 

Whole cell extracts were prepared by the standard freeze-thaw technique 

using LSDB 500 buffer (500 mM KCl, 25 mM Tris at pH 7.9, 10% glycerol (v/v), 

0.05% NP-40 (v/v), 16 mM DTT, and protease inhibitor cocktail). Cell lysates were 

subjected to SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and proteins 

were transferred onto a nitrocellulose membrane. Membranes were incubated with 

primary antibodies in 5% dry fat milk and 0.01% Tween-20 overnight at 4 °C. 

Membranes were then incubated with HRP-conjugated secondary antibody (Jackson 

Immuno Research) for 1 hour at room temperature and visualized using the ECL 

detection system (GE Healthcare). 

Immunofluorescence. 

Staining was performed following a standard IF protocol. Briefly, cells were 

washed with PBS, fixed in freshly prepared 4% paraformaldehyde (PFA) for 10 min at 

RT and permeabilized with PBS 0.1% Triton X-100 at RT. Blocking (RT for 20 min) 

and incubations with antibodies (RT for 1 hour) were performed with 10% heat-

inactivated FCS in PBS/0.1%Triton X-100 and washes were done with PBS/0.1% 

Triton X-100 at RT. Nuclei were counterstained with freshly prepared 1 μg/mL DAPI 

in PBS for 2 min at RT and cells were mounted using the ProLong Gold antifade 

reagent of Molecular Probes.  

Chromatin immunoprecipitation and sequencing. 

CHD4 ChIP experiments were performed on 0.4% paraformaldehyde fixed and 

sonicated chromatin isolated from 501Mel cells according to standard protocols as 

previously described (Strub et al., 2011). MicroPlex Library Preparation kit v2 was 

used for ChIP-seq library preparation. The libraries were sequenced on Illumina 

Hiseq 4000 sequencer as Single-Read 50 base reads following Illumina’s 

instructions. Sequenced reads were mapped to the Homo Sapiens genome assembly 

hg19 using Bowtie with the following arguments: -m 1 --strata --best -y -S -l 40 -p 2. 

After sequencing peak detection was performed using the MACS software ((Yong 

Zhang et al., 2008), http:// liulab.dfci.harvard.edu/MACS/). Peaks were annotated 

with Homer using the GTF from ENSEMBL v75. Peak intersections were computed 

using bedtools and Global Clustering was done using seqMINER 

(http://homer.salk.edu/homer/ngs/annotation.html). De novo motif discovery was 
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performed using the MEME suite (meme-suite.org). Motif enrichment analyses were 

performed using in house algorithms based on FIMO as previously described (S. 

Joshi et al., 2017). 

RNA preparation, quantitative PCR and RNA-seq analysis. 

RNA isolation was performed according to standard procedure (Qiagen kit). 

qRT-PCR was carried out with SYBR Green I (Qiagen) and Multiscribe Reverse 

Transcriptase (Invitrogen) and monitored using a LightCycler 480 (Roche). 

RPLP0 gene expression was used to normalize the results. Primer sequences for 

each cDNA were designed using Primer3 software and are available upon request. 

RNA-seq was essentially performed as previously described (Laurette et al., 2019). 

Gene ontology analyses were performed with the Gene Set Enrichment Analysis 

software GSEA v3.0 using the hallmark gene sets of the Molecular Signatures 

Database v6.2 and the functional annotation clustering function of DAVID. 

Figure legends 

Figure 1. Association of MITF and SOX10 with NuRD. A. Number of PSMs for the 

different NuRD subunits found in the MITF and SOX10 interactomes. B. Immunoblots 

showing results of immunoprecipitations against CHD3 or CHD4 from 501Mel cell 

extracts. The detected proteins are indicated. C. Co-precipitation of SOX10 with 

CHD3 and CHD4.  D and E. Extracts from cells transfected with GST-MITF 

expression and captured on GST-agarose. The eluted proteins were detected with 

antibodies against GST, CHD3 or CHD4. Agarose beads were washed with the 

indicated KCl concentrations (mM) before elution and detection on immunoblot. 

Figure 2. Genomics colocalization of CHD4 with MITF and SOX10. A. Genomic 

distribution of CHD4 bound sites. B. Venn diagrams showing overlap between CHD4 

and BRG1. C. Read density maps of the indicated factors at the 16763 MITF 

occupied sites in 501Mel cells. D. Read density maps of the indicated factors at the 

5997 SOX10 occupied sites in 501Mel cells. Lower panel schematizes binding of 

BRG1 and CHD4 on nucleosomes surrounding the MITF and SOX10 bound 

regulatory elements. 
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Figure 3. CHD3 and CHD4 are required for normal melanoma cell proliferation.  

A-B. 501Mel cells were transfected with the indicated siRNAs. The CHD3 and CHD4 

expression was evaluated by RT-qPCR or immunoblot along with that of MITF and 

SOX10. C. The indicated cell lines were transfected with siRNA. After reseeding the 

number of colonies was counted after 15 days. D. The indicated cell lines were 

transfected with siRNAs. Cell proliferation was evaluated by cell trace violet assay. E. 

Cells transfected with siRNAs were immunostained with antibody against β-tubulin 

and nuclei counterstained with DAPI (magnification x200). F. The indicated cell lines 

were transfected with siRNA. Apoptosis was detected by FACs after labelling with 

Annexin-V. For all experiments: n=3, statistical unpaired t-tests analyses were 

performed by Prism 5 with a confidence interval of 95%. 

P-values: *= p<0.05; **= p<0.01;  ***= p<0.001. 

 

Figure 4. CHD3 and CHD4 regulate distinct gene expression programs. A-B. 

RNA-seq was performed on triplicate samples of 501Mel cells after siRNA 

transfection. Genes up or down-regulated based on Log2 fold-change >1/<-1 with an 

adjusted p-value <0.05 were identified. Venn diagrams show an overlap between the 

CHD3 and CHD4 regulated genes along with the hypergeometric probability 

Representation Factor (RF) in this case non-significant. C-D. Ontology analyses of 

CHD3 and CHD4 regulated genes. The enrichment scores for GSEA are shown as 

well as the David functional enrichment and KEGG pathway categories. E. Examples 

of CHD4 up-regulated genes of the indicated categories. F-G. Verification of 

deregulated expression of the selected indicated genes in independent RNA samples 

from 501Mel or MM117 cells.  

 

Figure 5. CHD3 and CHD4 do not appear to act as cofactors for MITF. A. Venn 

diagrams showing the overlap between MITF regulated genes and those regulated 

collectively by CHD3 and CHD4 with a non-significant hypergeometric 

Representation Factor (RF). B. Number of slow proliferating and senescent cells 

following SOX10 silencing. C. Ontology of SOX10 regulated genes analyzed by 

GSEA, David functional enrichment and KEGG pathway. D. Venn diagrams showing 

overlap between MITF and SOX10 regulated genes with a significant hypergeometric 

Representation Factor (RF). E. Venn diagrams showing overlap between SOX10 and 
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CHD3/4 regulated genes with a weakly significant hypergeometric Representation 

Factor (RF). 

Figure 6. CHD4 acts as a cofactor for RREB1. A. The RREB1 binding motif 

defined by JASPAR is strongly enriched at the top 800 CHD4 binding sites as 

detected by MEME and a motif enrichment algorithm. B. Immunoblot showing co-

precipitation of endogenous RREB1 with CHD3 and CHD4 under the indicated KCl 

concentrations (mM).  C. SiRNA mediated RREB1 silencing induces slowed cell 

growth and senescence. In all experiments: n=3, statistical unpaired t-tests analyses 

were performed by Prism 5 with a confidence interval of 95%. P-values: ***= 

p<0.001. D. SiRNA mediated RREB1 silencing leads to altered cell morphology 

showed by staining with antibody to β-tubulin and counterstaining of nuclei with DAPI 

(magnification x200). E. Ontology analyses of RREB1 regulated genes. The 

enrichment scores for GSEA are shown as well as the David functional enrichment 

and KEGG pathway categories.  F. Venn diagrams show overlap between RREB1 

and CHD3 and between RREB1 and CHD4 regulated genes along with the 

significant hypergeometric probability Representation Factor (RF).  

Legends to Supplementary Figures and Tables. 

Supplementary Figure 1. The SOX10 interactome. A. Silver nitrate staining of an 

SDS PAGE gel showing the proteins precipitated from the chromatin-associated (Ch) 

soluble nuclear (Sn) and cytoplasmic (Cy) fraction of Flag-HA-SOX10 (FH) or native 

501Mel (C) cells. B. Heatmap showing the number of peptides found in IPs from the 

indicated fractions of F-H-SOX10 cells. The identified proteins are grouped into 

known complexes and functions.  C. Immunoblots verifying the specificity of the 

interactions of the indicated proteins in an independent series of tandem IPs from the 

indicated cells and fractions.   

Supplementary Figure 2. CHD3 and CHD4 expression in melanoma. A. CHD3 

and CHD4 expression in melanoma from the TCGA database carrying the indicated 

mutations. B. CHD3 and CHD4 expression in nevi and melanoma from the Badal et 

al. dataset. C. CHD3 and CHD4 expression in melanoma cells and infiltrating 

immune cells in three analyzed tumors of the Tirosh et al. dataset. D. Immunoblot 
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showing CHD3 and CHD4 expression in “melanocytic” versus “mesenchymal” 

melanoma cell lines. 

Supplementary Figure 3. CHD3 and CHD4 silencing impacts melanoma cell 

morphology. Each panel shows phase contrast microscopy of the indicated cells 

lines after CHD3 or CHD4 silencing (magnification x200).  

Supplementary Dataset 1.  The number of peptides detected for each protein in 

each fraction after tandem affinity immunoprecipitation from F-H-SOX10 cells is 

indicated.  

Supplementary Dataset 2.  Summary of RNA-seq results following CHD3 or CHD4 

silencing in 501Mel cells. Gene names, description fold change, p-values and 

adjusted p-values are shown. As indicated other pages on the spreadsheet show the 

ontology analyses of each gene set. 

Supplementary Dataset 3.  Summary of RNA-seq results following SOX10 

silencing. In 501Mel cells. Gene names, description, fold change, p-values and 

adjusted p-values are shown. As indicated other pages on the spreadsheet show the 

ontology analyses of each gene set. 

Supplementary Dataset 4.  Summary of RNA-seq results following RREB1 

silencing. In 501Mel cells. Gene names, description, fold change, p-values and 

adjusted p-values are shown. As indicated other pages on the spreadsheet show the 

ontology analyses of each gene set. 
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Results 

CHD4 regulates MAP kinase signaling and glycolysis. 

The observations that CHD4 silencing regulates genes associated with RAS 

signaling and up-regulates a set of growth factors and receptor tyrosine kinases 

(Article 1,Fig. 4C-D), some of which being co-regulated by RREB1 (Article 1,Fig. 6F), 

led us to investigate whether CHD4 silencing modulates the MAP-kinase signaling.  

CHD4 silencing in 3 melanoma cell lines resulted in a strong increase in 

phospho-ERK1/2 while no activation of the AKT signaling was seen (Fig. 1A).  MAP-

kinase signaling can activate several downstream pathways amongst which mTOR. 

We observed that mTOR S2448 phosphorylation concomitantly increased with that of 

phospho-ERK1/2 after siCHD4 (Fig. 1A).  mTOR activation can stimulate glycolysis, 

a critical source of energy in cancer cells.  To elucidate whether CHD4 silencing 

alters glycolysis we profiled melanoma cell metabolism in real time using the 

Seahorse instrument. The measured metabolic parameters of several melanoma cell 

lines showed that CHD4 silencing increases the basal OCR (Oxygen Consumption 

Rate) and ECAR (Extracellular Acidification Rate) and also markedly increased 

maximum OCR and ECAR (Fig. 1B-D). The Increased ECAR was blocked using 2-

deoxy-D-glucose (2-DG) confirming that the higher acidification was due to increased 

glycolysis (Fig. 1D). CHD4 silencing decreased the OCR/ECAR ratio due to the 

increased ECAR values. However, the mitochondrial metabolism might be affected 

as observed by the increase of basal OCR and the ROS lipid peroxidation product 4-

hydroxy-2-nonenal (HNE) after siCHD4 (Fig.1E) (Breitzig, Bhimineni, Lockey, & 

Kolliputi, 2016). 

Increased glycolysis and lactic acid production diverts pyruvate from oxidative 

metabolism that generates more ATP per glucose molecule. In agreement with this, 

CHD4 silencing led to decreased intracellular ATP levels and increased 

phosphorylation of the ATP/ADP sensor AMPK (Fig. 1A). Hence, the decreased cell 

proliferation seen upon CHD4 silencing can be at least partially accounted for by 

hyper-activation of the glycolytic pathway leading to reduced overall ATP production. 

Such increased glycolysis can also deplete cells from metabolite intermediates 

produced during this process that are necessary for synthesis of amino acids, lipids 
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and nucleotides further accounting for diminished proliferation (Icard, Fournel, Wu, 

Alifano, & Lincet, 2019). 

CHD4 regulates expression of the PADI1 and PADI3 enzymes that citrullinate 

PKM2. 

While activation of MAP-kinase and mTOR may contribute to increased 

glycolysis, we identified an additional pathway that strongly regulates glycolysis. 

Amongst the genes potently up-regulated by CHD4 silencing are PADI1 (Protein 

Arginine Deiminase 1) and PADI3 encoding enzymes that convert arginine to 

citrulline (Bicker & Thompson, 2013) (Fig S1A). In all tested melanoma lines, the 

expression of PADI3 was almost undetectable and potently activated by CHD4 

silencing, whereas PADI1 had a low basal level that were also strongly increased by 

CHD4 silencing (Fig. S1B). Increased PADI1 and PADI3 protein levels were also 

seen following CHD4 silencing (Fig. S1C).  

The genes encoding the PADI enzymes cluster together with PADI1 and 

PADI3 located next to each other (Fig. S1D). ChIP-seq in melanoma cells revealed 

that CHD4 binds together with transcription factors CTCF and FOSL2 (AP1) to an 

intronic regulatory element in PADI1 that is predicted to regulate both the PADI1 and 

PADI3 genes (Fig. S1D). This element is marked by H2AZ, H3K4me1, BRG1 and 

ATAC-seq for open chromatin, but not by the lineage specific transcription factors 

MITF and SOX10. 

To identify potential substrates of these enzymes in melanoma cells, we 

prepared protein extracts from siC and siCHD4 cells, performed IP with a pan-

citrulline antibody and analyzed the precipitated proteins by mass-spectrometry (Fig. 

2A). Following CHD4 silencing, an increased total number of Peptide Spectral 

Matches (PSMs) and PSMs for citrullinated peptides were detected for a set of 

predominantly cytoplasmic proteins including tubulins, multiple 14-3-3 proteins and 

enzymes of the glycolytic pathway PFKP, HK1/2, GAPDH, ALDOA/C, ENO1/2 and 

PKM2 (Fig. 2B-D and Dataset S1).  

We focused our attention on PKM2, a highly regulated enzyme playing a 

central role in the control of glycolysis. PKM2 converts Phospho-Enol-Pyruvate (PEP) 

into pyruvate that can then be converted to lactic acid. 

To confirm the increased PKM2 citrullination, melanoma cells were transfected 

with siC, siCHD4 or PADI1 and PADI3 expression vectors to ectopically express the 
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enzymes (Fig. 2E). The resulting cell extracts were precipitated with pan-citrulline 

antibody and the precipitated PKM2 assessed by immunoblot. CHD4 silencing or 

PADI1 and PADI3 expression did not affect overall PKM2 levels compared to cells 

transfected with siC or empty expression vector (EV, Fig. 2F).  However, after pan-

citrulline IP, strongly increased amounts of PKM2 were observed following siCHD4 

compared to siC in both 501Mel and MM117 cells (Fig. 2G). Furthermore, increased 

amounts of PKM2 were also recovered after expression of PADI1 and PADI3 and 

particularly upon expression of both enzymes (Fig. 2H). These data show that PADI1 

and PADI3 strongly stimulate PKM2 citrullination.  

PADI1 and PADI3 are necessary and sufficient for increased glycolytic flux. 

We next investigated if PADI1 and PADI3 expression alters glycolysis. The 

increased glycolysis seen upon CHD4 silencing was strongly reduced when PADI1 

and PADI3 were additionally silenced (Fig. 3A). Moreover, exogenous expression of 

PADI1, PADI3 or both also stimulated glycolysis (Fig. 3B). PADI1 and PADI3 are 

therefore necessary and sufficient for increased glycolysis. Consistent with this 

observation, PADI1/3 expression led to reduced intracellular ATP levels, increased 

levels of phosphorylated AMPK and decreased cell proliferation (Fig. 3C). Analogous 

results were seen in a second melanoma cell line (Fig. 3D-F). These data showed 

that CHD4 silencing de-repressed PADI1 and PADI3 expression leading to increased 

citrullination of several enzymes of the glycolytic pathway in particular PKM2 one of 

the rate limiting enzymes thus leading to increased glycolytic flux.     

Interestingly, ectopic PADI1/3 expression also induced activation of the 

MAPkinase pathway through ERK phosphorylation, suggesting that PADs induction 

by CHD4 silencing could partially regulates glycolysis via MAPkinase and mTOR 

pathway regulation (Fig.3 G).    

It was previously shown that the treatment of melanoma cells with BRAF 

inhibitors involves metabolic reprogramming with strongly reduced glycolysis 

(Parmenter et al., 2014). Moreover, their dependence on glycolysis sensitizes 

melanoma cells to the effects of BRAF inhibition (Hardeman et al., 2017). 

Consistently, CHD4 silencing or ectopic PADI1/3 expression sensitized Sk-Mel-28 

cells to the effects of the BRAF inhibitor Verumafenib (Fig.3H). Hence, by regulating 

118



PADI1/3 expression and glycolysis, CHD4 modulates melanoma cell sensitivity to 

BRAF inhibition.   

CHD4 regulates PADI1 and PADI3 expression and glycolysis in a variety of 

cancer cells.  

As aforementioned, CHD4 may regulate PADI1/3 expression not via 

melanoma-specific factors but via the more ubiquitous CTCF and therefore, may also 

regulate PADI1/3 expression in non-melanoma cancer cells.  CHD4 silencing in SiHa 

cervical carcinoma cells led to a strong reduction of their clonogenic capacity (Fig. 

S2A) as well as a potent increase of PADI3 expression, but did not affect basal 

PADI1 expression (Fig. S2B) and stimulated glycolysis (Fig. S2C-D). Moreover, 

glycolysis was increased by ectopic PADI1/3 expression that led to reduce the 

OCR/ECAR ratio and ATP levels (Fig. S2E-G).  

In HeLa cells, CHD4 silencing also reduced their clonogenic capacity and both 

PADI1 and PADI3 expression were potently induced while glycolysis was stimulated 

by both CHD4 silencing and ectopic PADI1/3 expression (Fig. S2H-J).   

Analogous results were observed in two renal carcinoma cell lines (Fig. S2K-

R). CHD4 silencing potently induced both PADI1 and PADI3 expression and 

glycolysis was stimulated by both CHD4 silencing and ectopic PADI1/3 expression 

decreasing the clonogenic capacity and proliferation of those carcinoma cell lines 

(Fig. S2K-R).  

 Therefore, in all tested cell lines CHD4 silencing induced PADI1 and/or PADI3 

expression and increased glycolysis that was also stimulated by ectopic PADI1/3 

expression. CHD4 repression of PADI1/3 expression and citrullination represent 

therefore a more general mechanism for regulation of glycolysis and cell physiology 

in cancer cells.  

Citrullination of arginines reprograms PKM2 allosteric regulation at a structural 

level. 

In contrast to PKM1, PKM2 activity is positively regulated by serine (Ser), 

Fructose 1, 6-BiPhosphate (FBP) and SuccinylAminoImidazole-CarboxAmide 

Riboside (SAICAR) and negatively regulated by Tryptophan (Trp), Phenylalanine 

(Phe) and Alanine (Ala), thus coupling the glycolytic flux to the level of critical 
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intermediate metabolites (Chaneton et al., 2012; Christofk, Vander Heiden, Wu, et 

al., 2008; Kirstie E. Keller, 2012; O’Neill et al., 2013).  

Allosteric regulation involves three distinct enzyme conformations (Fig. S3A). 

In the apo (resting) state and in the absence of any small molecules and ions, the 

PKM2 N-terminal and A domains adopt an active conformation, but the B domain 

remains in an inactive conformation. In the activated R-state, binding of FBP or Ser 

and magnesium stabilizes the N and A domains in their active conformation and 

rotates the B domain towards the A domain that together form the active site. In the 

inactive T-state, upon binding of inhibitors (Trp, Ala and Phe), the B domain retains 

an active conformation but the N and A domains undergo structural changes that 

prevent FBP binding and disorganize the active site. The structural changes 

observed between the different PKM2 states are reinforced allosterically by 

organisation into a tetramer that is essential for enzyme function.  

In siCHD4 extracts, enhanced citrullination of 3 arginine residues, R106, R246 

and R489 that play important roles in allosteric regulation of PKM2 was identified by 

mass-spectrometry due to their altered mass/charge ratio (Fig. 2C).  

R489 is directly involved in FBP binding with bidentate interactions between its 

guanidino group and the FBP 1’ phosphate group (Fig. S3B). Mutation of R489 was 

shown to prevent FBP binding and attenuate activation of PKM2 by FBP 

(Macpherson et al., 2019; Morgan et al., 2013). Therefore, loss of R489 side chain 

charge upon citrullination diminishes or potentially prevents FBP binding, reinforcing 

PKM2 allosteric regulation by the free amino acids. 

In the apo state, R246 forms salt bridges between its guanidino group and the 

main chain carboxyl groups of V216 and L217 at the pivotal point where the B 

domain moves between its active and inactive conformations (Dombrauckas, 

Santarsiero, & Mesecar, 2005) (Fig. S3C). This interaction is not observed in the R- 

and T-states and hence contributes to maintaining the inactive B domain 

conformation in the apo state. R246 citrullination may strongly weaken or abolish the 

interaction with V216 and L217 facilitating the release of the B domain from its 

inactive conformation to form the active site. 

R106 participates in the free amino acid binding pocket. In the apo state R106 

mostly faces the solvent but upon free amino acid binding R106 rotates towards the 

pocket and its guanidino group interacts with the carboxylate group of the bound 
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amino acid and the main chain carbonyl of A domain P471 [(Chaneton et al., 2012; 

Morgan et al., 2013; Yuan et al., 2018)and Fig. 4A]. Ser binding increases the 

hydrogen bond network formed between the N and A domains thus stabilizing their 

active conformations, whereas upon Trp, Phe, or Ala binding their hydrophobic side 

chain causes displacement of the N-domain outwards, away from the A domain, 

leading to the allosteric changes that characterize the inactive T-state.  

Transition between the R- and T-states is finely regulated by changes in the 

relative concentrations of Ser versus Trp, Ala and Phe that compete for binding to the 

pocket (Yuan et al., 2018). Loss of R106 positive side chain charge upon citrullination 

weakens its interaction with the free amino acids. We postulate that Ser binding is 

weakly affected due to its extended network of hydrogen bonds within the pocket and 

since it does not modify the active conformations of the N and A domains. In contrast, 

hydrophobic amino acids induce important structural changes within the N and A 

domains and hence their binding may be more affected by the weaker interaction 

with citrullinated R106. Consequently, R106 citrullination may lead to a change in the 

relatively affinity for Ser compared to Trp, Ala and Phe thereby weakening their 

inhibitory effect and reinforcing activation by Ser. 

To verify the above hypothesis, we elucidated whether citrullination could 

bypass the requirement for Ser as an allosteric activator. On one hand, when cells 

were grown in the absence of Ser, basal glycolysis was reduced and no longer 

stimulated upon siCHD4 or PADI1/3 expression (Fig. 4B). On the other hand, 

exogenous Ser stimulated basal glycolysis was not further increased by siCHD4 (Fig. 

4C). In contrast, in the presence of exogenous Trp, basal glycolysis was reduced but 

remained stimulated by siCHD4 and PADI1/3 expression (Fig. 4D). Similarly, 

glycolysis was stimulated by siCHD4 in the presence of increased Phe 

concentrations (Fig. 4E), an effect that was particularly visible in MM117 cells where 

basal glycolysis was strongly inhibited by Phe but still stimulated upon siCHD4 (Fig. 

4F). PADI1/3 expression also stimulated glycolysis in presence of exogenous Ala 

(Fig. 4G). 

PKM2 citrullination did not therefore bypass the requirement for Ser, but 

strongly diminished inhibition by Trp, Phe or Ala, consistent with the postulate that 

R106 citrullination more strongly affected Trp/Phe/Ala than Ser hence modifying the 

equilibrium between the allosteric activator and inhibitors in favor of the activator Ser.  
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Methods 

Cell culture, siRNA silencing and expression vector transfection. 

Melanoma cell lines 501Mel and SK-Mel-28 were grown in RPMI 1640 

medium supplemented with 10% foetal calf serum (FCS). MM074 and MM117 were 

grown in HAM-F10 medium supplemented with 10% FCS, 5.2 mM glutamax and 25 

mM Hepes. Hermes-3A cell line was grown in RPMI 1640 medium (Sigma) 

supplemented with 10% FCS, 200 nM TPA, 200 pM cholera toxin, 10 ng/ml human 

stem cell factor (Invitrogen) and 10 nM endothelin-1 (Bachem). HeLa cells were 

grown in Dulbecco’s modified Eagle’s medium supplemented with 10% FCS. SiHA 

cells were grown in EAGLE medium supplemented with 10% FCS, 0.1 mM non-

essential amino acids and 1mM sodium pyruvate. UOK cell lines were cultured in 

DMEM medium (4.5 g/L glucose) supplemented with 10% heat-inactivated FCS and 

0.1 mM AANE. 

SiRNA knockdown experiments were performed with the corresponding ON-

TARGET-plus SMARTpools purchased from Dharmacon Inc. (Chicago, Il., USA). 

SiRNAs were transfected using Lipofectamine RNAiMax (Invitrogen, La Jolla, CA, 

USA) and cells were harvested after 72 hours. PADI1 and PADI3 expression vectors 

were transfected using X-tremeGENE™ 9 DNA Transfection Reagent (Sigma) for 48 

hours. To assess clonogenic capacity cells were counted and seeded in 6 well plates 

for 7 to 15 days. 

Proliferation, viability and senescence analyses by flow cytometry. 

To assess proliferation after siRNA treatment cells were stained with Cell 

Trace Violet (Invitrogen) on the day of transfection. To assess cell viability cells were 

harvested 72 hours after siRNA transfection and stained with Annexin-V (Biolegend) 

following manufacturer instructions. To assess senescence cells were treated with 

Bafilomycin A (Sigma) for 1 hour and then with C12FDG (Invitrogen) for 2 hours. Cells 

were analyzed on a LSRII Fortessa (BD Biosciences) and data were analyzed using 

Flowjo software. 
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ATP measurement. 

ATP concentrations were determined 72 hours after siRNA transfection using 

a method based on the luminescent ATP detection system (Abcam, ab113849) 

following the manufacturer’s instructions. 

 

Protein extraction and Western blotting. 

Whole cell extracts were prepared by the standard freeze-thaw technique 

using LSDB 500 buffer (500 mM KCl, 25 mM Tris at pH 7.9, 10% glycerol (v/v), 

0.05% NP-40 (v/v), 16 mM DTT, and protease inhibitor cocktail). Cell lysates were 

subjected to SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and proteins 

were transferred onto a nitrocellulose membrane. Membranes were incubated with 

primary antibodies in 5% dry fat milk and 0.01% Tween-20 overnight at 4 °C. 

Membranes were then incubated with HRP-conjugated secondary antibody (Jackson 

Immuno Research) for 1 hour at room temperature and visualized using the ECL 

detection system (GE Healthcare). 

 

Mass spectrometry and analysis. 

Mass-spectrometry was performed at the IGBMC proteomics platform 

(Strasbourg, France). Samples were reduced, alkylated and digested with LysC and 

trypsin at 37°C overnight. Peptides were then analyzed with a nanoLC- MS/MS 

system (Ultimate nano-LC and LTQ Velos ion trap, Thermo Scientific, San Jose, CA, 

USA). Briefly, peptides were separated on a C18 nano-column with a 1 to 30 % linear 

gradient of acetonitrile and analyzed in a TOP20 CID data-dependent MS method. 

Peptides were identified with SequestHT algorithm in Proteome Discoverer 2.2 

(Thermo Fisher Scientific) using Human Swissprot database (20’347 sequences). 

Precursor and fragment mass tolerance were set at 0.9 Da and 0.6 Da respectively. 

Trypsin was set as enzyme and up to 2 missed cleavages were allowed. Oxidation 

(M) and Citrullination (R) were set as variable modifications and Carbamido 

methylation (C) as fixed modification. Peptides were filtered with a 1 % FDR (false 

discovery rate) on peptides and proteins. For statistical analyses data were re-

analyzed using Perseus (Tyanova et al., 2016). 
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Immunofluorescence. 

Staining was performed following a standard IF protocol. Briefly, cells were 

washed with PBS, fixed in freshly prepared 4% paraformaldehyde (PFA) for 10 min at 

RT and permeabilized with PBS 0.1% Triton X-100 at RT. Blocking (RT for 20 min) 

and incubations with antibodies (RT for 1 hour) were performed with 10% heat-

inactivated FCS in PBS/0.1%Triton X-100 and washes were done with PBS/0.1% 

Triton X-100 at RT. Nuclei were counterstained with freshly prepared 1 μg/mL DAPI 

in PBS for 2 min at RT and cells were mounted using the ProLong Gold antifade 

reagent of Molecular Probes.  

RNA preparation, quantitative PCR and RNA-seq analysis. 

RNA isolation was performed according to standard procedure (Qiagen kit). 

qRT-PCR was carried out with SYBR Green I (Qiagen) and Multiscribe Reverse 

Transcriptase (Invitrogen) and monitored using a LightCycler 480 (Roche). 

RPLP0 gene expression was used to normalize the results. Primer sequences for 

each cDNA were designed using Primer3 Software and are available upon request. 

RNA-seq was essentially performed as previously described (Laurette et al., 2019). 

Gene ontology analyses were performed with the Gene Set Enrichment Analysis 

software GSEA v3.0 using the hallmark gene sets of the Molecular Signatures 

Database v6.2 and the functional annotation clustering function of DAVID. 

Analysis of oxygen consumption rate (OCR) and glycolytic rate (ECAR) in 

living cells. 

The ECAR and OCR were measured in an XF96 extracellular analyzer 

(Seahorse Bioscience). A total of 20’000 cells per well were seeded and transfected 

by siRNA or expression vector for 72 and 24h hours prior the experiment, 

respectively. Cells were incubated in a CO2-free incubator at 37°C and the medium 

was changed to XF base medium supplemented with 1 mM pyruvate, 2 mM 

glutamine and 10 mM glucose for 1 hour before measurement.  For OCR profiling 

cells were sequentially exposed to 2 µM oligomycin, 1 µM carbonyl cyanide-4-

(trifluorome- thoxy) phenylhydrazone (FCCP) and 0.5 µM rotenone and antimycin A. 

For ECAR profiling cells were sequentially exposed to 2 µM oligomycin and 150 mM 

2-deoxyglucose (2-DG). After measurement cells were washed with PBS, fixed with 

3% PFA, permeabilized with 0.2% triton. Nuclei were counterstained with Dapi 
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(1:500) and number of cells per well calculated by the IGBMC High Throughput Cell-

based Screening Facility (HTSF, Strasbourg, France). L-Phe (Sigma, P2126), L-Trp 

(Sigma T0254), L-Ala (Sigma A7627) or L-Ser (Sigma S4500) were added to the 

complete medium and the refreshed XF base medium prior the experiment. 

    

Figure legends 

Figure 1. CHD4 silencing stimulated MAP kinase signaling and glycolysis. A. 

Immunoblots showing stimulation of ERK1/2, MTOR and AMPK phosphorylation, but 

not AKT phosphorylation following CHD4 silencing. Right panel shows the 

intracellular ATP levels measured under the same conditions. In all experiments: 

n=3, statistical unpaired t-tests analyses were performed by Prism 5 with a 

confidence interval of 95%. P-values: ***= p<0,001. B. Effect of CHD4 silencing on 

the basal and maximal OCR values in 501Mel cells.  C. Effect of CHD4 silencing on 

the basal OCR/ECAR ratio in the indicated cell types. D. Effect of CHD4 silencing on 

the basal and maximal ECAR values in 501Mel cells and the basal ECAR values in 

the indicated cell types. In all experiments: n=6 with 6 technical replicates for each 

experiment. Statistical unpaired t-tests analyses were performed by Prism 5 with a 

confidence interval of 95%. P-values: *= p<0.05; **= p<0.01; ***= p<0.001. E. Cells 

transfected with siRNAs were immunostained with antibody against HNE and nuclei 

counterstained with DAPI (magnification x200). Right panels show quantifications of 

stained cells for each condition in two melanoma cell lines. 

 

Figure 2. CHD4 silencing increases citrullination in 501Mel cells. A. Silver nitrate 

staining of an SDS PAGE gel shows the proteins precipitated from SiC and SiCHD4 

following immunoprecipitation with a pan-citrulline antibody B. Increases in number of 

total and citrullinated PSMs upon CHD4 silencing following immunoprecipitation with 

a pan-citrulline antibody. C. Volcano plot showing proteins with increased or 

decreased total PSMs after CHD4 silencing and immunoprecipitation with a pan-

citrulline antibody. Lower table shows PKM2 peptides with increased citrullination 

after CHD4 silencing and immunoprecipitation with a pan-citrulline antibody. D. 

Increased recovery of glycolytic enzymes following CHD4 silencing and 

immunoprecipitation with a pan-citrulline antibody. E. Immunoblot showing 

expression of recombinant PADI1 and PADI3 in cells transfected with the 

corresponding expression vectors or the Empty Vector (EV).  F. Immunoblot showing 
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expression of PKM2 in cells after CHD4 silencing or transfection with the PADI1 and 

PADI3 vectors in the cell extracts used for immunoprecipitation with a pan-citrulline 

antibody. G. Immunoblots of PKM2 in the pan-citrulline immunoprecipitates from 

501Mel or MM117 cells. H. Immunoblot showing PKM2 in the pan-citrulline 

immunoprecipitates after transfection with the PADI1 and PADI3 expression vectors. 

Figure 3. PADI1 and PADI3 are necessary and sufficient for increased ECAR 

(glycolysis). A-B. ECAR values in 501Mel cells following transfection with the 

indicated siRNAs or expression vectors.  C. Intracellular ATP levels following CHD4 

silencing or PADI1/3 expression and cell proliferation evaluated by cell trace violet 

assay.  The lower panel shows AMPK phosphorylation in extracts from the same 

cells. D-F. ECAR values and intracellular ATP levels in MM117 cells following 

transfection with the indicated siRNAs or expression vectors.  G. Immunoblots 

showing phosphorylation of ERK from 501Mel cell extracts transfected with PADI1/3 

or the Empty Vector (EV). H. Percentages of viable Sk-mel-28 cells after a 72 hours 

of transfection with the indicated siRNAs or after 24 hours of transfection with 

expression vectors in the presence of the indicated concentrations of BRAFi 

Vemurafinib for 72 hours.  In all experiments: n=3, statistical unpaired t-tests 

analyses were performed by Prism 5 with a confidence interval of 95%. P-values: P-

values: *= p<0.05; **= p<0.01; ***= p<0.001. 

Figure 4. PKM2 citrullination diminishes allosteric inhibition by Phe/Ala/Trp. A. 

Close up view of free Ser and Phe interactions within the free amino acid binding 

pocket in the Apo, R-active and T-inactive states with a superposition of the three 

structures. All residues displayed are shown as sticks. In the superposition, the 

peptide bearing R43 is represented as ribbon to show the allosteric changes created 

upon Phe binding. Colour coding is as in Fig. S3. Salt bridges and hydrogen bonds 

are shown as dashed lines. For clarity, the side chain of Phe 470, which stacks on 

R106 side chain, is not displayed. B. ECAR values in presence of exogenous Ser or 

absence of Ser after CHD4 silencing or PADI1/3 expression in 501Mel or MM117 

cells; NM = normal medium. C. ECAR values in presence of increased exogenous 

Ser with or without CHD4 silencing in 501Mel cells. D-E. ECAR values in presence of 

exogenous Trp or Phe with or without CHD4 silencing or PADI1/3 expression in 

501Mel cells. F. ECAR values in presence of exogenous Phe with or without CHD4 
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silencing in MM117 cells. G. ECAR values in presence of exogenous Ala with or 

without PADI1/3 expression in 501Mel cells. In all experiments ECAR values were 

determined from N=6 with 6 technical replicates for each N. Unpaired t-test analysis 

were performed by Prism 5. P-values: *= p<0,05; **= p<0,01; ***= p<0,001.  

Legends to Supplementary Figures and Tables. 

Supplementary Figure 1. CHD4 represses PADI1 and PADI3 expression. A-B. 

Changes in PADI1 and PADI3 expression in the indicated cells lines following CHD4 

silencing shown by RNA-seq and RT-qPCR. In all experiments: n=3, statistical 

unpaired t-tests analyses were performed by Prism 5 with a confidence interval of 

95%. P-values: *= p<0.05; **= p<0.01; ***= p<0.001.C. Immunoblot showing 

increased PADI1 and PADI3 protein expression following CHD4 silencing. D. CHD4 

CTCF and FOSL2 co-occupy a regulatory element at the PADI1-PADI3 locus. 

Screenshot of UCSC genome browser at the PADI1-PADI3 locus showing the 

indicated ChIP-seq data. Arrows highlight the putative cis-regulatory elements 

occupied by CTCF, FOSL1 and CHD4 and marked by ATAC-seq, H3K4me1, BRG1 

and H2AZ. The following data sets were used: H3K4me1 GSM2476344; ATAC 

GSM2476338; FOSL2 GSM2842801; TEAD4 GSM2842802 (27). Other data are 

from CHD4 Chip-seq (Article 1) or Laurette et al., 2015.  

Supplementary Figure 2. Citrullination regulates glycolysis and proliferation in 

multiple types of cancer cells. A. Diminished clonogenicity of SiHA cells following 

CHD4 silencing. B. PADI1 and PADI3 expression in SiHA cells following CHD4 

silencing. C-D. Basal and maximal glycolysis in SiHA cells following CHD4 silencing. 

E. Glycolysis in SiHA cells following PADI1/3 expression. F. OCR/ECAR ratio in SiHA 

cells following CHD4 silencing or PADI1/3 expression. G. Intracellular ATP levels in 

SiHA cells following CHD4 silencing. H-J. Clonogenicity, PADI1, PADI3 expression 

and glycolysis in HeLa cells following CHD4 silencing or PADI1/3 expression as 

indicated. K-N. Clonogenicity, cell trace assay, PADI1, PADI3 expression and 

glycolysis in UOK-109 translocation renal cell carcinoma cells following CHD4 

silencing or PADI1/3 expression as indicated. O-R. Clonogenicity, cell trace assay, 

PADI1, PADI3 expression and glycolysis in A498 clear cell renal carcinoma cells 

(ccRCC) following CHD4 silencing or PADI1/3 expression as indicated. For 
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A,B,G,H,I,K,L,N,O,P,R, n=3, statistical unpaired t-tests analyses were performed by 

Prism 5 with a confidence interval of 95%. P-values: *= p<0.05; **= p<0.01; ***= 

p<0.001. In C,D,E,F,J,M,Q, n=3 with 6 technical replicates for each experiment. 

Statistical unpaired t-tests analyses were performed by Prism 5 with a confidence 

interval of 95%. P-values: *= p<0.05; **= p<0.01; ***= p<0.001. 

Supplementary Figure 3. Locations and interactions of citrullinated arginines in 

PKM2 activity. Locations and interactions of citrullinated arginines in PKM2. A. 

Ribbon representation of a PKM2 monomer in the apo resting state (grey; PDB 

3SRH), the active R state (yellow; PDB 6GG6 with FBP and oxalate molecules from 

3SRD) and the inactive T state (cyan; PDB 6GG4). The three citrullinated arginines 

(R106, R246 and R489), the free amino acids Serine and Phenylalanine, FBP and 

oxalate (surrogate of pyruvate to occupy the active site) are shown as sticks (carbon, 

grey; nitrogen, blue; oxygen, red; phosphorus, orange). AS, active site. AP, free 

amino acid binding pocket. The regions of PKM2 undergoing allosteric structural 

transitions between the three states are boxed. B. Close up view of FBP interactions 

within the R-active state. Salt bridges and hydrogen bonds are shown as dashed 

lines. Colour coding as panel A. For clarity, the side chain of K433 is not displayed. 

C. Closeup view of R246 interactions with the B domain in the Apo, R-active and T-

inactive states along with a superposition of the three 10 structures. Color coding and 

representation of salt bridges/hydrogen bonds is as in panels A and B. 

Supplementary Dataset 1.  Proteins enriched after pan-citrulline 

immunoprecipitation from CHD4 silenced cells. Are shown: accessions, gene names, 

gene descriptions, Log P-values, differences (siCHD4-siCTRL), sum peptides scores, 

percentage of coverages, peptides number, PSMs number, NSAF values 

(PSMs/protein length), unique peptides number, amino acids number and molecular 

weights. 
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Discussion and Conclusions

Multiple functions of CHD4 in melanoma cells. 

We showed in the present work that CHD4 is involved in multiple functional 

pathways in melanoma cells, as a cofactor for SOX10 and REBB1, a regulator of 

cytokine and cytokine receptor expression and a regulator of glycolysis via PADI1/3-

mediated PKM2 citrullination. 

Tandem immunopurification of tagged SOX10 combined with mass-

spectrometry revealed that both MITF and SOX10 interact with a common set of 

cofactors. Thus, both factors interact with the PBAF complex. However, while MITF is 

selective for BRG1/PBAF, SOX10 also associates with the BAF complex as attested 

by peptides for BRM and ARID1A/B, not seen with MITF. How these differential 

interactions with the BAF and PBAF complexes are specified remains to be 

determined. Moreover, both SOX10 and MITF associate with NuRF, Cohesin 

subunits, TFIIIC, the MCM replication complex as well as with proteins involved in 

DNA repair and the ubiquitin cycle such as MSH2/6, XRCC5/6, USP7 and CTNNB1. 

Nevertheless, SOX10 selectively interacts with the 5FMC complex and other 

potential cofactors such as ILF2/3 and NONO/SFPQ, NONO being a multifunctional 

protein involved in both splicing and transcription that was previously shown to act as 

a co-factor for SOX10 (Chaoui et al., 2015).  

In addition, we also identified subunits of the NuRD complex that associate 

with both MITF and SOX10. However, while SOX10 associates with both CHD3 and 

CHD4, MITF selectively associates with CHD4, a result confirmed by independent 

immunoprecipitation experiments.  

In agreement with previously reported data, CHD3 and CHD4 did not co-

precipitate indicating that they form two distinct NuRD complexes (Hoffmeister et al., 

2017). In support of this CHD3 and CHD4 regulate distinct gene expression 

programs. CHD4 predominantly acts as a repressor with a majority of up-regulated 

genes whereas comparable numbers of genes are up- or down-regulated upon 

CHD3 silencing.   
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CHD isoforms were shown to have both distinct and redundant functions within 

the cell (Hoffmeister et al., 2017; Nitarska et al., 2016). Thus, the small number of 

genes co-regulated by both CHD3 and CHD4 that was observed in our own RNA-seq 

dataset could be explained by a functional switch in CHD subunits triggered by RNA 

silencing, in line with previously published data (Nitarska et al., 2016). In support of 

this, CHD4 silencing induced CHD5 expression in RNA-seq dataset and increased 

CHD3 expression in immunoblots. Unfortunately, the high apoptotic effect induced by 

the silencing of multiple CHD subunits made difficult to discriminate the redundant 

and the specific functions for each CHD. Additionally, even if CHD3 ChIP-seq in 

melanoma cells was not possible, ChIP-seq data mining of CHD3 and CHD4 in 

human cancer prostate cells (LnCAP) revealed that more than 40% of the binding 

sites are common to CHD3 and CHD4 (Tencer et al., 2017). Such co-localization 

supports both the distinct and the redundant functions of CHD3 and CHD4. 

We further showed that CHD4 co-localizes on the genome with composite 

MITF and SOX10 bound sites where it was bound to the nucleosomes flanking the 

transcription factors in a manner analogous to BRG1. Such binding of multiple 

remodelling complexes to the same nucleosomes is in line with previously published 

data (De Dieuleveult et al., 2016; Morris et al., 2014b) and with observations along 

which NuRD binds to active enhancers and promoters possibly via H3.3 to fine tune 

transcription (Bornelö et al., 2018; Giles et al., 2019; Kraushaar et al., 2018). 

However, despite their association and genomic co-localization there does not seem 

to be any significant overlap between the MITF and the CHD4-driven gene 

expression programs, and only a limited overlap with the SOX10 expression 

program.  Therefore, acting as co-repressors for both MITF and SOX10 cannot be 

considered as a major function of the CHD3 and CHD4 NuRD complexes in 

melanoma cells.   

The analysis of DNA-sequence motifs at CHD4 bound sites revealed a strong 

enrichment of motifs for the RREB1 transcriptional repressor, a protein known to 

interact with the HDAC1 and HDAC2 subunits of NuRD (P. Joshi et al., 2014).  In 

contrast to MITF and SOX10, a significant fraction of the RREB1 regulated genes 

including several cytokines and cytokine receptors was shown to be co-regulated by 

CHD3 or CHD4 indicating that NuRD activity accounts in part for the repressive 

function of RREB1. Additionally, analysis of DNA-sequence motifs at CHD4 bound 
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sites also revealed a significant enrichment for other factors. Among them, CTCF 

binding motif showed a significant enrichment score therefore supporting that 

CHD4/NuRD might regulate gene expression including PADI1/3 locus through 

modulation of CTCF activity.  

Connecting epigenetics to citrullination and glycolysis defines a 

novel pathway regulating proliferation of melanoma and other 

cancer cells.  

The aforementioned observations, however, do not account for the majority of 

the CHD4 regulated genes. Two major pathways were identified from the analysis of 

the CHD4 up-regulated gene expression programs. Multiple cytokines and cytokine 

receptors were up-regulated and increased levels of phosphorylated ERK1/2 

indicative of increased MAP kinase signaling were observed. Such increase in MAP 

kinase signaling was associated with increased mTOR phosphorylation on serine 

2448 and increased glycolysis. Thus, increased cytokine and cytokine receptor 

expression, MAP-kinase and mTOR activation can be one of the mechanisms that 

contributes to increased glycolysis, ATP depletion and slower melanoma cell 

proliferation. However, the mechanism by which mTOR pathway activation 

participates in the increased glycolysis after CHD4 silencing still remains unclear. 

mTOR is known to regulate glycolysis through effectors such as the proto-oncogene 

Myc and Hypoxia-Inducible Factors (HIFs) (Dang, Kim, Gao, & Yustein, 2008) 

leading to a transcriptional regulation of glycolytic enzymes (Y. Feng & Wu, 2017; 

Poulain et al., 2017; Q. Sun et al., 2011; Xiaoyu et al., 2018). RNA-seq analysis after 

CHD4 silencing did not show any significant enrichment in any metabolic pathway. 

Hence, the regulation of glycolysis by mTOR does not rely on transcriptional 

regulation but on direct or indirect regulation mechanisms that still remain to be 

determined.  

Interestingly, ectopic PADI1/3 expression in melanoma cells also induced the 

activation of the MAP kinase signaling as observed by ERK phosphorylation. 

Citrullination of chemokine and chemokine receptors modifying ERK phosphorylation 

was previously observed both in vitro and in vivo (Proost et al., 2008) suggesting that 
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ectopic PADI1/3 expression could induce the specific citrullination of MAP kinase 

signaling effectors and modulate their activity, thus regulating ERK phosphorylation 

and activating signaling pathways. In support of this, the Receptor of Activated 

protein C Kinase 1 (RACK1) known for its role in rewiring ERK and JNK signaling 

pathways in melanoma (Campagne et al., 2017; Vomastek et al., 2007), showed 

increased citrullination upon CHD4 silencing and might be a candidate of choice to 

explain PADI1 and PADI3-dependent MAP kinase activation. 

In addition, it cannot be excluded that the multiple ATPases that are 

upregulated after CHD4 silencing participate in the cellular ATP depletion and the 

slow cell proliferation as well as control glycolysis fluctuations through increasing the 

cellular ATP demand (Epstein, Xu, Gillies, & Gatenby, 2014). 

Nevertheless, our observations rather support the hypothesis that the 

increased glycolysis results from the PADI1 and PADI3-mediated citrullination of 

glycolytic enzymes. The PADI1 and/or PADI3 expression was shown to be induced in 

all tested melanoma and non-melanoma cell lines. Some cell lines showed basal 

PADI1 expression, however, PADI3 was almost completely silenced in all cell lines. 

De-repressed enzymes expression led to increased citrullination of multiple target 

proteins including glycolytic enzymes. Interestingly, citrullination is a calcium-

dependent process and CHD4 silencing increases the expression of a series of 

genes regulating calcium signaling.  

Immunoblot experiments confirmed that the citrullination of PKM2, a rate 

limiting enzyme in glycolysis, was increased upon CHD4 silencing and ectopic PADI1 

and PADI3 expression. PKM2 was recently shown as a citrullinated protein by mass-

spectrometry-based deep proteomic profiling of mice and human tissues (Fert-Bober 

et al., 2019; Lee et al., 2018b). Thus, PKM2 was detected with a basal level of 

citrullination in control melanoma cells. In addition, citrullination of glycolytic enzymes 

by PADs was previously observed in rheumatoid arthritis (Tilvawala et al., 2018). 

Tilvawala et al. showed that PADI1 but not PADI3 could citrullinate PKM2 in vitro. In 

melanoma cells, we showed that both PADI1 and PADI3 increased PKM2 

citrullination, however, a much stronger effect was observed upon both enzymes 

expression. Tilvawala et al. also reported that the enzymatic activity of PKM2 against 

PEP in the presence of FBP was stimulated in vitro by PADI1 or PADI3.  Our 

experimental data expand these observations by showing that PADI1 and PADI3 
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citrullinate PKM2 thus stimulating glycolysis in living cells and regulating their 

proliferation.  

 

Glycolysis is allosterically regulated by both Ser and SAICAR products of 

metabolic intermediates of the glycolytic pathway (Chaneton et al., 2012; Christofk, 

Vander Heiden, Wu, et al., 2008a; Keller et al., 2014a; Morgan et al., 2013). Thus, 

whenever the Ser levels decline through excessive glycolysis, the recognition pocket 

of PKM2 becomes more readily occupied by Phe, Trp or Ala inducing allosteric 

changes that inhibit the enzyme hence reducing glycolysis and leading to the 

accumulation of metabolic intermediates and increased Ser synthesis. 

Here, enhanced citrullination of the arginine residues R106, R246 and R489 

was identified by mass-spectrometry. Data indicate that citrullination of R489, an 

arginine directly involved in FBP binding, may diminish FBP binding reinforcing thus 

PKM2 allosteric regulation by the free amino acids. The citrullination of R246 may 

facilitate the active conformation of the enzyme while R106 citrullination may lead to 

a change in the relative affinity for Ser compared to Trp, Ala and Phe, thereby 

weakening their inhibitory effect and reinforcing activation by Ser.  

Consequently, glycolysis may be maintained at lower Ser concentrations that 

would normally result in increased Phe, Ala or Trp binding and PKM2 inhibition. 

Through bypassing the physiological regulatory feedback loop, citrullination of PKM2 

thus leads to excessive glycolysis and inhibition of cell growth.  This hypothesis is 

supported by the observation that small molecules that increase PKM2 activity 

stimulate glycolysis and inhibit cell proliferation (Anastasiou et al., 2012; Chaneton et 

al., 2012; Dayton, Jacks, & Vander Heiden, 2016). Excessive glycolysis upon small 

molecule activation of PKM2 also results in serine auxotrophy and reduced cell 

proliferation (Kung et al., 2012). Bypassing the normal Ser-regulated PKM2 activity 

by small molecules or citrullination therefore results in excessive glycolysis that 

represents a major cause of reduced cell proliferation rate. 

 

In addition, CHD4 silencing may affect the mitochondrial metabolism as 

evidenced by an increased basal OCR and ROS lipid peroxidation product 4-

Hydroxy-2-NonEnal (HNE). As recently described, PKM2 promotes mitochondrial 

fusion and OXPHOS in human liver and lung cancer cells  (T. Li et al., 2019) 
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suggesting that the enhanced PKM2 activity by citrullination might not only stimulate 

glycolysis but also OXPHOS by a mechanism that still remains to be elucidated.  

It is worth to mention that PKM2 is not the only glycolytic enzyme that can be 

subject to increased citrullination. Thus, although our data are consistent with the key 

role of PKM2, it cannot be excluded that the altered activity of other enzymes may as 

well contribute to the observed increased glycolysis. For instance, 

PhosphoFructoKinase (PFK), a rate-limiting enzyme that catalyzes the first 

glycolysis-committed step is subject to citrullination after CHD4 silencing. Indeed, 

PFK is 4-fold enriched for citrullination following CHD4 silencing. However, unlike 

PKM2, PFK did not show any basal level of citrullination under control conditions. 

PFK activity is finely modulated by the cellular ATP concentrations and several 

allosteric regulators including its own substrate (Webb et al., 2015; C. Wu, Khan, 

Peng, & Lange, 2006) suggesting that, as we described for PKM2, PFK activity may 

be modulated through PADI-mediated citrullination.  

HexoKinases (HKs) 1 and 2, glucokinase isoforms with highest affinity for 

glucose, display more than a 2-fold enrichment for citrullination following CHD4 

silencing. HKs catalyze the first committed step of glucose metabolism to produce G-

6P, a precursor for the Pentose Phosphate Pathway (PPP), glycogenesis and the 

hexosamine pathways (Robey & Hay, 2006). Thus, it cannot be excluded that 

citrullination may modulate HKs activity and participate the increased glycolysis, or 

impact alternative metabolic pathways leading to cancer cell proliferation defects. 

In addition to glycolytic enzymes, CHD4 silencing leads to increased 

citrullination of a number of cellular proteins. In particular, we noted the presence of 

multiple 14-3-3 proteins, a class of proteins that bind phosphorylated serine and 

threonine and thus regulate their intracellular transport. For instance, 14-3-3 proteins 

bind phosphorylated YAP1 to export it from the nucleus thus regulating the TEAD-

driven cell proliferation via the Hippo signaling pathway. It remains to be determined 

if and how 14-3-3 citrullination affects the activity of these enzymes and consequently 

the signaling pathways they regulate.  

Interestingly, a majority of melanomas were reported to be auxotrophic for 

arginine because of the lack of Argininosuccinate Synthetase (AS) (Dillon et al., 

2004), the first of the two enzymes involved in arginine biosynthesis that converts 
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citrulline into arginine. Therefore, it cannot be excluded that the induction of PADI1 

and PADI3 following CHD4 silencing, leading to increased citrullination and hence 

arginine depletion in cells unable to synthetize this amino acid, slowed down cellular 

proliferation and increased sensitivity to BRAF inhibitors. In support of this, arginine 

deiminase, that degrades extracellular arginine leading to arginine cell deprivation, 

showed positive results in clinical trials in the treatment of several arginine-

auxotrophic tumors including melanomas (Feun et al., 2012; Ott et al., 2013). 

 

In conclusion, the present PhD research activities allowed to identify a novel 

pathway regulating melanoma cell proliferation. Mechanistically, we showed that 

CHD4 regulates the expression of PADI1 and PADI3 and consequently their potential 

to citrullinate the key arginines of PKM2 involved in the allosteric regulation of this 

enzyme. We could thus establish the essential link between epigenetics, the 

glycolytic flux and melanoma cell proliferation. This regulatory pathway that is shared 

in other cancer types, does therefore represent a more general mechanism for 

regulating cancer cell proliferation potentially leading to the identification of novel 

therapeutic targets. 
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Dynamic Evolution of Clonal Composition and Neoantigen 

Landscape in Recurrent Metastatic Melanoma with a Rare 

Combination of Driver Mutations 
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Dynamic Evolution of Clonal Composition and
Neoantigen Landscape in Recurrent Metastatic
Melanoma with a Rare Combination of Driver
Mutations
Guillaume Davidson1, Sébastien Coassolo1, Alice Kieny1,2, Marie Ennen1, Erwan Pencreach3,
Gabriel G. Malouf1, Dan Lipsker2 and Irwin Davidson1

In melanoma, initiating oncogenic mutations in BRAF or NRAS are detected in premalignant lesions that
accumulate additional mutations and genomic instability as the tumor evolves to the metastatic state. Here we
investigate evolution of clonal composition and neoantigen landscape in an atypical melanoma displaying
recurrent cutaneous lesions over a 6-year period without development of extracutaneous metastases. Whole
exome sequencing of four cutaneous lesions taken during the 6-year period identified a collection of single
nucleotide variants and small insertions and deletions shared among all tumors, along with progressive se-
lection of subclones displaying fewer single nucleotide variants. Later tumors also displayed lower neoantigen
burden compared to early tumors, suggesting that clonal evolution was driven, at least in part, by counter
selection of subclones with high neoantigen burdens. Among the selected mutations are a missense mutation
in MAP2K1 (F53Y) and an inversion on chromosome 7 generating a AKAP9-BRAF fusion. The mutant proteins
cooperatively activate the MAPK signaling pathway confirming they are potential driver mutations of this tumor.
We therefore describe the long-term genetic evolution of cutaneous metastatic melanoma characterized by an
unexpected phenotypic stability and neoantigen-driven clonal selection.

Journal of Investigative Dermatology (2019) -, -e-; doi:10.1016/j.jid.2019.01.027

INTRODUCTION
Cutaneous melanoma is linked to environmental factors, in
particular, UV light and polymorphisms in a variety of genes
(Goldstein and Tucker, 2001; Hawkes et al., 2016; Hayward,
2003). Melanocyte transformation involves somatic muta-
tions activating the MAPK pathway, most frequently
BRAFV600E and NRASQ16L/R/H and NRASQ61K (Hodis et al.,
2012; The Cancer Genome Atlas Network, 2015).

The principal hazard of cutaneous melanoma is its po-
tential to metastasize rapidly. Current models propose that
founder BRAFV600E or NRAS mutations are first detected in
benign precursor lesions that give rise to melanoma by
accumulation of additional mutations, such as gain of

function in TERT and/or inactivation of CDKN2A or PTEN
that allow bypass of oncogene-induced senescence (Shain
et al., 2015b; The Cancer Genome Atlas Network, 2015).
Subsequent genomic instability gives rise to insertions and
deletions (indels) and large-scale rearrangements as the tu-
mor acquires metastatic potential (Birkeland et al., 2018;
Shain et al., 2018). This stepwise model for tumor develop-
ment was derived from analyses of lesions at different stages
in separate individuals or of different regions within the same
lesions and has been supported by analyses of larger numbers
of matched primary and metastatic lesions (Birkeland et al.,
2018; Sanborn et al., 2015; Shain et al., 2018).

Here we describe whole exome sequencing (WES) in an
atypical case of recurrent epidermotropic metastatic mela-
noma (Lestre et al., 2011; White and Hitchcock, 1998)
showing that tumor evolution over a prolonged period was
associated with selection of subclones with fewer mutations
and reduced neoantigen load. No BRAFV600E or NRAS mu-
tations or other mutations commonly found in melanoma
were detected. Instead, two potential driver mutations,
MAP2K1F53Y and an inversion on chromosome 7 generating
an AKAP9-BRAF fusion, were identified.

RESULTS AND DISCUSSION
An atypical case of recurrent metastatic epidermotropic
melanoma

The affected individual was referred to Strasbourg University
Hospital dermatology clinic in 2010 when he was 43 years
old. He had no remarkable personal or family history, had red
hair and multiple freckles and lentigines on photo-exposed
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Hôpital Civil, Hôpitaux Universitaires de Strasbourg, Strasbourg, France;
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67404 Illkirch Cédex, France. E-mail: irwin@igbmc.fr

Abbreviations: indel, insertion and deletion; SNV, single nucleotide variant;
WES, whole exome sequencing

Received 30 August 2018; revised 11 January 2019; accepted 17 January
2019; accepted manuscript published online 15 February 2019; corrected
proof published online XXX

ORIGINAL ARTICLE

ª 2019 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology. www.jidonline.org 1
146

https://doi.org/10.1016/j.jid.2019.01.027
mailto:irwin@igbmc.fr
http://www.jidonline.org


areas. A month earlier at the individual’s request, his
dermatologist excised two pigmented lesions that had
recently grown in size. A few days later, four other pigmented
lesions were excised and histopathological examination
suggested one superficial spreading melanoma and three in
situ epidermotropic melanomas. Two years earlier, a pig-
mented lesion had been excised on his left shoulder that
biopsy concluded was a melanoma.
During the next 6 years (Figure 1a), the individual devel-

oped once or twice per year in an eruptive manner, multiple
asymmetric, pigmented, large (1e2 cm), irregular, often
lobulated or spicular melanocytic lesions, randomly located
on the trunk and the limbs (Figure 1b), the histological
characteristics, discrete nature, and random location of
which distinguished them from “in transit” cutaneous me-
tastases. Subsequent lesions, of which 82 were surgically
removed, had clear malignant histopathology highly sug-
gestive of primary superficial spreading melanoma. Never-
theless, the synchronous appearance of multiple large lesions
within less than 1 month was not compatible with this
diagnosis. The excised lesions revealed a remarkable con-
sistency in their histological features (Figure 1c, 1d) sugges-
tive of primary melanomas with pagetoid melanocytic
proliferation in the epidermis, and involvement of the upper
part of the reticular and papillar dermis together with strong
S100 staining. Multiple cell nests of varying size were seen in
the basal and suprabasal layers of the epidermis, with sub-
stantial scattering of isolated cells or small nests up to the
granular layer. Nests comprised mainly monomorphous
ovoid cells, of which only a few were pigmented. Staining
with CD8 antibody showed immune infiltrate in tumors from
2010 to 2016, illustrated in particular by presence of CD8þ

cells in the epidermal tumor nests (Supplementary Figure S1a
online). Nevertheless, the number of infiltrating CD8þ cells
was strongly reduced in the 2015 and 2016 tumors
(Supplementary Figure S1b).

During the 6-year period, no extracutaneous metastases
developed and the individual received 3 million units of IFN-a
every other day. In 2016, he developed metastasis in the left
supraclavicular lymph nodes (Figure 1e) and the gallbladder.
He received 15 perfusions of nivolumab without substantial
response and then four perfusions of ipilimumab with an
incomplete regression of lymph node metastasis. He was then
shifted back to nivolumab, displaying a partial response with
overall stability for about 1 year. In late 2018, the patient had
recurrent episodes of headache, nausea, and vomiting with
intense fatigue. Malignant melanocytes were eventually found
in cerebrospinal fluid, though no meningeal thickening or
cerebral metastases were found on repeated imaging studies.
He died in November 2018. No autopsy was performed.
This case history describes what appeared as recurrent

epidermotropic metastatic melanoma with stable phenotypic
characteristics during a period of 6 years before the appear-
ance of the first extracutaneous metastases.

Tumors share a set of trunk single nucleotide variants and
indels

As no BRAFV600E or common oncogenic NRAS mutations
were detected in the epidermal lesions and, given the

exceptional clinical characteristics, we performed WES to
investigate the genetic alterations in these tumors.
Analyses of the constitutive exome revealed the individual

to be homozygous for several known melanoma risk poly-
morphisms: MC1Rc.451C>T (p.Arg151Cys) in the MC1R
gene, associated with red hair and in accordance with his
phenotype, rs11515 in the 30-untranslated region of CDKN2A
and two polymorphisms rs10533201 and rs11282266 in
CDKN2AIP. The MC1R and CDKN2A variants have been
previously associated with increased melanoma risk (Aitken
et al., 1999; Cust et al., 2012), while the risk associated
with the other two variants is so far unknown (Kim et al.,
2012). Although these polymorphisms may predispose to
melanoma, they do not account for the exceptional clinical
profile of this individual. Neither the affected individual’s
parents nor children (15 and 21 years old) have reported
melanoma, arguing for a sporadic rather than a familial na-
ture of the disease.
WES was performed on DNA extracted from frozen cuta-

neous tumor samples excised in 2015 and 2016, and from
formalin-fixed, paraffin-embedded samples of lesions
removed in 2010 and in 2012. Somatic single nucleotide
variants (SNVs), indels, gene fusions, and rearrangements
were identified. Sequencing statistics for each WES are listed
in Supplementary Dataset S1 online, along with the location
of each tumor, its cellularity, and ploidy.
SNVs predicted to affect coding potential were detected in

each tumor using stringent filtering criteria (Figure 2a).
Strikingly, a comparable number of SNVs were detected in
each tumor, showing no major accumulation during this
prolonged period, despite the higher read coverage in tumors
3 and 4 than in 1 and 2 (Supplementary Dataset S1). Com-
parison of SNVs present in the four tumors revealed branch
SNVs shared between two or three tumors, private mutations
found in only a single tumor and trunk SNVs present in all
four tumors. The number of branch SNVs was highest be-
tween the chronologically closest tumors, with very few
uniquely shared between tumors 1 and 4 or 2 and 4. The
shared trunk SNVs indicated that the cutaneous lesions were
not independent primary melanomas, but recurrent cuta-
neous metastases.
We asked whether SNVs detected in the 2015 and 2016

tumors were present in the 2010 and 2012 tumors, but at a
lower frequency and not called using the stringent criteria
mentioned. By lowering the detection threshold, the number
of SNVs in tumor 1 increased to 741 and to 476 in tumor 2
(Figure 2b). In contrast, lowering the threshold did not lead to a
comparable strong increase in the number of SNVs in tumors 3
and 4, confirming the absence of their accumulation even at
low frequency over time. After this reanalysis, 73 trunk SNVs
were detected (Supplementary Dataset S2 online). The high
proportion of private and branch SNVs compared to trunk
SNVs contrasts with previously reported low mutational di-
versity among metastases (Birkeland et al., 2018), and likely
reflects the long period during which the metastases occurred
in this individual. As with SNVs affecting coding potential, the
number of “silent,” mainly intronic SNVs was also reduced in
the later tumors (Supplementary Figure S2a online).
We identified SNVs present in tumor 1, lost already in tumor

2 (HYDIN, Supplementary Figure S2c) or whose frequency
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decreased more gradually (CD55), present in tumors 1 and 2,
or OSTC present at very low frequency also in tumor 3. Other
SNVs like, SYVN1, were present only in tumor 3 or, like
PDE1C, were present at very low frequency in tumor 3 and
much higher frequency in tumor 4. These analyses described
SNVs initially present then lost, SNVs whose frequency

increased over time and a set of more constant trunk SNVs
over the prolonged period (Supplementary Figure S2d).
Interrogation of The Cancer Genome Atlas melanoma

database showed that RP1 is altered in 38% of melanomas
(Supplementary Figure S2e) where 196 SNVs have been
described. The G>A inducing amino acid substitution G962E

Figure 1. Atypical cutaneous

melanoma. (a) Timeline summarizing

case history, sample collection, and

treatments. (b) Cutaneous lesions on

the affected individual. Note scar

tissue resulting from previous removal

of lesions indicated by arrows in the

right-hand panel. The left-hand panel

shows a closeup of a typical lesion. (c)

H&E- or S100A4-stained sections from

lesions removed in 2010 and 2016 as

indicated. (d) S100 staining of a

section from the lymph node

metastasis of 2016. Permission to

publish and reproduce photographs

was obtained with written informed

consent from the affected individual.

Scale bar ¼ 100 mm. D, dermis; E,

epidermis; H&E, hematoxylin and

eosin; T, S100-labeled tumor cells;

TN, tumor nest.
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detected here was present in four other cases. Interrogation of
the COSMIC database revealed eight instances of the G962E
mutation, five in melanoma (four overlapping with The
Cancer Genome Atlas), two basal cell carcinomas, and one
squamous cell carcinoma. RP1 (retinitis pigmentosa 1,
axonemal microtubule associated) encodes a member of the
doublecortin family. Germ line RP1 mutations cause auto-
somal dominant, or autosomal recessive retinitis pigmentosa
(Pierce et al., 1999; Sullivan et al., 1999). Its potential role in
cancer, however, is not characterized. Six additional genes

(not counting MAP2K1) mutated in the trunk were also
frequently affected in melanoma, but with SNVs distinct from
those in this study.

Counter selection of subclones with high neoantigen burden

These observations are consistent with persistent reseeding by
cells comprising the trunk mutations in the form of branched
subclones showing a progressive reduction in the number of
SNVs. Trunk SNVs represented almost 50% of the SNVs in
tumor 4 compared to only around 10% in tumor 1
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(Figure 2c). Data analyses using Sequenza further indicated
higher ploidy in the 2010e2012 tumors than in the later tu-
mors (Supplementary Dataset S1). The progressive enrich-
ment of the trunk SNVs through reductions in private and
branch SNVs and ploidy suggested negative selection of
highly mutated and genetically unstable clones in favor of
cell populations with reduced SNV burden and close to
normal ploidy. A phylogenetic tree showed that each tumor
comprised at least two subclones derived from the trunk, with
the most related subclones contributing to the chronologi-
cally closest tumors and the later tumors comprising sub-
clones with fewer private and branch SNVs (Figure 2d).
We further identified private, branch, and trunk indels

predicted to affect coding potential (Figure 2e,
Supplementary Figure S2f, and Supplementary Dataset S3
online) and silent indels (Supplementary Figure 2b), but
strikingly, while the number of SNVs decreased over time,
indels accumulated. Consequently, the proportion of indels
to SNVs increased in the later tumors (Figure 2f). To better
understand this paradoxical evolution of the genetic makeup,
we analyzed potential neoantigen load in each tumor. We
inferred HLA alleles in each tumor and identified peptides
where the mutated, but not wild-type, versions had predicted
affinities of either <500 nM or <50 nM for the corresponding
HLA types as high affinity neoantigens (Supplementary
Dataset S4 online). SNVs strongly contributed to neo-
antigen burden, whereas indels made only a minor contri-
bution. As a result, neoantigen load was much reduced in
later tumors (Figures 2g, 2h). This observation showed that
subclones with high neoantigen burden were counter
selected, favoring emergence of later subclones with lower
neoantigen burden. As SNVs, but not indels, strongly
contributed to neoantigen burden, the SNVs were counter
selected, whereas indels could accumulate with time. A close
examination of the coding effect indels indicated that a

majority were intronic and predicted to affect splicing with
only a minority located in exons and directly affecting the
coding sequence (Supplementary Dataset S3), accounting for
their low contribution to neoantigens.
Alexandrov et al. (2013a, 2013b) have defined mutational

signatures specific to different types of tumors with cutaneous
melanoma normally dominated by C>T transitions (Hayward
et al., 2017). SNV analyses showed that tumors 1 and 2
displayed a higher proportion of T>C than typical of cuta-
neous melanoma (Figure 3a). As a consequence, tumor
signature 12, enriched in T>C, was highly represented in
tumors 1 and 2 (Figure 3c). This signature is not typical of
melanoma, but of liver or uterine cancer (Alexandrov et al.,
2013a). However, between tumor 2 and tumors 3 and 4,
the majority of newly acquired branch and private SNVs were
C>T transitions such that they constituted >80% of the
overall SNVs (Figure 3b). Trunk mutations were dominated by
C>T transitions and their higher proportion in tumors 3 and 4
also contributed to the enriched C>T signature (Figure 3b)
and the consequent strong representation of the typical
melanoma signatures 7 and 11 (Figure 3c).

These analyses describe a unique view of the long-term
evolution of the genetic landscape in recurrent cutaneous
melanoma metastases. The shared trunk alterations indicated
the lesions corresponded to metastases formed by persistent
reseeding of subclones from a population of cells that gave
rise to the earliest analyzed tumor in 2010, itself a likely
metastasis derived from a primary tumor excised 2 years
prior. Metastases do not necessarily accumulate mutations
compared to the primary tumor (Shain et al., 2018), but in-
dividual metastases can be initiated by different cells from the
primary tumor and, as observed here, metastases can
comprise more than one population of cells (Sanborn et al.,
2015). Here, a persistent cell population, identified by the
trunk alterations, gave rise to multiple subclones that formed
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the successive metastases. The case described here is anal-
ogous to MM61 (Birkeland et al., 2018), where the affected
individual showed more than 100 cutaneous metastases
covering multiple body regions as a result of persistent
reseeding.
The melanoma analyzed here displayed several unique fea-

tures, its recurrent nature, long-term absence of extracutaneous
metastases, absence of common melanoma driver mutations,
and absence of SNV accumulation. The reasons underlying
these atypical features remain to be determined. Nevertheless,
our analysis indicated that the disease coursemay be explained,
in large part, by elimination of subclones with high SNV and
neoantigen burden favoring the emergence of subclones with
low SNV and neoantigen burden. Negative selection of sub-
clones with high neoantigen burden is further consistent with
the reduction in tumor infiltrating immune cells in the latter
lesions. Neoantigen-mediated clonal selection can be a mech-
anismof resistance to immune checkpoint therapy (Anagnostou
et al., 2017). In this individual, it appeared to occur as part of the
natural disease history and may explain why the individual
poorly responded to immune checkpoint therapy when sub-
clones with low neoantigen burden eventually gave rise to
lymph node and visceral metastases.

Identification of potential driver mutations activating the
MAPK pathway

WES confirmed the absence of common melanoma driver
mutations. Moreover, copy number variation analyses did not
reveal alterations of PTEN or CDKN2A frequently deleted in
melanoma (Supplementary Dataset S5 online). Instead, we
identified a mutation in MAP2K1 (MEK1) changing phenyl-
alanine 53 into tyrosine (Figure 4a) among the trunk SNVs.
F53 is located in a regulatory a-helix of MAP2K1, where its
mutation in leucine, valine, or isoleucine have been
described in lung adenocarcinoma associated with smoking.
The F53L mutation was shown to activate ERK phosphory-
lation (Arcila et al., 2015). MAP2K1 is affected in 7% of
melanomas of The Cancer Genome Atlas database
(Figure 4b) and only one mutation affecting F53 is registered
(F53L, see Nikolaev et al., 2011). In all but one case, the
MAP2K1 mutations co-occurred with BRAF or NRAS muta-
tions (Figure 4b). The F53Y mutation is, however, registered
in the COSMIC database and was previously reported as a
rare melanoma mutation (Shain et al., 2015a; Van Allen
et al., 2014), or in pediatric-type nodal follicular lymphoma
(Louissaint et al., 2016).
We identified translocations or inversions among which an

inversion on chromosome 7 resulted in a fusion protein of
2,253 amino acids comprising exons 1e22 of AKAP9 and
exons 9e18 of BRAF containing the catalytic domain
(Figures 4c, 4d). The breakpoints could be accurately map-
ped from multiple chimeric reads in tumor 3 (Figure 4c), but
lower numbers of chimeric/discordant reads were detected in
tumors 1, 2, and 4, showing that it was present from 2010 to
2016. The fusion protein resulted from a different breakpoint
than previously described AKAP9-BRAF fusions (Ciampi
et al., 2005; Fusco et al., 2005; Ross et al., 2016). Such
fusion proteins conserve the catalytic BRAF domain, but lack
the corresponding N-terminal regulatory domain and are
hence constitutively active.

To assess the capacity of MAP2K1F53Y and the AKAP9-
BRAF fusion protein to activate the MAPK pathway, we
designed vectors expressing wild-type or mutated MAP2K1
with an N-terminal FLAG-tag and a vector expressing AKAP9-
BRAF. As controls, we expressed wild-type or V600E-mutated
BRAF. All recombinant proteins were detected in extracts
from transfected serum-starved HEK293T cells (Figures 5a,
5b). ERK phosphorylation was mildly stimulated by
MAP2K1F53Y, but not by wild-type and more strongly by
AKAP9-BRAF (Figure 5a, 5b). More importantly, co-
expression of MAP2K1F53Y with either AKAP9-BRAF or
BRAFV600E (Figure 5a) potently stimulated ERK phosphoryla-
tion to levels much higher than that seen with either of the
proteins alone (Figure 5a, 5b). In both experiments, the syn-
ergistic ERK phosphorylation by the BRAFV600E or AKAP9-
BRAF combination with MAP2K1F53Y was much stronger
than that seen by the BRAFV600E and AKAP9-BRAF
combination.
To test the ability of wild-type MAP2K1 and MAP2K1F53Y

to stimulate ERK phosphorylation together with oncogenic
NRAS, we expressed them in MM047 melanoma cells that
harbor endogenous oncogenic NRAS (Verfaillie et al., 2015).
In MM047 cells, ERK phosphorylation was stimulated by
expression of MAP2K1F53Y or by AKAP9-BRAF, but not wild-
type MAP2K1 (Figure 5c).
We verified ERK phosphorylation by immunohistochem-

istry in sections of tumors 3 and 4 and in the lymph node
metastasis. In all samples, strong phosphorylated ERK stain-
ing could be seen in the tumor cells, but not in the sur-
rounding keratinocytes or lymph node cells (Figure 5d).

These results show that MAP2K1F53Y was able to activate
ERK phosphorylation, but less strongly than AKAP9-BRAF.
Nevertheless, the combination of the two had a strong syn-
ergistic effect and MAP2K1F53Y could also cooperate with
oncogenic NRAS. We have therefore identified two potential
and synergistically acting driver mutations in this individual.
As described here, all but one of The Cancer Genome Atlas

data set melanomas carrying MAP2K1 mutations also
showed either BRAF or NRAS mutations (Figure 4b). Inter-
estingly, cases withMAP2K1 and BRAF double mutations had
a longer median survival (297 months) compared to cases
that did not carry these mutations (78.9 months) (Figure 4c)
and a longer median survival than BRAF alone (103 months,
P ¼ 0.05; The Cancer Genome Atlas data set, not shown).
Therefore, melanomas with two mutations affecting the
MAPK pathway may be less aggressive than BRAF alone,
perhaps contributing to the long extracutaneous metastasis-
free period seen with this individual.

MATERIAL AND METHODS
Affected individual and tumors

This study was conducted following approval by the University of

Strasbourg Medical faculty ethics board and conducted according to

good clinical practice. Biopsies from epidermal melanomas and

permission to publish and reproduce photographs were obtained

with written informed consent from the affected individual.

WES and data analyses

WES was performed by standard procedures on the Illumina

HiSeq4000 platform of GenomEast (Illumina, San Diego, CA).
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Variant calling, indel realignment, and base quality score recali-

bration were performed with the GATK Toolkit, version 3.8-0, using

hard-filtering parameters and the “newQual” option. Variants were

annotated using SnpEff, version 2.0.5, and SnpSift, version 4.4l, with

functional annotation and external databases (dbSNP, Hapmap, EVS,

and 1000 Genomes). Variants were scored and ranked using VaR-

ank. Somatic genome rearrangements were called by Meerkat.

Somatic variants were filtered with the following criteria: (i)

stringent; (ii) a minimum of 30� coverage; (iii) a minimum of 10

instances of the variant; (iv) at least 10% of reads must carry the

variation; and (v) variants must have a FisherStrand score <15 and a

StrandOddsRatio <1.5 and Phred quality score of >10. Data were

visualized with the Integrated Genomics Viewer. Variants were also

filtered with (i) lower stringency; (ii) a minimum of 10� coverage;

(iii) a minimum of three instances of the variant; (iv) at least 5% of

reads must carry the variation; and (v) variants must have a Fish-

erStrand score <15. For indels, a minimum coverage of two was

required with a Phred quality score of >10. However, >97% of

indels had a coverage >10. Ploidy and cellularity were estimated

using R package Sequenza, version 2.1.2 (Favero et al., 2015).

Mutational signatures were analyzed with R package decon-

structSigs, version 1.8.0 (Rosenthal et al., 2016). HLA alleles present

in each tumor were inferred with Polysolver, version 1.0 (Shukla

et al., 2015). Neoantigens were determined using an in-house py-

thon script based on the TIminer API and NetMHCpan (Nielsen and

Andreatta, 2016; Tappeiner et al., 2017). Mutant protein sequences

of around 20 amino acids centered on the mutation site were

retrieved and the binding affinities of 9mer peptides to HLA types

inferred by Polysolver were assessed by NetMHCpan for both wild-

type and mutant peptides. High-affinity neoantigens were defined as

peptides where the mutated, but not the wild-type, version had af-

finities of <500 nM or <50 nM. Subclonal composition inference of

each tumor and cell lineage tree construction were done with

LICHeE (Popic et al., 2015). Copy number variations were called

using CONTRA (Li et al., 2012).

Plasmid construction

Wild-type and F53Y MAP2K1 carrying an N-terminal Flag-tag were

synthesized by GeneCopoeia and cloned into the M11 vector.

AKAP9-BRAF carrying an N-terminal Flag-tag was synthesized by

Figure 5. Driver mutations synergistically activate the AMPK signaling pathway. (a, b) Duplicate transfection experiments in serum starved HEK293T cells.

Recombinant proteins are detected by Western blot. (c) Transfection of MM047 cells were transfected with the indicated expression vectors. (d) Phosphorylated

ERK immunostaining of tumors 3 and 4. Lower panel: staining of lymph node metastasis, showing strong phosphorylated ERK staining of S100-labeled

melanoma cells (T indicated by arrows). Scale bar ¼ 100 mm. E, epidermis; EV, empty vector; T, melanoma tumor; TN, melanoma tumor nest.
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Proteogenix and cloned into the pLent-N-Flag vector. The wild-type

and V600E BRAF expression vectors were a gift from Colin Goding.

All plasmids were resequenced before use.

Transfections and immunoblots

HEK293T cells were cultured in DMEM with 10% fetal calf serum,

glucose (1 g/l), and penicillin/streptomycin (50 mg/ml). MM047 was

grown in Ham’s F10 nutrient mix (Invitrogen, Carlsbad, CA) sup-

plemented with 10% fetal calf serum, 25 mM HEPES (Sigma, St

Louis, MO), 5.2 mM Glutamax-1, and penicillin/streptomycin (50

mg/ml). Transfections, protein extraction, SDS-PAGE, and immuno-

blots were performed as described previously (Mengus et al., 2005).

The following antibodies were used; Flag M2 (Sigma, F1804); BRAF

(Santa Cruz Biotechnology, Santa Cruz, CA, sc-166), phosphorylated

ERK1/2 (Santa Cruz Biotechnology, sc-7383), and total ERK1/2 (Cell

Signaling, Danvers, MA, #9102).

Immunohistochemistry

Hematoxylin and eosin staining and immunohistochemistry were

performed by standard procedures on 5-mm sections from the indi-

cated tumors. Total ERK1/2 and phosphorylated ERK1/2 were

detected using the antibodies described above.
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Supplementary Figure S1. Infiltrating immune cells in cutaneous
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Abstract
Somatic oncogenic mutation of BRAF coupled with inactivation of PTEN constitute a frequent combination of genomic
alterations driving the development of human melanoma. Mice genetically engineered to conditionally express oncogenic
BrafV600E and inactivate Pten in melanocytes following tamoxifen treatment rapidly develop melanoma. While early-stage
melanomas comprised melanin-pigmented Mitf and Dct-expressing cells, expression of these and other melanocyte identity
genes was lost in later stage tumours that showed histological and molecular characteristics of de-differentiated neural crest
type cells. Melanocyte identity genes displayed loss of active chromatin marks and RNA polymerase II and gain of
heterochromatin marks, indicating epigenetic reprogramming during tumour progression. Nevertheless, late-stage tumour
cells grown in culture re-expressed Mitf, and melanocyte markers and Mitf together with Sox10 coregulated a large number
of genes essential for their growth. In this melanoma model, somatic inactivation that the catalytic Brg1 (Smarca4) subunit of
the SWI/SNF complex and the scaffolding Bptf subunit of the NuRF complex delayed tumour formation and deregulated
large and overlapping gene expression programs essential for normal tumour cell growth. Moreover, we show that Brg1 and
Bptf coregulated many genes together with Mitf and Sox10. Together these transcription factors and chromatin remodelling
complexes orchestrate essential gene expression programs in mouse melanoma cells.

Introduction

Melanoma is a highly aggressive skin cancer resulting from
oncogenic transformation of melanocytes. Microphthalmia-
associated transcription factor (MITF) and SOX10 are two
critical transcription factors regulating gene expression
programs essential for melanocyte and melanoma cell pro-
liferation. We showed that MITF interacts with the PBAF
chromatin remodelling complex, a member of the SWI/SNF
family [1] in human melanoma cells [2–4]. Its catalytic
subunit BRG1 is essential for the proliferation of MITF-
high cells and immortalised Hermes 3A melanocytes. Both
MITF and SOX10 [5] actively recruit BRG1 to chromatin to
establish the epigenetic landscape of proliferative melanoma
cells [4, 6]. In agreement with its potentially important role,
BRG1 expression is frequently upregulated in human mel-
anomas [7]. In mouse, somatic Brg1 inactivation in the
melanocyte lineage leads to loss of developing melanoblasts
and the resulting animals lack pigmentation [4, 8].

MITF also interacts with the NuRF chromatin remodel-
ling complex and together they coregulate genes involved in
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the proliferation of melanoma cells [9]. The gene encoding
BPTF, the scaffolding subunit of NuRF, is amplified in
around 5–7% of human melanomas [10]. BPTF expression
can be upregulated during tumour progression and elevated
BPTF expression is associated with poor prognosis and
acquisition of resistance to BRAF inhibitors [11]. However,
in contrast to Brg1, Bptf is not required for mouse mela-
noblast development, but is required for generation of
melanocytes from the adult melanocyte stem cell population
[9]. These two chromatin remodelling complexes therefore
play distinct but complementary roles in the establishment
and renewal of the melanocyte lineage and in human
melanoma.

Given the essential but differing roles of BRG1/PBAF
and BPTF/NuRF in human melanoma cells in vitro and in
the normal physiology of mouse melanocytes in vivo, we
addressed their implication in melanoma in vivo using a
genetically modified mouse model.

Results

Initiation and evolution of Braf/Pten melanoma
tumours

We established a previously described model [12–15]
where treatment with 4-hydroxy-Tamoxifen (4-OHT)
induces expression of oncogenic BrafV600E and inactivates
Pten selectively in the melanocyte lineage (Tyr:Cre-ERT2::
BrafLSL-V600E/+::Ptenlox/lox). Adult mice were depilated and
treated with a 5 μL drop of 5 mM 4-OHT leading to rapid
appearance of small pigmented naevi and around 40 days
later of prominent melanoma lesions (Fig. 1a). Fifteen days
after 4-OHT treatment, histological examination revealed
small naevus-like lesions with proliferating pigmented epi-
thelioid melanocytes in the dermis surrounding the hair
follicles (Fig. 1b) expressing Sox10, Mitf and Dct (Fig. 1c).
As lesions progressed deeper into the dermis, a transition
from pigmented epithelioid cells to a nonpigmented ovoid
or spindle-shaped morphology was observed with some
pigmented S100A4 or Dct-stained cells remaining close to
the epidermis and more rarely deeper in the tumours
(Figs. 1d, S1a and S2a). Later stage tumours were com-
posed of bland spindle cells disposed haphazardly in a loose
myxoid stroma and numerous regions showed a focal
whorling of tumour cells (Fig. S1b, c). The invasive nature
of these melanomas was highlighted by the appearance of
pigmented and/or Sox10-labelled cells in lymph nodes and
partially pigmented lung metastases (Fig. S1d, e). Cells
invading the underlying dermal muscle by 26 days
expressed invasive markers Zeb1 and Zeb2 (Fig. S2a, b).
By 36 days however, Zeb1 and Zeb2 staining was weaker
and more irregular with not all cells labelled (Fig. S2c).

At early stages, the majority of tumour cells stained with
Mitf, Dct, S100A4, Sox10 (Fig. 1c, e) and Ki67 (Fig. 1f),
whereas at later stages Mitf and Dct staining was progres-
sively lost (Fig. 1e, f). Nonpigmented cells deep in larger
tumours stained with KI67, whereas Dct staining was lim-
ited to the epidermal surface (Fig. S2d). Relative to their
expression at day 22, expression of Mitf, Dct and Tyr was
strongly diminished at later times, whereas expression of
Sox10 increased (Fig. S3). While Mitf, Dct and
Sox10 staining was restricted to tumour cells, Brg1 was
present in cells of the tumour, the surrounding stroma and
epidermis (Fig. 1e).

Hence, early melanoma cells express Mitf, and melano-
cyte markers, whereas later tumours invading deeper into
the underlying dermis lost expression of Mitf and melano-
cyte genes, but maintained the SOX10 expression.

An epigenetic map of Braf/Pten melanoma tumours

We generated an epigenetic map of later stage tumours by
ChIP-seq for acetylated lysine 27 of histone H3 (H3K27ac),
marking active enhancers and promoters, trimethylated
lysine 27 of histone H3 (H3K27me3), marking repressed
heterochromatin, and RNA polymerase II (Pol II) (Fig. S4a,
b). Around 2700 H3K27me3-marked genes with the absence
of Pol II were identified (Fig. S4c) and strongly enriched in
homeobox-containing and developmental genes involved in
the differentiation of multiple ectodermal, mesodermal and
endodermal tissues (Data set S1). These genes were stably
repressed in the neural crest-derived tumour cells.

In contrast, the H3K27ac and Pol II data identified
around 1500 highly transcribed genes with a ‘super-
enhancer’ signature consisting of high levels of H3K27ac at
wide regulatory elements around and within the coding
region and high levels of transcribing Pol II [16–20]
(Fig. 2a). Ontology analysis showed enrichment in tran-
scription regulation, nucleosomes, angiogenesis, apoptosis
and signalling pathways such as the cAMP response
(Fig. 2a and Data set S1). Specifically, several clusters
encoding core histones were identified along with tran-
scription factors such as Mycn, Zeb2 and Snai2 or cyclins
Ccnd1 and Ccnd3 (Fig. 2b and Data set S1). Core histones
genes are short and intron-less and therefore may bias the
analysis. Nevertheless, they were not detected in similar
analyses of ChIP-seq data for ‘super-enhancer’ signature
genes from mouse skeletal muscle or striatal neurons
[21, 22]. Their presence in the signature here may rather
reflect the active division of the mouse tumour cells.

The Sox10 locus displayed a ‘super-enhancer’ signature,
whereas, although extended regions with strong H3K27ac
signals were seen throughout the Mitf locus, only a low
level of Pol II was observed at the Mitf-A promoter with no
Pol II signal at the Mitf-M promoter (Fig. 2b, c). No Pol II
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and low or no H3K27ac was seen at the Dct and Tyrp1
promoters (Fig. S5a, b). Moreover, these loci were marked
by H3K27me3. At the Rab27a locus, Pol II and H3K27ac

signals seen around the TSS corresponded to expression of
the divergently transcribed Pigb, whereas Rab27a was
selectively marked by H3K27me3 (Fig. S5c). At the Tyr
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locus, no Pol II was seen at the TSS, but H3K27ac and
H3K27me3 were observed at the TSS and the upstream
enhancer, suggesting this locus was in a transcriptionally
silent, but ‘bivalent’ [23] state (Fig. S5d). Alternatively,
tumours may comprise two populations of cells, with either
H3K27ac or H3K27me3. Irrespective of the explanation, no
Pol II was seen in keeping with their lost expression. In
contrast, a ‘super-enhancer’ signature was seen at the Ngfr
and Snai2 loci, two neural crest markers (Fig. S5e, f).

A transcriptional signature for human melanoma has
been derived [24] comprising MITF and SOX10, but also
TFAP2A, LEF1, DLX2, ALX1 PAX3 and GAS7. The
Dlx2, Lef1 and Alx1 loci showed a striking absence of Pol II
and H3K27ac and high levels of H3K27me3, whereas these
loci were strongly marked by MITF, BRG1 and H3K27ac
in human 501Mel melanoma cells (Fig. S6a, b). Only low
levels of Pol II were seen at Pax3 and for Tfap2a a mixed
signature of high levels of H3K27ac and H3K27me3 was
seen. Only Gas7 showed high levels of H3K27ac and Pol II,
a locus bound by SOX10 in 501Mel cells and in mouse
melanocytes [25]. Persistent Gas7 expression may therefore
reflect its activation by Sox10, whereas loss of Mitf
expression may account for repression of the other genes.

Hence in this model, tumours initially expressed mela-
nocyte markers, but then progressively adopted a de-
differentiated state switching off expression of Mitf, mela-
nocyte marker and human melanoma melanocyte signature
target genes.

Brg1 and Bptf are required for normal melanoma
development in vivo

As mentioned in the introduction, BRG1 and BPTF are
cofactors for MITF in human melanoma. We investigated
their expression levels using TCGA datasets and recently
published transcriptome data [26]. The SMARCA4 gene
encoding BRG1 was altered in 8% of TCGA melanoma, 8
truncating mutations and 1 deep deletion (Fig. S7a). All

cases with loss of function mutations were associated with
either BRAF or NRAS mutations, suggesting that loss of
SMARCA4 by itself is not a driver. ARID2 was the most
affected subunit, altered in 15% of melanoma with frequent
truncating mutations, 5 of which occurred in a ‘triple
negative’ background. ARID1A and ARID1B were altered at
a frequency similar to SMARCA4, but with numerous
truncating mutations and deep deletions, several occurring
in the triple-negative background. BPTF was altered in 11%
of melanoma with no truncating mutations or deep dele-
tions, but frequent amplifications of which 7 of 28 occurred
in a triple-negative background.

Consistent with the increased BRG1 protein levels [9],
SMARCA4 mRNA expression was upregulated in primary
melanoma compared to benign naevi in the Badal data set
(Fig. S7b). In contrast, BPTF expression was upregulated in
metastatic versus primary melanoma (Fig. S7c). BPTF
expression was also higher with NRAS mutations than with
BRAF, NF1 or triple wild-type, whereas SMARCA4 was
lower expressed with BRAF-mutation (Fig. S7d).

We addressed the requirement for Brg1 and Bptf in
mouse melanoma in vivo. They and several subunits of their
respective complexes were expressed at relatively constant
levels throughout tumour development (Fig. S3). We cros-
sed Tyr::Cre-ERT2:: BrafLSL-V600E/+::Ptenlox/lox animals with
mice where the Bptf or Brg1 genes (Smarca4) were floxed
such that they would be inactivated by the 4-OHT treatment
and tumour formation was monitored.

Compared to mice wild-type or heterozygous for
Smarca4 and Bptf, inactivation of these genes strongly
delayed tumour formation (Fig. 3a, b). Compared to large
tumours in wild-type or heterozygous mice, much smaller
lesions were observed on homozygous Smarca4 or Bptf
mice. The effect was strongest for Bptf-floxed animals
where only small pigmented foci were seen by day 44,
whereas small tumours were seen by this time in the
Smarca4-floxed mice. Comparison of the number of days
required for the tumours to reach a 1 cm3 volume showed a
strong delay in Bptf-floxed animals (median of 57 ± 6 days,
compared to 34 ± 3 days for wild type) and a less marked
delay (median of 46 ± 4 days) for Smarca4-floxed mice.
Tumour formation was delayed from the earliest stages as
the number of pigmented naevi seen at day 26 was dra-
matically reduced in the Smarca4- and Bptf-floxed animals
(Fig. 3d, e).

Sections were prepared from the back skin or the tail of
Smarca4-floxed mice 5 days after the 4-OHT application. In
the hair follicle and tail epidermis, Dct-labelled melanocytes
lacking Brg1 could be identified amongst surrounding
Brg1-expressing keratinocytes (Fig. S8a, b). Nevertheless, a
Dct-labelled melanocyte expressing Brg1 could be seen in
the same follicle. Staining of another animal several days
later also revealed a heterogeneous population where most

Fig. 1 Development of oncogenic Braf-driven mouse melanoma.
a Photographs of the 4-OHT-treated area on the backs of mice at the
indicated days after treatment. b H&E-stained skin sections 15 days
after 4-OHT treatment. HF hair follicle, PM pigmented melanocytes, E
epidermis, D dermis, AD adipocytes. Scale bar 100 µm. c Immuno-
fluorescence staining of sections from mouse skin 15 days after 4-OHT
treatment with the indicated antibodies. DAPI-stained nuclei are also
shown. Scale bar 100 µm. d H&E-stained sections from tumours
29 days (upper panel) and 36 days (lower panel) after 4-OHT treat-
ment. Scale bar 500 µm. e, f Immunofluorescence of sections from
mouse skin with the indicated antibodies along with DAPI-stained
nuclei. In (e), the upper, middle and lower panels show sections taken
15, 15 and 36 days after 4-OHT treatment, respectively. In (f), the
upper and middle panels show sections taken 22 and the lower
panel 36 days after 4-OHT treatment, respectively. T tumour. Scale bar
100 µm, S100A4 panel, 400 µm
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Fig. 2 An epigenetic map of oncogenic Braf-driven mouse melanoma.
a Read density analyses of Pol II and H3K27ac of Ensembl annotated
genes identifying those with a super-enhancer signature of high tran-
scribing Pol II density and extended H3K27ac labelling. TSS tran-
scription start site, TTS transcription termination site. Results of gene-

annotation enrichment analysis of super-enhancer signature genes
showing the enriched terms, the enrichment score (ES) and the mod-
ified Fisher exact p values. b, c UCSC genome browser view showing
Pol II, H3K27ac and H3K27me3 profiles at the indicated loci
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Dct-labelled melanocytes emerging from the hair follicle
expressed Brg1, while Brg1-negative cells were still
observed (Fig. S8c). In the early-stage dermal tumours,
strong and homogeneous Brg1 labelling was observed (Fig.

S8d). Immunoblots of later stage tumour extracts revealed
expression of Brg1 and other SWI/SNF subunits in tumours
from animals with a Smarca4lox/lox genotype and expression
of Bptf and other NuRF subunits in tumours from animals
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with a Bptflox/lox genotype (Fig. S9). Hence, tumours were
formed from cells escaping full recombination of the floxed
Smarca4 and Bptf alleles.

These results showed that 4-OHT treatment inactivated
Brg1 in a many, but not all, melanocytes. As a result, naevi
and tumour formation were both delayed as they arose from
a smaller initial pool of cells.

Mitf and Sox10 regulate overlapping gene
expression programs in mouse melanoma cells

Later stage tumours with wild-type or homozygous floxed
Smarca4 or Bptf genotypes were excised, dissociated and
the cells cultured in vitro. These in vitro cultured tumour
cells expressed Sox10, and while Mitf was not expressed in
later stage tumours from which the cells were isolated,
immunostaining, RT-qPCR and RNA-seq showed its
expression was reactivated after 24–48 h in vitro (Fig. 4a, b
and Fig. 5). Cells from wild-type tumours were transfected
with siRNAs directed against Sox10 or Mitf leading to
pronounced morphological modifications (Fig. 4c) and a
strong reduction in the number of viable cells (Fig. 4d).

We performed RNA-seq from the siMitf and siSox10
silenced cells. Using standard criteria on triplicate samples
(Log2 fold change >1; <−1 and p < 0.05) or more relaxed
criteria (Log2 fold change >0.5; <−0.5 and p < 0.05), we
found a large overlap between the regulatory programs of
Mitf and Sox10 (Fig. 5a, b and Data set S2) consistent with
the binding of MITF and SOX10 together at regulatory
elements in human melanoma cells [4]. Ontology analyses
showed pigmentation and UV-response genes were
downregulated in both conditions along with cell mem-
brane and extracellular proteins (Fig. 5c, d). Paradoxically,
a large collection of cell cycle and mitosis genes positively
coregulated by MITF and SOX10 in human melanoma
cells [4, 27] appeared negatively regulated in mouse
melanoma cells and were upregulated upon siMitf or
siSox10 silencing (Fig. 5e). These cell cycle genes were
observed only when more relaxed criteria were used
showing they were not potently upregulated, but they
were strongly represented in the 511 Mitf and Sox10
co-upregulated genes (Fig. 5b).

Brg1 and Bptf regulate extensive gene expression
programs in mouse melanoma cells

Cultured cells of appropriate genotypes were treated with
4-OHT to recombine residual floxed Smarca4 or Bptf alleles.
Treatment of Smarca4lox/lox cells led to a loss not only of
Brg1, but also of multiple other subunits of the PBAF com-
plex and of Sox10 (Fig. 6a). Treatment of Bptf lox/lox cells led
to diminished Bptf and Smarca5 expression, but not of
Smarca1 (Fig. 6b). 4-OHT treatment of wild-type tumour
cells had little effect on their morphology, whereas treatment
of cells from Smarca4lox/lox or Bptf lox/lox tumours led to a
major change in cell morphology, cytoskeleton reorganisation
and reduced cytoplasmic volume (Fig. 6c). In addition, while
4-OHT treatment had little effect on the viability of wild-type
cells, viability of Smarca4lox/lox or Bptf lox/lox cells was
strongly diminished (Fig. 6d) with a concomitant increase in
apoptosis 72 h after treatment (Fig. 6e). After 10 days, almost
no viable Smarca4lox/lox or Bptf lox/lox tumour cells persisted.

RNA-seq following 4-OHT-induced Brg1 or Bptf inacti-
vation revealed de-regulation of more than 2000–3000 genes
with a notable overlap of the programs controlled by each
factor (Fig. 7a and Data set S2). Bptf inactivation deregulated
genes involved in cell cycle and mitosis, innate immunity,
secreted glycoproteins and oxidative phosphorylation
(Fig. 7b). Brg1 inactivation also downregulated innate
immunity, secreted glycoprotein genes and upregulated genes
of the TP53 pathway (Fig. 7c). These data show that Brg1 and
Bptf regulate extensive gene expression programs affecting
multiple functional pathways in mouse melanoma cells.

A comparison of the Mitf, Sox10, Brg1 and Bptf regu-
lated genes identified sets of coregulated genes (Fig. 7d, e).
Using hypergeometric probability to calculate the repre-
sentation factor (RF), we found in each case a highly sig-
nificant overlap. More than 50% of genes downregulated by
Mitf or Sox10 silencing were also down following Brg1
inactivation (Fig. 7d, e). This group of genes were enriched
in signalling pathways such as Hippo, Wnt and MAP
kinase, as well as melanogenesis (Data set S2). Brg1 and
Bptf therefore coregulated a notable fraction of Mitf and
Sox10 target genes. However, Brg1 and Bptf regulated
additional genes and functional pathways, showing they
acted as more general cofactors.

Discussion

Similarities and differences between human
melanoma and mouse oncogenic BRAF-driven
melanoma

The genetically modified mouse model described here was
used to study the roles of CTNNB1, PIKC3A, DNMT3B

Fig. 3 Brg1 and Bptf are required for normal melanoma growth. a, b
Photographs of the 4-OHT-treated area on the backs of Tyr:Cre-ERT2;
BrafLSL-V600E/+; Ptenlox/lox mice at the indicated days (29, 38 or 44)
after treatment. The genotypes of mice with respect to the Smarca4
and Bptf alleles are indicated to the left. c The number of days required
for tumours to reach a volume of 1 cm3 on mice with the indicated
genotypes are indicated. ***p < 0.001 with unpaired two-tailed Stu-
dent’s t test. d Photographs of pigmented naevi developing on the
Tam-treated areas on the backs of mice at day 26. The genotypes of
mice are indicated to the left. e The numbers of pigmented naevi for
each genotype are indicated. ***p < 0.001; **p < 0.005
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Fig. 4 Sox10 and Mitf are required for tumour cell growth in vitro.
a Immunofluorescence staining of cultured mouse melanoma cells
with the indicated antibodies and DAPI staining of nuclei. Scale bar
100 µm. 4-OHT treatment leads to loss of Brg1 staining in the cells
with floxed Smarca4 alleles, but not in the other genetic backgrounds.

b RT-qPCR of Mitf and Sox10 expression 48 h after transfection the
indicated siRNAs. c Staining with Crystal Violet and immunolabelling
with beta-tubulin and counting of cells 72 h after transfection. N= 3.
*p < 0.05; **p < 0.01; ***p < 0.005
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and PDK1 in melanoma development [12, 13, 15, 26, 28].
At least two models have been independently developed
[12, 14] using Cre-ERT2 transgenes with differing expres-
sion profiles. Despite this, the resulting tumours have not
been fully characterised, particularly at the epigenetic level.
At early stages, tumours comprised Sox10, Dct, and Mitf-
expressing melanocytes, whereas cells in later tumours
reaching deep into the dermis lost expression of melanocyte

markers and gained that of invasion markers, such as Zeb1
and Zeb2, but with persistent expression of Sox10.

Primary dermal melanomas are a rare occurrence in
humans. The focal whorling patterns and loose myxoid
background seen in later stage mouse tumours also differ-
entiate them from what is typically observed in human
melanoma. However, using a Braf/Pten genetic model,
Kohler et al. [29] performed cell lineage tracing to show

Fig. 5 RNA-seq analyses of Mitf and Sox10-regulated gene expres-
sion. a, b Venn diagrams indicating the number of up- and down-
regulated genes after siMitf or siSox10 silencing compared to control
siRNA. Each Venn shows the overlap between the two data sets using

the indicated cut-off criteria. c, d Ontology analyses of regulated genes
using GSEA or the DAVID Functional Enrichment tool. e Expression
changes of selected cell cycle and mitosis genes after siMitf in mouse
or human 501Mel melanoma cells
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that melanoma developed from mature melanocytes in
the tail epidermis and pigmented Mitf-expressing bulb
melanocytes analogous to what we observed here. Thus,

transformed melanocytes originate from the epidermal
compartment, but invasion of dermis is rapid occurring a
few days after 4-OHT exposure. In the tail, transformed

Fig. 6 4-OHT-induced inactivation of Brg1 and Bptf in cultured
mouse melanoma cells. a, b Immunoblots from the indicated cells 48 h
after treatment with 4-OHT or DMSO as control. The position of
migration of molecular mass markers is indicated. c Bright field views
and immunolabelling with beta-tubulin of cultured melanoma cells

with the indicated genotypes 48 h after treatment with DMSO or 4-
OHT. Scale bar 100 µm d Number of viable cells counted in each
condition 48 h after the indicated treatments. N= 3. **p < 0.01. e
FACS analyses to detect Annexin V-stained apoptotic cells 48 h after
4-OHT treatment

P. Laurette et al.

168



Fig. 7 RNA-seq analyses of Brg1- and Bptf-regulated gene expression.
a Venn diagram indicating the number of up- and downregulated
genes after Brg1 or Bptf inactivation compared to the 4-OHT-treated
control cells. The Venn shows the overlap between the two data sets.
b, c Ontology analyses of regulated genes using GSEA or the DAVID

Functional Enrichment tool. d, e Venn diagrams indicating the overlap
between the Mitf, Sox10, Brg1 and Bptf regulated genes highlighting
the overlap between the data sets. The RF for the common up- and
downregulated genes are indicated
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melanocytes clonally expanded in the epidermis, but
underwent ‘de-differentiation’ with loss of Mitf and mela-
nocyte markers upon invasion in the dermis [29]. In con-
trast, we found that transformed melanocytes from the hair
follicles continue to express Mitf and melanocyte markers
after invasion of the dermis and show ‘de-differentiation’
only later as they invade more deeply within the dermis.

Consistent with the loss of Mitf expression, no Pol II was
detected at the Mitf-M isoform promoter. Moreover, Pol II
was lost from other melanocyte lineage markers that were
often organised into H3K27me3-marked heterochromatin.
Thus, our observations are consistent with the idea of an
epigenetic switch between early stages with expression of
Mitf and melanocyte markers to a later de-differentiated
state where these genes loose Pol II and often gain
H3K27me3. De-differentiation takes place in tumour cells
expressing Sox10 and Brg1, an axis normally required for
melanocyte differentiation and activation of melanocyte
marker genes [8]. The mechanisms responsible for
bypassing this axis remain to be determined.

Transcriptome and epigenetic analyses of human melano-
mas showed the existence of MITF-high and MITF-low type
cells [30, 31]. More recent classifications based on vulner-
ability to ferroptosis [32] and single-cell analyses of patient-
derived xenografts [33] highlighted additional cell states, in
particular neural crest-like cells expressing SOX10, but not
MITF and ‘mesenchymal’ cells expressing neither MITF nor
SOX10. The late-stage mouse tumour cells were reminiscent
of a neural crest-like phenotype with the absence of mela-
nocyte markers, but strong expression of Sox10 and Ngfr1.
However, when cultured in vitro, they rapidly adopted a more
differentiated phenotype with re-expression of Mitf and other
melanocyte markers, suggesting that their expression was
repressed in tumours by signals from the micro-environment.
Previous reports showed that a proinflammatory micro-
environment can induce a reversible de-differentiation and
‘mesenchymal-like’ phenotype through a mechanism invol-
ving c-JUN-mediated repression of MITF expression [34, 35].
Such dynamic transitions may be explained by the main-
tenance of the Mitf locus in an ‘open’ state retaining strong
H3K27ac labelling even at the region around the Mitf-M
promoter, facilitating re-recruitment of Pol II when the tumour
cells were grown in the absence of repressive microenviron-
mental signals. In contrast, in human ‘mesenchymal’ cells
exemplified by those profiled by Verfaillie et al. [31], the
MITF and SOX10 loci displayed a more stable repressed state
with low or no H3K27ac.

Contribution of Brg1 and Bptf to Mitf/Sox10
regulated gene expression in mouse melanoma

Here we show that Brg1 and Bptf are required for normal
development of murine melanoma in vivo. Melanoma was

strongly delayed by their inactivation, but Brg1 or Bptf-
expressing tumours eventually developed from non-
recombined cells. This observation is in accordance with a
previous dropout shRNA screen that identified BRG1 as an
essential actor in human melanoma cells [36]. 4-OHT-
induced Brg1 or Bptf inactivation in cultured tumour cells
deregulated numerous genes affecting multiple functional
pathways and was accompanied by apoptosis and loss of cell
viability. These data highlight the essential roles of these
chromatin remodelling factors in the regulation of gene
expression in mouse melanoma cells.

In mouse melanoma cells, Mitf and Sox10 coregulated
overlapping gene sets. A majority of Mitf-regulated genes
were also regulated by Sox10, whereas Sox10 regulated an
additional set of genes independently of Mitf. We noted a
collection of cell cycle and mitosis genes whose expression
was mildly induced upon Mitf/Sox10 silencing. Amongst
these are numerous genes whose expression is normally
activated by MITF and SOX10 in human melanoma cells.
The basis for this apparent conversion of MITF/SOX10
from activators of these genes in human melanoma cells to
repressors in in vitro cultured mouse melanoma cells
remains to be established.

We reported that BRG1 and BPTF acted as cofactors
coregulating subsets of MITF and SOX10 target genes in
human melanoma [4, 9]. Here, we identified genes cor-
egulated in mouse melanoma. This can in part be explained
by reduced Sox10 expression after Brg1 inactivation. This
role of Brg1 in activating Sox10 expression and acting as a
potential cofactor for Mitf/Sox10 accounts for its essential
role not only in melanoma, but more generally for melanocyte
biology as previously shown [4, 8, 25, 37]. An essential role
for BRG1 in melanocyte and melanoma biology is in line
with the observation that it is rarely subject to loss-of-function
mutations in melanoma and only in the background of BRAF
or NRAS mutations. In contrast, ARID2, ARID1A and
ARID1B showed more frequent loss of function even in the
triple-negative background suggesting they may be tumour
suppressors [38, 39]. SWI/SNF subunits therefore appear to
make distinct contributions to melanoma, some acting as
putative tumour suppressors and others such as BRG1
essential for tumour growth.

Methods

Mice and genotyping

All animal experiments were performed in accordance
with the European and national guidelines and policies
(2010/63/UE directive and French decree 2013-118) and
with the approval of the National Ethics Committee. Mice
bearing the Tyr:Cre-ERT2 transgene [40], BrafLSL-V600E/+
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[41], and floxed alleles of Pten [38], Smarca4 [39] or Bptf
[42] alleles were bred and kept on C57BL/6J background
to generate experimental mice with the desired genotypes.
Genotyping was carried out by PCR analysis of genomic
tail, skin or tumour DNA with primers detailed in the
respective publications.

Tumour induction and growth analysis

4-hydroxytamoxifen (4-OHT) was prepared freshly as a 25
mg/mL solution (65 mM) of 4-OHT (70% Z-isomer, Sigma)
in dimethylsulfoxide (DMSO) and further diluted with
100% ethanol to a 1.9 mg/mL working solution (5 mM).
Localised melanomas were induced by topical application
of 5 µL of 4-OHT on the shaved back skin of 6−7-week-old
mice for 2 consecutive days. For distal tail or ear inductions,
2 µL of 4-OHT was applied. Tumour growth was monitored
twice weekly by digital photography of the skin, including a
size reference. Tumour size was then analysed using ImageJ
software. For Fig. 3e, only pigmented lesions with a mini-
mal diameter of 1 mm were included for counting.

Primary cell culture and treatment

Primary melanoma cell cultures were derived from resected
mouse tumours as described elsewhere [43] and cultured in
Ham-F12 supplemented with 5% foetal calf serum. For
in vitro Cre-ERT2-induced recombination, cultured mela-
noma cells were treated with 1 μM 4-OHT or vehicle
(DMSO) for 48 h. The siRNA knockdown of MITF
(SMARTpool L-047441-00, Dharmacon) and SOX10
(SMARTpool L-049957-01, Dharmacon) was performed
with Lipofectamine RNAi max (Invitrogen, La Jolla, CA,
USA) for 48 h following the manufacturer’s instructions. To
assess cell viability, 50,000 cells were seeded into 24-well
plates, treated and grown for 3 days, stained with Cristal
Violet and counted under the microscope.

Immunofluorescence and histochemistry

Immunofluorescence staining of primary cells and formalin-
fixed, paraffin-embedded skin and tumour samples was
performed as described previously [4]. The following anti-
bodies were used: goat anti-Dct (Santa Cruz Biotechnology,
sc-10451), rabbit anti-Sox10 (Abcam, ab155279), rabbit
anti-Brg1 (ab110641), rabbit anti-Mitf (Sigma, St Louis,
MO), rabbit anti-ZEB1 (Santa Cruz, sc-25388), rabbit anti-
ZEB2, rabbit anti-β-tubulin (Abcam, ab6046), Alexa 488
donkey anti-goat, and Alexa 555 donkey anti-rabbit (Invi-
trogen, Carlsbad, CA). For histology analysis, sections were
stained with haematoxylin and eosin (H&E) following
standard procedures. Immunostaining of melanoma cells
in vitro was performed on cells after less than three passages

and were seeded and grown on glass coverslips for 2 days
prior to treatment with 4-OHT, DMSO or siRNAs.

Protein extraction and western blotting

Whole-cell extracts were prepared by the standard freeze-
thaw technique using LSDB 500 buffer (500 mM KCl, 25
mM Tris at pH 7.9, 10% glycerol (v/v), 0.05% NP-40 (v/v),
1 mM dithiothreitol (DTT), and protease inhibitor cocktail)
except for tumour pieces that were homogenised in RIPA
(50 mM Tris pH 8.0, 150 mM sodium chloride, 0.5 mM
Ethylenediaminetetraacetic acid (EDTA), 0.1% SDS, 0.5%
sodium deoxycholate, 1% NP-40). Cell lysates were sub-
jected to SDS–polyacrylamide gel electrophoresis (SDS-
PAGE) and proteins were transferred onto a nitrocellulose
membrane. Membranes were incubated with primary anti-
bodies in 5% dry fat milk and 0.01% Tween-20 overnight
at 4 °C. The membrane was then incubated with HRP-
conjugated secondary antibody (Jackson ImmunoResearch)
for 1 h at room temperature, and visualised using the ECL
detection system (GE Healthcare).

Apoptosis and FACs analysis

Following treatments, primary cells were harvested and
stained for annexin V using Annexin V-FITC Apoptosis
Detection Kit (Sigma) and propidium iodide following the
manufacturer instructions. Cells were analysed on an LSRII
Fortessa (BD Biosciences) and data were analysed with
Flowjo software (Tree Star).

Chromatin-immunoprecipitation and sequencing

For in vivo ChIP-seq, freshly resected mouse melanoma
tumours were separated from the epidermis, cut into small
pieces and homogenised by douncing in hypotonic
buffer. Nuclei were isolated by centrifugation on a
sucrose cushion (1.2 M sucrose, 60 mM KCl, 15 mM
NaCl, 5 mM MgCl2, 0.1 mM EDTA, 15 mM Tris-HCl
(pH 7.5), 0.5 mM DTT, 0.1 mM phenylmethylsulfonyl
fluoride (PMSF), PIC). For Pol II ChIP, nuclei were fur-
ther fixed in 0.4% PFA for 10 min and sonicated with a
Covaris S220 as described [27]. Alternatively, H3K27ac
and H3K27me3 ChIP experiments were performed on
native Mnase-digested chromatin as described previously
[4]. ChIP-seq libraries were prepared and sequenced
as single-end 50-base reads, peak detection was per-
formed using MACS [44] http://liulab.dfci.harvard.edu/
MACS/). Datasets were normalised for the number of
unique mapped reads for subsequent comparisons. Global
clustering analysis and quantitative comparisons were
performed using seqMINER [45] and R (http://www.r-
project.org/). Gene ontology analyses were performed

Chromatin remodellers Brg1 and Bptf are required for normal gene expression and progression of. . .

171

http://liulab.dfci.harvard.edu/MACS/
http://liulab.dfci.harvard.edu/MACS/
http://www.r-project.org/
http://www.r-project.org/


using the functional annotation clustering function of
DAVID (http://david.abcc.ncifcrf.gov/).

RNA preparation, quantitative PCR and RNA-seq
analysis

RNA isolation was performed according to standard pro-
cedure (Qiagen kit). qRT-PCR was carried out with SYBR
Green I (Qiagen) and Multiscribe Reverse Transcriptase
(Invitrogen) and monitored using a LightCycler 480
(Roche). GAPDH gene expression was used to normalise
the results. Primer sequences for each cDNA were designed
using Primer3 Software and are available upon request.
RNA-seq was performed essentially as previously descri-
bed. Gene ontology analyses were performed with the Gene
Set Enrichment Analysis software GSEA v3.0 using the
hallmark gene sets of the Molecular Signatures Database
v6.2 and the functional annotation clustering and KDEGG
pathway functions of DAVID (https://david.ncifcrf.gov/).

Analyses of public datasets

Analyses of mutations in the melanoma TCGA datasets
were performed using the cBiopotal website http://www.
cbioportal.org/. Melanoma (SKCM) RNAseqV2 data gen-
erated by the TCGA Research Network (http://ca
ncergenome.nih.gov/), processed and normalised using
RSEM were downloaded together with the patient clinical
features (BRAF, NRAS, NF1 mutational status; Clark score
of the lesion; primary tumour or metastatic origin) from
cBioportal. Expression values of SMARCA4 and BPTF
were extracted and compared between the groups indicated
in the figures by Kruskal−Wallis test, assuming nonpara-
metric distribution (***p < 0.001, **p < 0.01, *p < 0.05).

Analysis of SMARCA4 and BPTF expression in nevi
and primary melanoma lesions was performed by extracting
their normalised expression levels from RNA-seq data
obtained from Badal et al. [46]. Two-tailed unpaired t test
was used for statistical significance (***p < 0.001, **p <
0.01, *p < 0.05).

Data availability

All sequencing data in this paper have been submitted to the
Geo database under the accession number. SuperSeries
GSE129621.
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Abstract. 

The CHD4 subunit of the Nucleosome Remodelling and Deacetylation (NuRD) complex regulates expression of 

PADI1 (Protein Arginine Deiminase 1) and PADI3 in multiple cancer cell types modulating citrullination of three 

arginines of the allosterically-regulated glycolytic enzyme pyruvate kinase M2 (PKM2). PKM2 citrullination lowers 

its sensitivity to the inhibitors Tryptophan, Alanine and Phenylalanine shifting the equilibrium towards the activator 5 

Serine bypassing normal physiological regulation by low Serine levels and promoting excessive glycolysis, lowered 

intracellular ATP and slowed proliferation. Our data provide unique insight as to how conversion of arginines to 

citrulline impacts key interactions within PKM2 adding another layer of complexity to the mechanisms that regulate 

the activity of this important enzyme.  

One Sentence Summary: Citrullination of key arginines in pyruvate kinase M2 modulates its allosteric regulation, 10 

glycolysis and cancer cell proliferation.  

Main text 

CHD3 and CHD4 are mutually exclusive ATPase subunits of the Nucleosome Remodelling and 

Deacetylation (NuRD) complex that regulates gene expression, acting in many contexts as a co-repressor (1) (2) (3). 

An shRNA dropout screen previously identified CHD4 as essential for growth of multiple patient derived melanoma 15 

xenografts and for breast cancer (4) (5). Mining public data sets showed up-regulation of CHD4 upon transition from 

benign nevi to metastatic melanoma (Fig. S1A). In melanomas, CHD4 expression was comparable in the different 

mutation status, although CHD3 was lowered in NRAS mutated melanomas (Fig. S1B). Single cell RNA-seq (6) 

showed higher CHD4 expression in melanoma tumour cells compared to infiltrating B and T lymphocytes (Fig. S1C). 

SiRNA-mediated CHD3 or CHD4 silencing in a collection of melanoma cells in vitro reduced clonogenic capacity, 20 

increased the proportion of slow or non-proliferating cells (Fig. 1A-D), but did not induce apoptosis (Fig. 1E).  

RNA-seq following CHD4 silencing in melanoma cells identified more than 1000 up-regulated genes 

compared to 364 down-regulated genes showing that CHD4 was primarily a transcriptional repressor (Fig. 1F-G, and 

Dataset S1). In contrast, similar numbers of genes were up or down-regulated by CHD3 silencing (Fig. 1F-G), but no 

significant overlap of the two genes sets was observed. CHD3 and CHD4 up and down-regulated genes were involved 25 

in diverse and distinct sets of pathways (Fig. 1H-I, Dataset S1).  De-regulated gene expression was confirmed by RT-

qPCR on independent RNA samples in both 501Mel and MM117 melanoma cells (Fig. S2A-B).  
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Amongst the genes potently up-regulated by CHD4 silencing are PADI1 (Protein Arginine Deiminase 1) and 

PADI3 encoding enzymes that convert arginine to citrulline (7)(Fig. S2A-C). In all tested melanoma lines, PADI3 

expression was almost undetectable and potently activated by CHD4 silencing, whereas others had low basal PADI1 

levels that were increased by CHD4 silencing (Fig. S2D). The PADI1 and PADI3 genes are located next to each other 

(Fig. S2E). ChIP-seq in melanoma cells revealed that CHD4 binds together with transcription factors CTCF and 5 

FOSL2 (AP1) to an intronic regulatory element in PADI1 that is predicted to regulate both the PADI1 and PADI3 

genes (Fig. S3). This element is marked by H2AZ, H3K4me1, BRG1 and ATAC-seq for open chromatin, but not by 

the lineage-specific transcription factors MITF and SOX10.  

To identify potential PADI1/3 substrates in melanoma cells, we made protein extracts from siC and siCHD4 

cells, performed immunoprecipitation (IP) with a pan-citrulline antibody and analysed precipitated proteins by mass-10 

spectrometry (Fig. S4A and Dataset S2). An increased number of total peptide spectral matches (PSMs) and PSMs 

for citrullinated peptides were detected following CHD4 silencing. A set of predominantly cytoplasmic proteins 

including tubulins, multiple 14-3-3 proteins and glycolytic enzymes PFKP, HK1/2, GAPDH, ALDOA/C, ENO1/2 

and PKM2 were enriched in the IP from siCHD4 cells (Fig. S4B-C and Dataset S2).  

We focussed on PKM2, a highly regulated enzyme playing a central role in integrating cellular metabolic 15 

status and cell cycle with control of glycolysis (8). PKM2 converts phosphoenolpyruvate (PEP) to pyruvate that can 

then be converted to lactic acid. To investigate PKM2 citrullination by immunoblot following pan-citrulline IP, 

melanoma cells were transfected with siC, siCHD4 or vectors allowing ectopic expression of PADI1 and PADI3 (Fig. 

S4D-E). Strongly increased amounts of PKM2 were detected in the IP following siCHD4 compared to siC in both 

501Mel and MM117 melanoma cells and after ectopic PADI1 and PADI3 expression, particularly upon co-expression 20 

of both enzymes (Fig. S4F-G).  

To determine if siCHD4 silencing and the enhanced PKM2 citrullination altered glycolysis, we profiled 

melanoma cell metabolism in real time. CHD4 silencing in all tested melanoma lines increased the basal OCR (oxygen 

consumption rate) and ECAR (extracellular acidification rate), markedly increased maximum OCR and ECAR and 

decreased the OCR/ECAR ratio due to the increased ECAR values (Fig. 2A-D). ECAR was blocked using 2-deoxy-25 

D-glucose confirming that it was due to increased glycolysis (Fig. 2C). Increased glycolysis and lactic acid production 

diverts pyruvate from oxidative metabolism a more efficient ATP source. Consequently, excessive glycolysis 
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following CHD4 silencing led to decreased intracellular ATP levels (Fig. 2E) at least partially accounting for reduced 

proliferation.  

The increased glycolysis seen upon CHD4 silencing was strongly diminished when PADI1 and PADI3 were 

additionally silenced (Fig. 2F and J). In contrast, exogenous expression of PADI1, PADI3 or both stimulated 

glycolysis (Fig. 2G and K). Consistent with increased glycolysis, PADI1/3 expression led to reduced intracellular 5 

ATP levels (Fig. 2H and L) and reduced cell proliferation (Fig. 2I). PADI1 and PADI3 were therefore necessary and 

sufficient for increased glycolysis accounting for the effects seen upon CHD4 silencing.  

As mentioned above CHD4 may control PADI1/3 expression not via melanoma-specific factors, but through 

a regulatory element binding more ubiquitous factors and therefore regulate their expression in non-melanoma cancer 

cells.  SiCHD4 silencing in SiHa cervical carcinoma cells strongly diminished clonogenic capacity (Fig. S5A), 10 

potently increased PADI3 expression (Fig. S5B) and stimulated glycolysis (Fig. S5C-D). Moreover, glycolysis was 

stimulated by ectopic PADI1/3 expression leading to reduced OCR/ECAR ratio and ATP levels (Fig. S5E-G). In HeLa 

cells, CHD4 silencing reduced clonogenic capacity and activated PADI1 and PADI3 expression (Fig. S5H-I). 

Glycolysis was stimulated by both CHD4 silencing and ectopic PADI1/3 expression (Fig. S5J).  Analogous results 

were observed in two different types of renal cell carcinoma cell lines (Fig. S5K-T). Therefore, in cell lines from four 15 

distinct cancer types, CHD4 silencing or ectopic PADI1/3 expression increased glycolysis and negatively impacted 

cell proliferation.  

In contrast to PKM1 isoform that is constitutively active, PKM2 isoform activity is positively regulated by 

serine (Ser), fructose 1,6-biphosphate (FBP) and succinylaminoimidazole-carboxamide riboside (SAICAR) and 

negatively regulated by tryptophan (Trp), alanine (Ala) and phenylalanine (Phe), thus coupling glycolytic flux to the 20 

level of critical intermediate metabolites (9-12). Allosteric regulation involves three distinct enzyme conformations 

[(13-15) and Figure 3A]. In the apo (resting) state, in absence of small molecules and ions, the PKM2 N-terminal and 

A domains adopt an active conformation, but the B domain is in an inactive conformation. In the activated R-state, 

binding of FBP or Ser and magnesium, stabilizes the N and A domains in their active conformation, and rotates the B 

domain towards the A domain that together form the active site. In the inactive T-state, upon binding of inhibitors 25 

(Trp, Ala and Phe), the B domain adopts a partially active conformation, but the N and A domains undergo structural 

changes that prevent FBP binding and disorganize the active site. The structural changes observed between the 

different PKM2 states are reinforced allosterically by organisation into a tetramer that is essential for enzyme function. 
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In siCHD4 extracts, only 3 citrullinated arginine residues, R106, R246 and R489 were identified by mass-

spectrometry and enriched in the siCHD4 extracts (Fig. S4A). R489 is directly involved in FBP binding with 

interactions between its guanidino group and the FBP 1’ phosphate group (Figure 3B). Importantly, despite its 

extensive interaction network with PKM2, FBP binding is lost upon mutation of R489 into alanine (13) (16). R489 

therefore plays a critical role in FBP binding. Loss of its side chain charge upon citrullination should therefore diminish 5 

FBP binding, reinforcing PKM2 allosteric regulation by the free amino acids. 

In the apo state, R246 forms salt bridges between its guanidino group and the main chain carboxyl groups of 

V215 and L217 at the pivotal point where the B domain moves between its active and inactive conformations [(14) 

and Fig. 3C]. This interaction contributes to maintaining the inactive B domain conformation in the apo state and is 

lost in the R- and T-states. R246 citrullination should strongly weaken or abolish interaction with V215 and L217 10 

facilitating release of the B domain from its inactive conformation.  

R106 participates in the free amino acid binding pocket. In the apo state, R106 mostly faces the solvent, but 

upon free amino acid binding, it rotates towards the pocket and its guanidino group interacts with the carboxylate 

group of the bound amino acid and the P471 main chain carbonyl [(9) (15) (13) and Fig. 4A]. Ser forms a hydrogen 

bond network with the N and A domains stabilizing their active conformations, whereas upon Trp, Ala, or Phe binding, 15 

their hydrophobic side chain causes displacement of the N-domain outwards leading to the allosteric changes that 

characterize the inactive T-state (Fig. 4A).  

Transition between the R- and T-states is finely regulated by changes in the relative concentrations of Ser 

versus Trp, Ala and Phe that compete for binding to the pocket (15). Loss of R106 positive side chain charge upon 

citrullination will weaken its interaction with free amino acids. Due to its extended network of hydrogen bonds within 20 

the pocket and as it does not modify the active conformations of the N and A domains, we postulate that Ser binding 

is less affected, than the hydrophobic amino acids that induce important structural changes within the N and A 

domains. Consequently, R106 citrullination could weaken the inhibitory effect of Trp, Ala and Phe thereby shifting 

the equilibrium towards activation by Ser.  

To test the above hypotheses, we asked if citrullination modulated glycolysis under different conditions. 25 

When cells were grown in absence of Ser, basal glycolysis was reduced and was no longer stimulated upon siCHD4 

or PADI1/3 expression (Fig. 4B). On the other hand, exogenous Ser stimulated basal glycolysis that was not further 

increased by siCHD4 (Fig. 4C). In contrast, basal glycolysis was reduced by exogenous Trp, but remained stimulated 
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by siCHD4 and by PADI1/3 expression (Fig. 4D). Similarly, glycolysis was stimulated by siCHD4 in presence of 

increasing Phe concentrations (Fig. 4E), an effect particularly visible in MM117 cells where despite strongly inhibited 

basal glycolysis, stimulation was seen upon siCHD4 (Fig. 4F). PADI1/3 expression also stimulated glycolysis in 

presence of exogenous Ala (Fig. 4G). PKM2 citrullination did not therefore bypass the requirement for Ser, but 

diminished inhibition by Trp/Ala/Phe, consistent with the idea that R106 citrullination preferentially diminished 5 

binding of Phe, Ala and Trp hence modifying the equilibrium in favour of the activator Ser.  

PKM2 is an allostatic regulator integrating a finely balanced feedback mechanism that modulates its activity 

over a wide range of absolute and relative amino acid concentrations (15). When Ser levels are lowered through 

glycolysis, PKM2 is more readily occupied by inhibitory amino acids reducing glycolysis and allowing accumulation 

of metabolic intermediates required for Ser synthesis.  R106 citrullination upsets this feedback loop by lowering PKM2 10 

sensitivity to Trp/Ala/Phe shifting the equilibrium towards Ser thereby maintaining glycolysis at low Ser 

concentrations and inhibiting cell proliferation.  Previous reports described small molecules that increase PKM2 

activity and stimulate glycolysis resulting in Ser auxotrophy and reduced cell proliferation (9, 11, 17, 18). PKM2 

citrullination therefore represents a physiological mechanism to regulate glycolysis and cell proliferation adding 

another layer of complexity to the control of PKM2 activity. 15 

Citrullination of glycolytic enzymes was observed in rheumatoid arthritis (19). Tilvawala et al, found that 

citrullination increased PKM2 enzymatic in vitro. We extend these observations to demonstrate that PADI1 and 

PADI3 citrullinate PKM2 and stimulate glycolysis in cancer cells.  Furthermore, our data provide unique insight as to 

how conversion of arginines to citrulline impacts their key interactions within PKM2 to reprogram its regulation by 

activating and inhibiting amino acids.  While our experiments are consistent with citrullination of PKM2 as the major 20 

regulator of glycolysis, PKM2 was not the only glycolytic enzyme that showed increased citrullination and we cannot 

exclude that their citrullination also contributed to increased glycolysis.  

We identify a novel pathway regulating melanoma cell proliferation where CHD4 regulates PADI1 and 

PADI3 expression and their potential to citrullinate key arginines in PKM2 involved in its allosteric regulation and 

potentially in other glycolytic enzymes, thereby linking epigenetics to glycolytic flux and cell proliferation. This 25 

pathway is shared in other cancer cells indicating a more general mechanism for regulating cell proliferation and a 

novel potential therapeutic target. 
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Figure 1.  CHD3 and CHD4 are required for normal melanoma cell proliferation.  A-B. 501Mel cells were 

transfected with the indicated siRNAs and CHD3 and CHD4 expression evaluated by RT-qPCR or by immunoblot 

along with that of MITF and SOX10. C. The indicated cell lines were transfected with siRNA and after reseeding the 

number of colonies counted after 10 days. D. The indicated cell lines were transfected with siRNAs and cell 

proliferation evaluated by cell trace violet assay. E. The indicated cell lines were transfected with siRNA and apoptosis 5 

detected by FACs after labelling with Annexin-V. In all experiments N=3 and unpaired t-tests analyses were 

performed by Prism 5. P-values: *= p<0,05; **= p<0,01; ***= p<0,001. Silencing of MITF known to induce cell 

cycle arrest and senescence was included as a control (20). F-G RNA-seq was performed on triplicate samples of 

501Mel cells after transfection of siRNA. Genes up or down-regulated based on Log2 fold-change >1/<-1 with an 

adjusted p-value <0,05 were identified. Venn diagrams show overlap between the CHD3 and CHD4 regulated genes 10 

along with the hypergeometric probability representation factor (RF), in this case non-significant. I-H. Ontology 

analyses of CHD3 and CHD4 regulated genes. Shown are the enrichment scores for GSEA, as well as David functional 

enrichment and KEGG pathway categories.  
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Figure 2. CHD4 silencing regulates glycolysis and cell proliferation. A. Effect of CHD4 silencing on basal and 

maximal OCR values in 501Mel cells.  B. Effect of CHD4 silencing on the basal OCR/ECAR ratio in the indicated 

cell types. C-D. Effect of CHD4 silencing on basal and maximal ECAR values in 501Mel cells and basal ECAR values 

in the indicated cell types. E. CHD4 silencing reduces intracellular ATP levels in the indicated cell lines. F-G. ECAR 

values in 501Mel cells following transfection with indicated siRNAs or expression vectors. H. Intracellular ATP levels 5 

following CHD4 silencing or PADI1/3 expression. EV = empty expression vector control. I Reduced cell proliferation 

following PAD1/3 expression.  J-L. ECAR values and intracellular ATP levels in MM117 cells following transfection 

with indicated siRNAs or expression vectors. In all experiments ECAR values were determined from N=6 with 6 

technical replicates for each N. Unpaired t-test analyses were performed by Prism. P-values: *= p<0,05; **= p<0,01; 

***= p<0,001. 10 
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Figure 3. Locations and interactions of citrullinated arginines in PKM2. A. Ribbon representation of a PKM2 

monomer in the apo resting state (grey; PDB 3SRH), the active R state (yellow; PDB 6GG6 with FBP and oxalate 

molecules from 3SRD) and the inactive T state (cyan; PDB 6GG4). The three citrullinated arginines (R106, R246 and 

R489), the free amino acids Serine and Phenylalanine, FBP and oxalate (surrogate of pyruvate to occupy the active 

site) are shown as sticks (carbon, grey; nitrogen, blue; oxygen, red; phosphorus, orange). AS, active site. AP, free 5 

amino acid binding pocket. The regions of PKM2 undergoing allosteric structural transitions between the three states 

are boxed. B. Close up view of FBP interactions within the R-active state. Salt bridges and hydrogen bonds are shown 

as dashed lines. Colour coding as panel A. For clarity, the side chain of K433 is not displayed. C. Closeup view of 

R246 interactions with the B domain in the Apo, R-active and T-inactive states along with a superposition of the three 

structures. Colour coding and representation of salt bridges/hydrogen bonds is as in panels A and B.  10 
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Figure 4. PKM2 citrullination diminishes allosteric inhibition by Phe/Ala/Trp.  A. Close up view of free Ser and Phe 

interactions within the free amino acid binding pocket in the Apo, R-active and T-inactive states with a superposition 

of the three structures. All residues displayed are shown as sticks. In the superposition, the peptide bearing R43 is 

represented as ribbon to show the allosteric changes created upon Phe binding. Colour coding is as in Fig. 3. Salt 

bridges and hydrogen bonds are shown as dashed lines. For clarity, the side chain of Phe 470, which stacks on R106 5 

side chain, is not displayed. B. ECAR values in presence of exogenous Ser or absence of Ser after CHD4 silencing or 

PADI1/3 expression in 501Mel or MM117 cells; NM = normal medium. C. ECAR values in presence of increased 

exogenous Ser with or without CHD4 silencing in 501Mel cells. D-E. ECAR values in presence of exogenous Trp or 

Phe with or without CHD4 silencing or PADI1/3 expression in 501Mel cells. F. ECAR values in presence of 

exogenous Phe with or without CHD4 silencing in MM117 cells. G. ECAR values in presence of exogenous Ala with 10 

or without PADI1/3 expression in 501Mel cells.  In all experiments ECAR values were determined from N=6 with 6 

technical replicates for each N. Unpaired t-test analysis were performed by Prism 5. P-values: *= p<0,05; **= p<0,01; 

***= p<0,001. 

Methods 

Cell culture, siRNA silencing and expression vector transfection 15 

Melanoma cell lines 501Mel and SK-Mel-28 were grown in RPMI 1640 medium supplemented with 10% 

foetal calf serum (FCS). MM074 and MM117 were grown in HAM-F10 medium supplemented with 10% FCS, 5.2 

mM glutamax and 25 mM Hepes. Hermes-3A cell line was grown in RPMI 1640 medium (Sigma) supplemented with 

10% FCS, 200nM TPA, 200pM cholera toxin, 10ng/ml human stem cell factor (Invitrogen) and 10 nM endothelin-1 

(Bachem). HeLa cells were grown in Dulbecco’s modified Eagle’s medium supplemented with 10% FCS. SiHA cells 20 

were grown in EAGLE medium supplemented with 10% FCS, 0.1mM non-essential amino acids and 1mM sodium 

pyruvate. UOK cell lines were cultured in DMEM medium (4.5g/L glucose) supplemented with 10% heat-inactivated 

FCS and 0.1mM AANE. 

SiRNA knockdown experiments were performed with the corresponding ON-TARGET-plus SMARTpools 

purchased from Dharmacon Inc. (Chicago, Il., USA). SiRNAs were transfected using Lipofectamine RNAiMax 25 

(Invitrogen, La Jolla, CA, USA) and cells were harvested 72 hours after. PADI1 and PADI3 expression vectors were 

transfected using X-tremeGENE™ 9 DNA Transfection Reagent (Sigma) for 48h. To assess clonogenic capacity, cells 

were counted and seeded in 6 well plates for 7 to 15 days. 
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Proliferation, viability and senescence analyses by flow cytometry 

To assess proliferation after siRNA treatment, cells were stained with Cell Trace Violet (Invitrogen) on the 

day of transfection. To assess cell viability, cells were harvested 72 hours after siRNA transfection and stained with 

Annexin-V (Biolegend) following manufacturer instructions.  To assess senescence, cells were treated with 

Bafilomycin A (Sigma) for an hour and then with C12FDG (Invitrogen) for two hours. Cells were analysed on a LSRII 5 

Fortessa (BD Biosciences) and data were analysed using Flowjo software. 

ATP measurement 

The concentration of ATP was determined 72h after siRNA transfection using the luminescent ATP detection 

system (Abcam, ab113849) following the manufacturer’s instructions. 

Protein extraction and Western blotting 10 

Whole cell extracts were prepared by the standard freeze-thaw technique using LSDB 500 buffer (500 mM 

KCl, 25 mM Tris at pH 7.9, 10% glycerol (v/v), 0.05% NP-40 (v/v), 16mM DTT, and protease inhibitor cocktail). 

Cell lysates were subjected to SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and proteins were transferred 

onto a nitrocellulose membrane. Membranes were incubated with primary antibodies in 5% dry fat milk and 0.01% 

Tween-20 overnight at 4 °C. The membrane was then incubated with HRP-conjugated secondary antibody (Jackson 15 

ImmunoResearch) for 1h at room temperature, and visualized using the ECL detection system (GE Healthcare). 

Immunoprecipitation and mass-spectrometry  

Citrullinated proteins were immunoprecipitated from whole cell extracts with an anti-pan-citrulline antibody 

(Abcam, ab6464).  Samples were concentrated on Amicon Ultra 0.5 mL columns (cutoff: 10 kDa, Millipore), resolved 

by SDS-PAGE and stained using the Silver 7 Quest kit (Invitrogen).  20 

Mass spectrometry and analysis 

Mass-spectrometry was performed at the IGBMC proteomics platform (Strasbourg, France). Samples were 

reduced, alkylated and digested with LysC and trypsin at 37°C overnight. Peptides were then analyzed with an 

nanoLC- MS/MS system (Ultimate nano-LC and LTQ Velos ion trap, Thermo Scientific, San Jose Califronia). Briefly, 

peptides were separated on a C18 nano-column with a 1 to 30 % linear gradient of acetonitrile and analyzed in a 25 

TOP20 CID data-dependent MS method. Peptides were identified with SequestHT algorithm in Proteome Discoverer 

2.2 (Thermo Fisher Scientific) using Human Swissprot database (20347 sequences). Precursor and fragment mass 

tolerance were set at 0.9 Da and 0.6 Da respectively. Trypsin was set as enzyme, and up to 2 missed cleavages were 
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allowed. Oxidation (M) and Citrullination (R) were set as variable modifications, and Carbamidomethylation (C) as 

fixed modification. Peptides were filtered with a 1 % FDR (false discovery rate) on peptides and proteins. For 

statistical analyses data was re-analysed using Perseus (21). 

Chromatin immunoprecipitation and sequencing 

CHD4 ChIP experiments were performed on 0.4% Paraformaldehyde fixed and sonicated chromatin isolated 5 

from 501Mel cells according to standard protocols as previously described (22). MicroPlex Library Preparation kit v2 

was used for ChIP-seq library preparation. The libraries were sequenced on Illumina Hiseq 4000 sequencer as Single-

Read 50 base reads following Illumina’s instructions. Sequenced reads were mapped to the Homo sapiens genome 

assembly hg19 using Bowtie with the following arguments: -m 1 --strata --best -y -S -l 40 -p 2. After sequencing, peak 

detection was performed using the MACS software (23). Peaks were annotated with Homer 10 

(http://homer.salk.edu/homer/ngs/annotation.html) using the GTF from ENSEMBL v75. Peak intersections were 

computed using bedtools and Global Clustering was done using seqMINER. De novo motif discovery was performed 

using the MEME suite (meme-suite.org). Motif enrichment analyses were performed using in house algorithms as 

described in (24). 

RNA preparation, quantitative PCR and RNA-seq analysis 15 

RNA isolation was performed according to standard procedure (Qiagen kit). qRT-PCR was carried out with 

SYBR Green I (Qiagen) and Multiscribe Reverse Transcriptase (Invitrogen) and monitored using a LightCycler 480 

(Roche). RPLP0 gene expression was used to normalize the results. Primer sequences for each cDNA were designed 

using Primer3 Software and are available upon request. RNA-seq was performed essentially as previously described 

(25). Gene ontology analyses were performed with the Gene Set Enrichment Analysis software GSEA v3.0 using the 20 

hallmark gene sets of the Molecular Signatures Database v6.2 and the functional annotation clustering function of 

DAVID. 

Analysis of oxygen consumption rate (OCR) and glycolytic rate (ECAR) in living cells 

The ECAR and OCR were measured in an XF96 extracellular analyzer (Seahorse Bioscience). A total of 20000 cells 

per well were seeded and transfected by siRNA or expression vector 72h and 24h hours respectively prior the 25 

experiment. The cells were incubated in a CO2-free incubator at 37°C and the medium was changed to XF base 

medium supplemented with 1mM pyruvate, 2 mM glutamine and 10mM glucose for an hour before measurement. 

For OCR profiling, cells were sequentially exposed to 2 µM oligomycin, 1 µM carbonyl cyanide-4-(trifluorome- 
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thoxy) phenylhydrazone (FCCP), and 0.5 µM rotenone and antimycin A. For ECAR profiling, cells were sequentially 

exposed to 2 µM oligomycin and 150 mM 2-deoxyglucose (2-DG). After measurement, cells were washed with PBS, 

fixed with 3% PFA, permeabilized with 0.2% triton. Nuclei were counterstained with Dapi (1:500) and number of 

cells per well determined by the IGBMC High Throughput Cell-based Screening Facility (HTSF, Strasbourg). L-Phe 

(Sigma, P2126), L-Trp (Sigma T0254) or L-Ser (Sigma S4500) were added in the complete medium (24-48h for 5 

Serine and 6-8h for Trp/Phe) and in the refreshed XF base medium prior the experiment.  
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Supplemental Figures: 
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Supplementary Figure 1. CHD3 and CHD4 expression in melanoma. A. CHD3 and CHD4 expression in nevi and 

melanoma from the Badal et al dataset (26). B. CHD3 and CHD4 expression in melanoma from the TCGA database 

(www.cbioportal.org) carrying the indicated mutations. C. CHD3 and CHD4 expression in melanoma cells and 

infiltrating immune cells in three analyzed tumours of the Tirosh et al., data set (6).  

5 
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Supplementary Figure 2. Genes de-regulated upon CHD4 silencing. A-B. Verification of deregulated expression of 

selected genes in independent RNA samples from 501Mel or MM117 cells. C-D. Changes in PADI1 and PADI3 

expression in the indicated cells lines following CHD4 silencing shown by RNA-seq and RT-qPCR. In all RT-qPCR 

experiments N=3 and unpaired t-test analyses were performed by Prism 5. P-values: *= p<0,05; **= p<0,01; ***= 5 

p<0,001.  
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Supplementary Figure 3. CHD4 CTCF and FOSL2 co-occupy a regulatory element at the PADI1-PADI3 locus. 

Screenshot of UCSC genome browser at the PADI1-PADI3 locus showing the indicated ChIP-seq data. Arrows 

highlight the putative cis-regulatory elements occupied by CTCF, FOSL1 and CHD4 and marked by ATAC-seq, 

H3K4me1, BRG1 and H2AZ. The following data sets were used:  H3K4me1 GSM2476344; ATAC GSM2476338; 5 

FOSL2 GSM2842801; TEAD4 GSM2842802 (27); CHD4 XX this study. Other data are from Laurette et al., 2015 

(22).  
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Supplementary Figure 4. CHD4 silencing increases citrullination in 501Mel cells. A. Increases in number of total 

and citrullinated PSMs in CHD4 silenced cells following immunoprecipitation (IP) with pan-citrulline antibody. 

Lower table shows PKM2 peptides with increased citrullination after pan-citrulline IP. B. Volcano plot showing 5 

proteins with increased or decreased total PSMs after pan-citrulline IP. C. Increased recovery of glycolytic enzymes 

following pan-citrulline IP.  D. Immunoblot showing expression of recombinant PADI1 and PADI3 in cells transfected 

with the corresponding expression vectors of the empty vector (EV).  E. Immunoblot showing expression of PKM2 

in cells after CHD4 silencing or transfection with the PADI1 and PADI3 vectors in the cell extracts used for 

immunoprecipitation with pan-citrulline antibody. F. PKM2 in the pan-citrulline IPs from 501Mel or MM117 cells. 10 

G. Immunoblot showing PKM2 in the pan-citrulline IP after transfection with the PADI1 and/or PADI3 expression 

vectors.  
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Supplementary Figure 5.  Citrullination regulates glycolysis and proliferation in multiple types of cancer cells. A. 

Diminished clonogenicity of SiHA cells following CHD4 silencing. B. PADI1 and PADI3 expression in SiHA cells 

following CHD4 silencing. C-D. Basal and maximal glycolysis in SiHA cells following CHD4 silencing. E. 

Glycolysis in SiHA cells following PADI1/3 expression. F. OCR/ECAR ratio in SiHA cells following CHD4 silencing 

or PADI1/3 expression. G. Intracellular ATP levels in SiHA cells following CHD4 silencing. H-J. Clonogenicity, 5 

PADI1, PADI3 expression and glycolysis in HeLa cells following CHD4 silencing or PADI1/3 expression as 

indicated. K-O. Clonogenicity, PADI1, PADI3 expression and glycolysis and proliferation in UOK-109 translocation 

renal cell carcinoma cells following CHD4 silencing or PADI1/3 expression as indicated.  P-T. Clonogenicity, PADI1, 

PADI3 expression and glycolysis and proliferation of A498 clear cell renal carcinoma cells following CHD4 silencing 

or PADI1/3 expression as indicated. In A,B,H,I,K,L,M,O,P,Q,R,T: N=3 and statistical unpaired t-tests analyses were 10 

performed by Prism 5 P-values: as above.  In D,E,F,G,J,N,S: N=3 with 6 technical replicates for each N. P-values: as 

above. 

 

Supplementary Dataset 1.  Summary of RNA-seq results following CHD3 or CHD4 silencing in 501Mel cells. 

Shown are gene names, description, fold change, p-value and adjusted p-value. As indicated, other pages on the 15 

spreadsheet show the ontology analyses of each gene set. 

Supplementary Dataset 2.  Proteins enriched after pan-citrulline immunoprecipitation from CHD4 silenced cells. 

Shown are accessions, gene names, gene descriptions, -Log P-values, differences (siCHD4-siCTRL), sum peptides 

scores, percentage of coverage, peptide number, PSM number, NSAF values (PSMs/protein length), unique peptide 

numbers, amino acid number and molecular mass. 20 
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Abstract in FRENCH 

Le complexe de remodelage de la chromatine NuRD, composé des sous-unités catalytiques 

CHD3 et CHD4, est un régulateur épigénétique de l’expression génique. Nos résultats montrent 

que NuRD s’associe avec les facteurs de transcription essentiels du mélanome que sont MITF et 

SOX10. Cependant, malgré une association physique et une co-localisation génomique, 

CHD4/NuRD ne semble pas agir comme un cofacteur important pour MITF ou SOX10.  

Néanmoins, la répression de CHD4 conduit à un ralentissement de la prolifération et dé-

réprime l’expression des enzymes PADI1 et PADI3 dans les cellules de mélanome ainsi que dans 

de nombreux types de cellules cancéreuses. Ainsi, l’induction de ces enzymes, responsables de la 

conversion des arginines en citrullines, entraîne la citrullination spécifique de PKM2, une enzyme 

glycolytique essentielle, diminuant ainsi sa sensibilité aux inhibiteurs allostériques, et donc altérant 

l’équilibre physiologique entre activateurs et inhibiteurs de l’enzyme. 

L’ensemble de ce travail de thèse a permis de mettre en évidence une nouvelle voie reliant, 

d’une part la régulation épigénétique de l’expression de PADI1 et PADI3 par CHD4/NuRD ainsi que 

la reprogrammation de la régulation allostérique de PKM2 via la citrullination d’arginines, au flux 

glycolytique et au contrôle de la prolifération des cellules cancéreuses d’autre part. 

Mots clés: NuRD, remodelage de la chromatine, citrullination, épigénétique, glycolyse, cancer 

Abstract in ENGLISH 

The Nucleosome Remodelling and Deacetylation (NuRD) complex is an epigenetic regulator 

of gene expression that includes two mutually exclusive ATPase subunits CHD3 and CHD4. Our 

results show that NuRD associates with essential melanoma cell transcription factors namely MITF 

and SOX10.  

However, despite their physical association and genomic co-localization, CHD4-NuRD does 

not appear to act as a cofactor for MITF or SOX10 regulated gene expression. Nevertheless, CHD4 

silencing leads to a slow growth phenotype and de-represses the expression of PADI1 (Protein 

Arginine DeIminase 1) and PADI3, two enzymes involved in converting arginines to citrullines in 

melanoma and multiple types of cancer cells. Increased expression of PADI1 and PADI3 enhances 

citrullination of arginines within the key glycolytic regulatory enzyme PKM2 then promoting 

excessive glycolysis, lowering ATP levels and slowing down proliferation. PKM2 citrullination lowers 

its sensitivity to allosteric inhibitors thus shifting equilibrium towards allosteric activators thereby 

bypassing the normal physiological regulation of glycolysis. 

Overall, our results lead to describe a novel pathway linking, epigenetic regulation of PADI1 

and PADI3 expression by CHD4/NuRD and reprogramming of PKM2 allosteric regulation through 

arginines citrullination, to glycolytic flux and cancer cell proliferation. 

Key words: NuRD, chromatin remodelling, citrullination, epigenetics, glycolysis, cancer 

The CHD4 NuRD complex links epigenetics to glycolytic flux and proliferation 

of melanoma and a variety of cancer cells 

Sébastien COASSOLO 
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